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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Der Ubergang zu einer groR angelegten Nutzung erneuerbarer Energien erfordert eine
umweltfreundliche  Energiespeichertechnologie. Insbesondere fiir die elektrochemische
Energiespeicherung ist es unerlasslich, Elektrodenmaterialien mit hoherer Leistung, besserer
Wiederverwertbarkeit und verbesserter Umweltfreundlichkeit zu entwickeln. Solche Materialien und
Technologien der nachsten Generation ermoglichen nicht nur eine verbesserte Energiespeicherung,
sondern auch die elektrochemische Entsalzung zur Erzeugung von sauberem Trinkwasser oder die

Rickgewinnung wertvoller Elemente wie Lithium-lonen.

Im Rahmen dieser Arbeit werden neuartige (hybride) Materialien an der Schnittstelle zwischen
Energie, Wasser und Recycling entwickelt. Sorgfaltiges Materialdesign und -optimierung ermaéglichen
eine  verbesserte elektrochemische Leistung von Interkalations-, Legierungs- und
Umwandlungselektroden fiir Lithium-lonen- und Natrium-lonen-Batterieelektroden. Die Vertreter der
grolRen 2D-Materialfamilie MXene beispielsweise liefern Hochleistungselektroden, wenn sie mit SnO,
oder Sb kombiniert werden oder wenn ihr Zwischenschichtabstand sorgfaltig angepasst wird. Ihre 2D-
Natur ermoglicht auch einen neuen Ansatz fiir ein einfaches Elektrodenrecycling. Die nachste
Generation der Wasseraufbereitung wird erforscht, indem zum ersten Mal ein Legierungsmaterial (Sb),
Kobalthydroxid Hohlwirfel und Meerwasserbatterien eingesetzt werden. Die selektive
Lithiumextraktion wird durch die Kombination einer Redox-Flow-Batterie mit einer Li-selektiven
Keramikmembran demonstriert, um Lithiumionen direkt aus (synthetischem) Meerwasser zu

gewinnen.



ABSTRACT

ABSTRACT

Transitioning toward large-scale utilization of renewable energy necessitates environmentally friendly
energy storage technology. Especially for electrochemical energy storage, it is imperative to develop
electrode materials with higher performance, better recyclability, and improved environmental
friendliness. Such next-generation materials and technologies not only allow for enhanced energy
storage but also enable electrochemical desalination to generate clean, potable water or recover

precious elements, such as lithium ions.

This thesis develops novel (hybrid) materials for the energy/water/recycling nexus. Careful material
design and optimization enable improved electrochemical performance of intercalation, alloying, and
conversion electrodes for lithium-ion and sodium-ion battery electrodes. For example, members of the
large 2D material family MXene yield high-performance electrodes when hybridized with SnO, or Sb,
or when their interlayer space is carefully adjusted. Their 2D nature allows also a new approach to
facile electrode recycling. Next-generation water remediation is explored by adopting, for the first
time, an alloying material (Sb), hollow-cube cobalt hydroxide, and seawater batteries. Selective lithium
extraction is demonstrated by combining a redox flow battery with a Li-selective ceramic membrane

to harvest lithium ions directly from (synthetic) seawater.

\



INTRODUCTION AND MOTIVATION

1 INTRODUCTION AND MOTIVATION

In recent years, renewable energy storage has become an increasingly important issue due to
politically set targets and standards. Due to rising living standards and the rapid growth of the world's
population, today's society has a steadily increasing demand for electrical energy in various sectors. In
2022, the total amount of electricity produced by renewable energy sources such as solar, wind, hydro,
and biomass was about 244 TWh, about 49.5% of the total net electricity generation.® Also, the
increasing electrification leads to an ever-increasing quest for electricity supply independent of
conditions (dark periods, no wind). Due to the renewable energies and the dependence of the
production on external environmental influences, the topic of high-performance energy storage
systems also plays a serious role at this point to supply energy flexibly at any time of day or night and
independent of weather conditions. Energy storage technologies can generally be divided into
thermomechanical and mechanical energy storage, electrical energy storage, electrochemical energy
storage, chemical energy storage, and thermal energy storage. Batteries, which store energy through
different redox potentials in electrochemical cells, are the second largest global energy storage

technology after thermal storage.’

Electrochemical storage includes accumulators (rechargeable) and batteries, where storage takes the
form of electrical charge carriers that are taken up and released through reduction and oxidation
processes at two electrodes connected to an electrolyte. Lithium-ion-based technology has played an
increasingly important role as an energy storage system from its initial introduction in the 70s to
commercial availability in 1991 and beyond.? Primary battery materials used today include lithium
nickel manganese cobalt oxide (NMC), lithium manganese oxide (LMQ), lithium iron phosphate (LFP)
as cathode materials, and graphite and lithium titanate (LTO) as anode materials, all of which are based
on an intercalation process of lithium ions into the host structure. Owing to the high energy density
and power density, the lithium-ion battery (LIB) plays a major role but is still under constant
development and update.* The specific storage energy (Wh kg*) with the established electrode
systems has practically tripled in the last 10 years. Due to raw materials like cobalt, on which many
electrode materials in LIBs are based, combined with their mining in politically and ecologically
sensitive areas and the steadily rising price of the increasingly scarce lithium sources, energy storage

technologies beyond lithium are of great interest.® ®

Owing sodium-ion technology offers a promising alternative due to its comparable intercalation
chemistry of Na-ions compared to Li-ions, its high availability as one of the elements most abundant
in the earth's crust as well as the resulting cost efficiency. In addition, the electrode materials do not
require cobalt as several electrode materials of Li-counterpart. Due to the larger ion radius and so far

lower energy and power density compared to LIB, sodium-ion batteries (NIBs) play increasingly

1



INTRODUCTION AND MOTIVATION

important roles in the field of stationary energy storage.” Owning the similar behavior of LIB and NIB
technology, some findings of the advanced LIB technology could be applied to the NIB technology,
which is expected to save time. However, sodium's electrochemical behavior differs from lithium's in
several ways, such as higher reactivity, larger ionic radius, phase stability, transport properties, and
formation of SEI, which can significantly affect the electrochemical performance.® In addition to
research applications for the rapidly growing field of solid-state battery design, where the liquid or gel
electrolyte is replaced by solid material, research is also continuing on various levels of electrode

material composition for use in both LIBs and NIBs.

Conversion materials and alloying materials in general, offer a promising approach to provide higher
capacities for energy storage devices since the intercalation of the ions is not limited to the existing
sites of the host structure but reversible conversion reactions of the electrode materials into lithium-
rich phases occur.” ** However, due to large volume changes, high voltage hysteresis, and the
associated shortened cycle stability, there are technical hurdles with these electrode materials which
have so far prevented their commercial application.'* A promising laboratory-scale method for
successfully utilizing the capacity of the conversion and alloying materials is to combine them into a
composite material. Embedding the materials in a stable, conductive matrix can improve the electrical
conductivity, enable highly efficient ion-electron transport properties, and rapid charge-discharge rate
of the composite/hybrid materials.*® Carbon hybrid materials, which are the most popular combined
materials for electrodes because they are inexpensive and abundant, also shorten the diffusion paths
for ions and electrolytes through unique structures such as reticulated, hollow, porous, and vertically
aligned nanocomposites.”® ** However, hybrids with the use of 2D materials are also very popular
which provide structural stability since the volume of the 2D nanomaterial changes only minimally
during alkali metal transport. A composite/hybrid structure of a conversion/alloying material can thus
maintain the structure after cycling, even when subjected to volume expansion, while the
composite/hybrid serves as a conductive additive, a protective layer, and a buffer for strong volume

expansion.

The use of hybrid materials is not limited to energy storage in LIB and NIB technology. However, it can
also be successfully used, for example, as an electrode material in a seawater battery, which generally
enables the storage of electrochemical energy through the combination of a sodation/desodation
anode and an electrolysis cathode, requiring only pure seawater as the electrolyte.’® By enabling the
seawater battery to be used as an energy storage device and a successful desalination device, the
prospect for sustainable, environmentally friendly, performance-oriented, and cost-effective
applications at the interface between energy and water is evident. Specifically, vital access to clean

water has also become a growing concern in recent years due to the ever-growing economy and
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human population.’® Although about 71% of the earth's surface is water, most is saltwater and thereby
not directly suitable for use as drinking water.'” In addition to seawater batteries, capacitive
deionization offers an energy-efficient electrochemical desalination method compared to typical
desalination technologies such as reverse osmosis, multi-stage flash distillation, or electrodialysis.*®
Capacitive deionization describes a process for the separation of ions from an aqueous solution in
which, with the aid of an applied electrical field, ions in an aqueous medium can be adsorbed and

stored in different electrode materials.®

After the successful use of the electrode materials and the batteries, the end of life of the individual
parts will also be reached at some point. Their whereabouts must be discussed extensively to ensure
this is done as efficiently and environmentally friendly. Due to the constantly new openings of giga
factories and the increase in electric cars, a large return of used battery modules can be expected in a
few years. One possibility is the recycling of individual materials, whereby expensive battery materials
used in large quantities in electric cars can be recycled and reprocessed through simple washing steps,
thus offering the chance for a second-life battery.?® ** On another level, lithium, which plays a central
role in the energy transition and has thus become a key industrial and strategic element in
electromobility, can be recycled. In addition to the limited reserves, the environmental protection
aspect and the sustainability concept also play a significant role in increasing production numbers. In
the future, a certain percentage of the freshly produced battery must be made of recycled material. A
promising technology for recovering lithium species from spent batteries must consider economic and
ecological aspects. In this context, particularly interesting are ion-selective electrochemical methods
that yield highly enriched LiCl, which can be returned to the cycle of energy storage technologies. In
summary, this work reports different (hybrid) materials and their application at the interface of energy,

water, and recycling.
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2 THEORETICAL BACKGROUND

2.1 Electrochemical energy storage systems

Electrochemical energy storage (EES) is essential for implementing sustainable energy technologies.?*
24 With the society striving for renewable energy, various technologies ranging from solar cells, wind
tubes, biomass, hydropower, and geothermal energy are already been well established and under
growth to provide future energy demand in a renewable manner. In order to flexibly provide this
generated electricity to consumers, reliable and efficient energy storage systems are needed. In the
Ragone diagram (Figure 1), different energy storage technologies are compared according to their
specific power and energy.? Supercapacitors, for example, can provide energy in a matter of seconds
(high power density), have an extended lifetime, and are highly efficient and maintenance-free.?® The
drawbacks of supercapacitors with their considerably higher self-discharge rate than batteries or the
low voltages resulting in a lower amount of energy stored per unit mass compared to electrochemical
batteries.?’ This is about 3 Wh kg™ to 5 Wh kg™ for a supercapacitor than 30 Wh kg* to 40 Wh kg™ of a
battery. Further, the energy density is commonly only about a fifth to a tenth of a battery.?® On the
other hand, fuel cells offer a high energy density but require a long time (several hours) to charge and
discharge, limiting their practical application, for example, in the automotive industry.? Lithium-ion
(and post-lithium-ion) energy storage systems offer a compromise between energy density and power
density and thus provide an attractive choice for a wide range of applications due to its availability and

well-established supply chain and market presence, the current battery of choice for mobility.*
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Figure 1: Ragone plot for different energy storage systems.*
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2.2 Batteries

Batteries can store electrochemical energy in a reversible or non-reversible manner, known in the field
as rechargeable or non-rechargeable batteries, respectively. Due to a difference in the electrode
chemistry on the cathode versus anode side, they provide a voltage source to drive the electric current
in circuits. The functioning of batteries is based on the electrical charge processes in liquids or solids,
whereby the electrical charge is delivered. In the late 18™ century, Alessandro Volta explored
converting chemical energy into electrical energy, leading to the first functional battery in 1800.%"
Strictly speaking, the term battery means an interconnection (usually series connection) of several
cells. A cell is the basic, smallest electrochemical current-producing unit of a battery, consisting of two
electrodes, an electrolyte, the separator, and the housing. One can further distinguish between the
technologies of primary and secondary batteries.?? The term primary element refers to a galvanic
element whose stored energy can be extracted as electrical energy. This process is not reversible, and
batteries have to be discarded after the expiration of their lifetime. Primary batteries include, for
example, alkaline LIBs, zinc-carbon batteries (Leclanché), alkaline zinc-manganese dioxide cells, and
metal-air-depolarized batteries.*® In contrast, secondary elements can be recharged with electric
current, and the redox processes for electrical energy storage can occur reversibly. Examples of this
type of technology include lead-acid batteries, Nickel-cadmium, nickel-metal hydride, LIBs and alkaline

manganese dioxide-zinc.**

2.2.1 The lithium-ion battery (LIB)

The concept of lithium-ion batteries (LIBs), which is based on the formation of lithium compounds
through the storage of lithium ions, was first presented in a conference lecture by Chilton Jr. and Cook
at the fall meeting of the Electrochemical Society in Boston in 1962.%* Until the first commercially
available secondary LIBs by Sony in 1991, the initial proposals were further developed by various
scientists such as Armand,* Goodenough,®® and Lazzari & Scrosati.>’** A Nobel Prize for the
development of the LIB was awarded to Goodenough, Whittingham, and Yoshino in 2019. These state-
of-the-art LIBs typically feature a negative graphite electrode and a lithium-containing transition metal
oxide (e.g., LiFePO4 (LFP), LiMn,0, (LMO), or LiCoO; (LCO)) positive electrode. LIBs are more compact,
powerful, and flexible than other secondary battery types. Since its introduction, the LIB has
revolutionized the battery market with high storage capability, stable performance, high power
density, high energy density, high output voltage, and relatively long cycle life.*> ** To date, the
research efforts aim to improve further safety, power, energy density, and battery lifetime. The main
focus of the future battery research is on improving electrode materials and electrolyte systems. A
drawback LIBs need to suffer from is the limit of the relative abundance of lithium and the resulting

high cost. This is why energy storage systems beyond lithium are of high interest.
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2.2.2 The sodium-ion battery (NIB)

Sodium-ion batteries (NIBs) were initially studied in parallel with LIBs in the 1970s and 1980s,** with
LIBs emerging as the favorite due to their properties. Initially and until beyond commercialization, this
technology has received significantly more attention. However, due to the steadily increasing demand
for batteries and the continuous quest for sustainable energy storage in various sectors of society,
there is a constant search for promising alternative energy storage devices. This is additionally driven
by the simultaneous shortage of natural lithium resources and their shortage in supply, which

consequently leads to a significant price increase for LIBs.®

Sodium is one of the most abundant elements in the earth's crust (for example, as NaCl in seawater)
and the second lightest alkali metal after lithium.*® On this basis, the sodium-ion battery could present
a cheaper and more sustainable alternative for energy storage.** The redox potential of sodium (Eo
(Na*/Na) =-2.71V vs. standard hydrogen electrode) is only 0.3 V higher than that of lithium. Therefore,
it is expected that there should not be a large drop in energy density compared to LIB technology ((Eo
(Li*/Li) = -3.04V vs. standard hydrogen electrode).”®* This allows, in principle, a straightforward
technological implementation into battery technology similar to LIB. Since Na and Li ions have similar
intercalation chemistry, much of the existing LIB research could be transferred to NIBs. In contrast, NIB
manufacturing could be easily implemented into existing industrial practices. In addition, sodium-ion
batteries, unlike most common LIBs, do not require rare or critical raw materials such as cobalt, nickel,
and manganese.” Therefore, NIBs are expected to offer the possibility of cheaper production costs by
combining already established knowledge gained from LIB with high natural abundance and
inexpensive raw materials.*® In addition to NIB technology being more environmentally friendly and
more socially responsible to manufacture, copper current collectors required for LIB can be replaced
by lighter and cheaper aluminum.*®*’ NIBs are also less flammable and therefore safer, and score

points for their cycle life and temperature resistance.*®

Good power density also ensures good fast-charging capability and speed of energy delivery. Due to
this fact, combined with the resulting price reduction and the more environmentally friendly and
simpler production, NIBs are a promising and cheaper alternative to LIBs. However, the limited
operating lifetime of sodium-ion batteries to date has prevented their widespread use. Also, the fact
that sodium ions are about three times heavier than lithium ions means that NIBs would have to be
significantly heavier for the same performance. Due to the higher ionic weight, Na* ions also move
much slower in the electrolyte. Also the energy density of NIBs is sometimes lower than that of their
49, 50

LIB counterparts since about ten percent of the power is lost due to the 0.3 V lower cell voltage.

As a result, comparable NIBs would currently not only be significantly heavier but also considerably



THEORETICAL BACKGROUND

larger, limiting their use in everyday applications (portable electronic devices, electromobility)

whereas stationary systems for energy storage can make perfect use of this technology.**

Tremendous research efforts are invested in optimizing NIB technology. For example, the Chinese
battery manufacturer CATL (Contemporary Amperex Technology) has even announced the production
of NIBs for mobile use in 2023. CATL is relying on an analogue of Prussian blue, Prussian white, as the
positive electrode material while hard carbon serves as the negative electrode.’* Compared to Prussian
blue (iron hexacyanoferrate (lI/111)), which is mainly known for its use as an inorganic color pigment
that gives jeans their characteristic blue color, Prussian white has some iron atoms replaced by sodium
atoms. Therefore, Prussian white cathodes exhibit high-speed rate kinetics for sodium ion

insertion/de-insertion at relatively high potentials.>

2.2.3 Concept and mechanism

Batteries can store chemical energy and convert it into electrical energy through electrochemical
processes. This process is based on the exchange of electrons between two redox pairs due to
simultaneous spontaneous reduction and oxidation reactions at the electrode.>® Classically, the
electrochemical full cell consists of an anode and a cathode material. These two are separated by a
microporous membrane (separator), which is permeable to electrolyte and Li*/Na* ions but prevents a

short circuit by introducing a physical barrier.

Figure 2 displays the working principle of a typical alkali-ion battery full cell by the example of a
secondary sodium-ion battery system and corresponding characteristic electrode materials (Prussian
white as a cathode and hard carbon as an anode). The charge carriers (Na* ions) are located in the
electrolyte surrounding the electrodes, which usually consists of an inorganic dissolved salt
(dissociated lithium/sodium conducting salt, depending on the battery) in an organic solvent. The
charge storage mechanism of the sodium-ion battery is based on the migration of sodium ions back
and forth between the electrodes during charging and discharging, accomplished by their
intercalation/deintercalation in the host structures/materials. Due to a gradient between the two
electrodes' chemical potentials, ions' diffusion in the electrolyte from the anode to the cathode occurs
in the cell. This leads to a discharge of the battery whereby the electrons, as the carrier of electricity,
simultaneously flow from the cathode via an external electrical connection (cable connection) to the
anode (aluminum as a current collector). When the cell is charged, this process is reversed, so sodium
ions diffuse from the cathode through the electrolyte and the separator to the anode by applying an
external voltage as a driving force. A redox reaction takes place at the electrodes, which is divided into
two half-reactions. During discharge, oxidation at the anode releases electrons that cause reduction

at the cathode after passing through the external circuit.>
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Figure 2: Working principle of alkaline ion batteries by an example of a sodium-ion battery.

During charging, ions removed from the cathode are reversibly incorporated into the host lattice of an
anode (e.g., hard carbon; Figure 2) compound, known as intercalation. The carbon lattice of the
electrode is reduced during intercalation. During discharge, the reverse process takes place. In this
process, the Na* ions migrate from the anode back to the cathode and return to their original state. In
deintercalation, the electrons migrate from the negatively charged electrode to the positively charged
electrode via an external electrical connection.?”” *> A sodium-ion battery can store and release
electrical energy, while the energy released by the redox reaction can be used to do electrical work. *®

The overall reaction in a NIB anode is given by the following equation:

Discharge

X
Charge

2.2.3.1 Solid-electrolyte interphase (SEI)

The solid-electrolyte interphase (SEIl) is a passivation layer formed by electrolyte reduction at the
anode of the alkali-ion battery.>’ This layer protects the active electrode material from direct
electrolyte contact and, therefore, from further electrolyte reduction while still allowing Li*/Na*
transport.®® If continuous contact between electrode and electrolyte occurs, more and more parts of
the electrolyte/electrode would slowly decompose further. In the course of the battery lifetime,

further layers are naturally built up on the SEI by chemical processes.>®
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Once the SEl is formed well, the layer should demonstrate high ion conductivity and negligible
electronic conductivity. Optimally the SEl layer should be strong and flexible to accommodate volume
changes (varies strongly during the process) of the electrode material during electrochemical cycling
providing a uniform thick surface.>® Chemically, an optimal SEI should preferably consist of stable
components before metastable compounds to limit lithium/sodium losses to the first cycles and
achieve full capacity.®® ! Simultaneously, the SEI layer should be as non-dissolvable as possible since
lower capacity retention is expected due to continuous rebuild and repair.®* Too thick SEI layers lead
to a decrease in the battery cell capacity since some of the lithium ions dissociated in solutions are
bound from the electrolyte, which consequently can no longer participate in the electrochemical

reactions.®®

If the SEI layer is too thick, the alkaline ion diffusion is also slowed, the current transport resistance
increases, and the ohmic resistance is significantly higher. In addition, the morphology and elemental
composition of the SEI layer have a crucial impact on dendrite growth.®* A dendrite describes a
characteristic tree-like structure of crystals that grow when the molten metal solidifies. In the battery
context, dendritic growth is attributed to the depletion of ions near the anode interface at current
densities higher than the limiting current density.®® Lithium dendrite growth in batteries not only
causes capacity fading and a limited lifetime, it also causes severe safety concerns.®® To achieve stable
and reversible cycling performance an option is to design and control the improved growth of the SEI
layer. This can be done for example by adding electrolyte additives that have lower reductive stability

and therefore protect the electrolyte from decomposition.®’

2.2.4 Components and active materials

2.2.4.1 Cathode

Cathode materials refer to the electrochemically active material in the positive electrode, each
undergoing a redox reaction during charging and discharging (reduction while discharging and
oxidation during the charging process). In contrast to the anode materials, the cathode materials
should preferably have a high potential, while a high energy density is possible due to the large
potential differences.®® Extensive study of optimized electrode materials led to layered oxide LiCoO-
(LCO) as cathode material in the first commercialized LIB that was able to lithiate and delithiate
reversibly and stably.>* ® In subsequent years, other materials such as olivine-structured LiFePO, (LFP),
layer-structured LiNixMn,Co(1-4)02 (NMC), spinel-structured LiMn,0,4 (LMO), and olivine-type LiMnPO,
and many more have been investigated.®® Since then, LCO and NMC have been widely and successfully
used as cathode materials in commercial batteries,’” where the future focus is to increase energy

density and reduce costs, and mainly to promote eco-friendly alternatives.
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In NIBs, oxides such as NaMO, (M=V, Vr, Ni, Co, and others) are frequently used in layered structures
as cathode materials.” The difficulty here compared to lithium metal oxides is that the oxygen is often
not very strongly bound in the electrode, and the electrolyte can be oxidized quickly by the electrode
material. In addition, many of the metals used, such as nickel and cobalt, are critical and scarce.”* A
promising alternative seems to be materials such as phosphates with an olivine structure (NaFeP0Q,).”*
7 Also successfully used are three-dimensional framework structures, polyanionic compounds, sodium
superionic conductors (NASICON), and many other materials.”*”>”” Prussian blue and its analogues are
very popular in LIBs and promising materials for NIB cathodes due to their high working potential, high
theoretical capacity, ease method of synthesis, and low toxicity. Prussian white, the completely
reduced and sodium-containing form of Prussian blue, can deliver two electrons per formula mass,
raising the theoretical capacity to 170 mAh g*.’”*®! |n addition, bypassing the need for a reactive

sodium-loaded anode in cell assembly could significantly ameliorate the manufacturability of

commercial batteries.”®

2.2.4.2 Anode (Intercalation, alloying, conversion)

A good anode material is an electrochemically active material used in the negative electrode with a
low redox potential leading to high full-cell voltage. This is aimed to be combined with a high specific
discharge capacity while donating alkali ions and electrons. In the early stages of lithium battery
technology, lithium foil was initially used as the anode material, which has the highest theoretical
capacity of 3860 mAh g* by batteries that rely on Li-ion storage.’” 8 However, due to the high
reactivity and the increased dendrite formation with the associated short circuits, thermal runaway,
and short lifetimes, multiple alternatives have been explored.?’ Figure 3A presents various cathode
and anode materials for LIBs along with their essential properties (energy density, environmental
friendliness, safety). By using intercalation materials such as lithium titanate (Li4TisO1,, LTO), dendrite
formation can be prevented or significantly reduced. However, LTO has disadvantages with a high
redox potential of 1.55 V vs. Li*/Li as well as a low theoretical capacity of 175 mAh g™*.%3®* Graphite has
been categorized as a very important anode active material in state-of-the-art LIBs due to its
environmental friendliness, natural occurrence, safety, low cycling life, low cost, theoretical capacity
of 372 mAh g?, and as a low Li-ion intercalation potential below 0.3 V vs. Li*/Li.** ®¢#” |n general, the
anode materials should have high power and energy density and a long lifetime, while also being cost-
effective. However, graphite does not play a significant role in NIBs. Due to their twice as large ionic
radius when comparing to Li, complicated intercalation between the tight graphite layers, intercalation
of sodium ions into graphite is not preferred. In addition, the formation of stable sodium-hydrocarbon
bonds is lacking due to the higher redox potential and also the generally slower kinetics with

simultaneously significantly higher energy requirements for storage, leads to unfavorable conditions.®

38, 87,88
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Figure 3: Overview of the established electrode materials for LIB and NIB A) Representation of different
established cathode and anode materials for LIBs characterizing their important properties (energy
density, environmental friendliness, safety) Adapted with permission.?® Copyright 2018, Elsevier. B)
[llustration of theoretical capacities of various anode materials for application in NIBs in a capacity vs.

potential plot. Adapted with permission.™ Copyright 2022, John Wiley and Sons.

In recent years, the application of carbonaceous anode materials, which are abundant, inexpensive,
non-toxic, and offer high safety for NIB has played a significant role. From the beginning of NIB research
the focus was on hard carbon, which in 2000 already had a high reversible capacity of 300 mAh g, but
the cycling ability was not satisfying for practical applications.”* From 2010 on, the search for a suitable
anode material intensified, starting from the adoption of promising LIB materials for NIB. Many
metals/alloys, metal oxides, metal sulfides, metal phosphides, and carbonaceous materials, such as
expanded graphite, carbon nanotubes, graphene, and hard carbon, were investigated.>> Figure 3B

overviews various established and researched NIB anode materials.

Due to the rapidly increasing performance requirements of the battery industry, carbon materials and
intercalation materials with low-rate capability, limited space for ion intercalation, and moderate
specific capacity must be replaced by next-generation electrodes. Thus, anode materials based on
different reaction mechanisms with alkaline ions are developed in further research operations with
the possibility of higher specific capacities. Electrode materials can be grouped into three categories
according to the nature of their electrochemical reaction with alkaline ions (Figure 4) and their
comparisons regarding important parameters for electrochemical application (Figure 5). The
subdivision of the electrode material categories is valid for negative and positive electrode materials,

respectively.
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Figure 4: Schematic diagram of different charge storage mechanisms of electrode materials in alkaline

ion batteries as an example of NIBs.

Intercalation-type materials show electrochemical activity while intercalating Li or Na ions between
existing layers or free lattice sites of a host material. During the intercalation process, the active
material accepts electrons while causing a simultaneous reduction of the active material lattice.® This
reaction mechanism results in a limited stability range since the active material backbone is not
changed while ion conductivity and electron conductivity are combined.’™ ®* However, the large
volume expansion/contraction associated with the introduction/extraction of alkaline ions into the
host structure can severely damage the electrode texture, resulting in possible loss of electrical contact

and subsequent rapid capacity degradation.”
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Figure 5: Comparison of different parameters for intercalation, alloying, and conversion type

materials.

Alloying materials form Li/Na-rich intermetallic compounds during ion introduction. Group IVA and VA
elements of the periodic table, such as Si, Ge, Sn, P, Sb, and Bi, can alloy with Li and Na to form alkali-
ion-rich alloy phases. High theoretical alkali ion storage capacity between 660-4200 mAh g™ calculated
for lithium alloying formation Li,;Sis/LiisSia (4200 mAh g, 3579 mAhg?),®* *° Li,yGes/LiisGes
(1623 mAh g*, 1384 mAh g),?® Li»2Sns (990 mAh g?),% LisP (2596 mAh g?),*® and LisSb (660 mAh g™).”’
For sodium alloying compounds with respective theoretical capacities like NaSi (954 mAh g),%° NaGe
(369 mAh g?)," NaysSns (847 mAhg?),”” NasP(2596 mAh g*),’®* and NasSb (660 mAh g™)°’ can be
formed. The alloying reactions to produce the above alloy chemistry often take place at low potentials
and are therefore considered for the negative electrode material. In addition, the working potentials

of alloying-based electrode materials are suitable for application as an anode in LIB and NIB, while only

13



THEORETICAL BACKGROUND

slightly extending the scanned potential range compared to those in typical insertion anodes (i.e., hard

carbon and typical Ti-based compounds).

Although alloy-based materials admittedly have several advantages, this class of materials also has to
contend with problems that have so far kept them from practical application.’®> * A major
disadvantage of alloy materials in energy storage applications is the considerable loss of capacity
during charge, and discharge cycles. The reason for this can be due to the huge volume change, over
the course of cycling, which can lead to aggregation and subsequent pulverization of the active
component of the electrode. As a result, the electrical contact is weakened, and the conductivity is
reduced, slowing the reaction kinetics. In addition, the SEI layers on the surface must constantly
reshape themselves due to the volume change during charging and discharging, which creates the risk
of an excessively thick SEI layer on the electrode. This increasingly thick layer can act as an insulating
layer, which also slows down charge transfer process, possibly leading to a strong capacity decline.*®
195 Often, in addition, a low initial Coulombic efficiency can be observed during cycling, that is resulted
from unstable, quick and easy dissolving SEI films. Furthermore, another critical point is raised by
intrinsic low electron diffusion coefficients of these type of materials, limiting their cycle lifetime and

provided capacities at high rates.'® %

The third category pertains to conversion materials, where a phase transformation conversion occurs
during the electrochemical process. This group of materials is distinguished by minimum binary
transition metal compounds like metal oxides, phosphides, sulfides, or fluorides which form metallic
nanoparticles inside a matrix when reacting with alkali ions.'®® In general, the redox potential increases
with the ionicity of metal to oxide, sulfide, phosphide, and fluoride bonds resulting in a lower redox
potential for oxides, sulfides, and phosphides. Therefore, they are suitable for negative electrodes.
Fluorides show high redox potential with a possible application as the positive electrode.'® **°
Generally, a conversion-type material completely transforms its structure during the cycle, creating
new compounds with entirely new properties. Promisingly, the stored energy can be significantly
increased while the battery weight can be reduced. However, as with all other materials, there are
major drawbacks such as large voltage hysteresis and low energy efficiency during charging and
discharging processes, which has hampered the commercial application of conversion materials so

far."*" 2 Therefore, improvements of the class of high capacity alloying and conversion-type materials

are of high research interest in the state-of-the-art literature.
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2.24.2.1 MZXene

2D materials exhibit many fascinating properties not found in their bulk counterparts and therefore

113-115 113-115 116-118

promise a wide range of applications from photocatalysts, electrocatalysts, senors,

119-121 122, 123 124-126

biomedical applications, to the fields of water remediation and energy storage
MXenes are a relatively new class of 2D layered transition metal carbides, nitrides, and/or
carbonitrides with combined properties such as good electronic conductivity, flexibility, and
hydrophilicity.*?” The synthesis of the MXene structures is generally achieved by liquid etching the A-
layers from the bulk MAX phases, which are distinguished as ternary carbides or nitrides with the
general chemical formula of M,.1AX, (M corresponds to an early transition material such as Ti, Mo, or
Nb; Ais an A group IlIA or IVA element such as Al, Ge, P; X represents carbon and/or nitrogen and n=1,
2, 3, 4)."® The unit cells have nearly close-packed layers of MeX octahedra intercalated between the
A-element layers, with the X atoms occupying the octahedral sites between the M atoms.**° Thereby,
the MgX octahedral are linked to each other via edge-sharing.”*® Since the M-X bonds (ionic and
covalent bonding’s) are much stronger than the M-A (metallic) bonds. It is possible with the use of a
strong etchant like HF to etch the A-layer out of the compound resulting in the 2D MXene structure
Mn:1Xn. 227 13! Through the process of etching out the A-layer, the MXene is always terminated with
surface functional groups, such as hydroxyl (-OH), oxygen (=0), and/or fluorine (-F), completing the

general formula of Mn.1X, T, (T,=surface functional groups).** ¥ In

Figure 6, an overview of different
compositions of MAX and MXene phases with possible surface terminations and intercalated ions

information is presented.
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Figure 6: Periodic table showing compositions of MAX and MXenes with corresponding surface

terminations and intercalated ions specification.
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Due to the wide range of combinations of elements and synthesis conditions, a vast spectrum of
chemical and physical properties with potential for various applications can be obtained. Since its
discovery in 2011, TisC, T, MXene has been the most common and best-explored MXene structure

) 134, 135
’

combining high electrical conductivity (up to 24,0005 cm™ for TisC,T, tunable surface

137 and outstanding mechanical properties.”*> ¥ One

functionality,®* ¢ liquid-phase processability
way to control the properties of MXene materials is to regulate the number of layers in the crystals
and the film thickness. Single-layer and few-layer MXenes have advantageous properties, such as a low
ion diffusion barrier, a low open-circuit voltage, and a high specific surface area.’* Single-layer and
few-layer MXenes can be explored via various preparation methods, including HF etching, molten salt
etching, electrochemical etching method, chemical vapor deposition, self-assembly, and template-

assisted growth.**

Among various two-dimensional conductive structures that have improved the mechanical properties
of the different electrode systems, MXenes have attracted great interest in the field of energy storage
or electrochemical desalination with their ability to host a variety of ions and molecules through
intercalation. Due to the large pseudocapacitance of MXenes,'* which exceeds the energy storage
capacity of most other capacitive materials, MXene materials provide a nearly ideal intercalation
material with rapid ion insertion between layers. After the fabrication of free-standing and binder-free
electrodes, a high capacitance of >300 F cm™ could be obtained in aqueous lithium or sodium sulfate

media while successfully intercalating larger ions, such as ionic liquids or organic salts.*** **?

For example, Srimuk et al. 2016 employed the highly capacitive and reversible intercalation and
deintercalation of MXenes for successful application as electrode materials for water desalination via
CDL.*® With the ion intercalation mechanism between the two-dimensional nanolamellar, stable
performance for 30 cycles with a salt adsorption capacity of 1342 mg g™* while applying a cell voltage
of 1.2V and a 5 mM saline solution was achieved.'*® During the following years, the MXene and
combined hybrid materials were widely explored in their application as cathode and anode materials

for capacitive deionization in different salt concentrations and ion species.™****’

Fast energy storage benefits from the properties of tunable materials and scalable synthesis. MXenes
can exhibit high capacitance (especially volumetric capacitance) along with metal-like conductivity,
making them promising active materials for developing supercapacitors with high power and energy
density. The first report of MXene as a supercapacitor electrode dates back to 2013 when Lukatskaya
et al. showed an improved performance in basic solutions, such as KOH and NaOH combined with free-
standing binder-free TisC,T, electrodes.’® Due to the high flexibility, a volumetric capacitance of up to
350 F cm™ could be obtained.'*® Due to environmental sustainability and safety aspects, the MXene

etching was driven towards LiF/HCl or completely fluoride-free etching, leading towards new insights
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for supercapacitor electrode materials.™* **° Li et al. successfully synthesized TisC,T, powder with
92 mass% purity viaa 27.5 M NaOH treatment at 270 °C. The resulting F-free TisC,T, film electrodes in
1 M H,SO, deliver a gravimetric capacity of 314 F g™ and volumetric capacitance of 511 F cm® at 2 mV
5.2 Thereby H,S0,at time identifies the most promising electrolyte for MXene with extended voltage
window of 1 V.»**!*3 Qverall aqueous electrolytes are extremely attractive in terms of environmental
friendliness and cost. However, the possible voltage window is limited to 1.2 V due to the electrolysis
of water, which limits the energy density of the supercapacitor cells enormously. Therefore, organic
electrolytes for supercapacitor application are explored. For example, Dall' Agnese et al. reported in
2016 that EMIM-TFSI (1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide) in acetonitrile
as an organic electrolyte, which boosted the electrochemical performance of the MXene/CNT
materials to 85 F g* and 245 F cm™ at 2 mV s™*.*** Further Liang et al. reported pre-intercalated Mxene
with increased interlayer spacing of =2.2 nm while delivering a large 257 Fg™* (1428 mF cm™2and 492 F
cm™3) in neat EMIM-TFSI electrolyte leading to high energy density.'*® These conditions also make the
application of different MXene materials optimal for use in LIBs and NIBs. Initially, the material was
used without further modification as an electrode material. In 2012, for example, layered Ti,C-based
materials achieved a capacity of 110 mAh g at 1C and 80 cycles as LIB anode material,**® and TisC,T,
achieved an increased intercalation capacity of 124 mAh g™ at 1C after intercalation of dimethyl
sulfoxide.™ TisC,T, nanosheets can host Na-lons in their lattice reversible via a two-phase transition
and solid-solution reaction in sequence while delivering a long-term capacity of 69 mAh g'after 1000

-1 158

cyclesat0.2 Ag™.

The intrinsic performance of MXene has so far been generally limited to the intercalation
mechanism.**® Accordingly, the resulting discharge capacity is also limited to lower values than alloy
or conversion materials.'®® This is why over the past few years, it has become increasingly attractive to
use the versatile MXene materials in combination with other electrode materials (mostly alloying- or
conversion-type materials) with their complementary properties to improve the cycling behavior. The
combination is expected to enhance the capacity of the MXenes while enhancing the structural
stability of alloying/conversion hybrid and composites due to the minimal volume change of 2D
materials during alkali-metal transport. Therefore, the occurring agglomeration, high volume
expansion, and possible subsequent electrode pulverization can be avoided or reduced to improve
long cycling life. Various promising anode materials for LIB/NIB which have been successfully processed
with Mxene include Si, SiO, SiO,, Sn, SnO, carbon filler, metal oxide, phosphorus, metal sulfide, and

161-167

layered double hydroxide.

Chen et al., for example, reported a nanosized SnO,/MXene composite for application as anode

material in NIBs which delivers a Na-storage capacity of 414 mAh g™, proper rate capability (300 mAh g’

17



THEORETICAL BACKGROUND

'at 0.2Ag?") and stable cycling performance (79% capacity retention after 100 cycles).’®® 2021
reported Liang et al. chemically-confined mesoporous y-Fe,03; nanospheres with TisC,T, MXene. The
mesoporous y-Fe;03 nanosphere, composed of nanocrystalline subunits, is encased by TisC,T, MXene,
which can effectively mitigate the volume change of the y-Fe,03 nanosphere as a shield and ensure a
fast electron flow, resulting in a high-performance electrode for LIB. The Fe,0;@TisC,T, anode provides
a reversible capacity of 1060 mAh g'at 0.5 A g™ after 400 cycles. MXene composites also play a major
role in combination with alloying-type materials. For example, Meng et al. used a black phosphorus
guantum dot/ TisC,T, MXene nanosheet composite for application in electrochemical lithium and
sodium ion storage which delivers a high capacity of 910 mAh g*at 0.1 A g™.**® The work of Arnold et
al. benefitted from the high electrical conductivity as well as the buffering of the volume change of the
MXenes. Showing that through the optimized combination of antimony and MXene in a homogeneous
distribution with optimal electrochemical addressability of all components, a specific capacity of
450 mAh g'at0.1 Agtand 365 mAh g'at4 Ag?, with a capacity retention of 96% after 100 cycles was

obtained.°

MXene structures, due to their excellent tunability and favorable properties, offer the possibility of
various applications. In particular, for energy storage, electrochemical performance can be increased
by MXene, significantly contributing to improved conductivity or serving as a buffer volume of alloying

or conversion materials while contributing to capacity and being electrochemically active.

2.2.4.2.2 Antimony

Antimony is a silvery-white, lustrous, brittle semimetal that can also be found in nature in elemental
form. More commonly, the mineral stibnite (Sb,Ss) can be found, also called antimonite, which is used
for industrial extraction of the pure element. Due to its high theoretical capacity of 660 mAh g*, high
specific capacity, and easy antimony (Sb) availability, it is a promising anode candidate for high-energy
alkali ion batteries.”**” Sb-based anodes are advantageous in terms of electronic conductivity due to
the intrinsic electrical conductivity of antimony and the ease of fabrication of nanostructured
electrodes, which are essential for facilitating sluggish electrochemical kinetics mainly in NIBs and
potassium-ion batteries. Antimony with a relatively low alloying potential while forming NasSb/ LisSb
and K3Sb and low stacking density of puckered-layer structure is beneficial for ion diffusion and release

of structural stress.

Nevertheless, the vast volumetric change (~ 400%) during the alloying and de-alloying process can lead
to tremendous stress in the electrode, which leads to possible pulverization of the electrode material
and the loss of the electrochemical conductive path, resulting in poor electrochemical performance.

As anode material in alkali-ion batteries, crystalline antimony first reacts with the alkali metal (AM) to
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form various amorphous AM,Sb compounds. AMSb reacts with an additional alkali metal in the next
step and forms crystalline cubic and hexagonal (which stabilizes at the end) AMsSb (Figure 7, Equation
(). In the reverse reaction, the AM3Sb alloy converts back to elemental antimony, which is then

present in an amorphous form.

Alkali metal (AM) insertion

Sb (crystalline) + AM* + @ ——3m AM,Sb (amorphous)

AM,Sb (MoN0) + 2 AM™ + 2€7 s AM;Sby., / AM3Sb p (crystalline) e———3m AM,Sb, ..

De-sodiation

AM3Sby, (crystalline) == Sh (amorphous) + AM* + e~

Equation (ll): Reaction equation of antimony with different alkaline ions and corresponding

electrochemical process.

The volume change that occurs negatively influences the loss of the electrical paths and the SEI
formation. Due to the constant expansion and contraction of the electrode composite, the SEl is also
affected and repeatedly rearranged in each cycle, which can lead to the formation of a very thick SEl
on the one hand and to constantly occurring side reactions on the other. This leads to a slowed-down
reaction kinetics which strongly influences the electrochemical performance. In application, bulk
antimony often results in capacity fading in the first cycles due to extensive volume extension.

Darwiche et al. reported less than 20 cycles with stable cycling performance as a NIB anode.*’*

Relatively easy developments of electrolyte systems or improvements in electrode preparation may
strongly influence the impact on electrochemical performance. For example, using SEl-forming
fluoroethylene carbonate as an electrolyte additive in NIB develops good cycling performance for
Na/Sb system compared to Li/Sb."”* Thus, initial capacities of over 660 mAh g™ can be obtained for
Li/Sb systems that are fully lost after 140 cycles. For NIBs, however, stable capacities of 576 mAh g* at
C/2 over 160 cycles have been reported. Further works have demonstrated the importance of choosing
the right carbon additive, which not only improves the conductivity in the electrode but also serves as
a buffering agent for volume changes during cycling. Pfeifer et al. reported that nanoscale carbon with
round shape particles provides the best percolation in the electrode since the agglomerated Sb
particles are homogeneously covered, and the applied current can be better distributed to all active
material particles, resulting in improved high conductivity and superior rate performance.'’® In this

way, an optimal composition of antimony nanoparticles with onion-like carbon was obtained, resulting
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in electrochemical performance values of 490 mAhg® at 0.1Ag* and 300mAhg® at 8Ag*

(normalized to antimony including the carbon additive).
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Figure 7: Representation of the mechanism and volume expansion of antimony alloying reaction
during the electrochemical process, including a schematic drawing of sodiation/desodiation of

antimony showing the crystal structures.

Novel designs of antimony nanostructures allow for counteracting the problem of substantial volume
changes by shortening the alkali metal ion transport path and relieving stress-strain while the approach
is limited.'’®*”® To benefit from the promising antimony system, mostly approach of composite or
hybrid formation is used, whereby the antimony particles are integrated into a composite of mostly
carbon, thus maintaining the contact between the antimony particles and carbon during the charging
and discharging process and additionally buffering the volume expansion.'’ 173 176:180. 181 Tha yersatile
antimony system is not only limited to elemental antimony. However, it offers the possibility of using
other compound materials such as intermetallic antimony-based materials like Cu,Sb, SnSb, or TiSnSb
or antimony chalcogenides like antimony oxides, antimony sulfides, antimony selenides, or antimony

oxychlorides and many more.!’3 182

Forming Sb-based intermetallic compounds leads to an improved electrochemical performance by
having either only the antimony or both (or >2) of the components electrochemically active and
stabilized by a matrix of the other metal during the charging and discharging process.’®* ** For

example, when applying SbSn nano-arrays as NIB anode, it delivered a capacity of 521 mAh g™ at 5C
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with a corresponding capacity retention of 82% after 800 cycles at 2C.'* He et al. reported for
intermetallic Cu,Sb coated with amorphous carbon a reversible de-lithiation capacity of 477 mAh g™

at 1C with capacity retention of 87%.'%¢

Antimony chalcogenides (antimony oxides, sulfide, and selenide) react in a conversion-alloying
mechanism mainly based on antimony reaction with favorable properties as anode materials for alkali-
ion batteries. The conversion reaction products can contribute to electrochemical performance while
forming a matrix preventing massive volume changes and agglomerations of antimony and stabilizing
the electrode.™” ¥ With carboxy methyl cellulose and fumaric acid binder, Sb,0; served as anode
material in LIB with 611 mAh g* at 0.2 A g™ after 200 cycles. Further, amorphous Sb,S;-embedded in
the conductive graphite matrix exhibit stable 656 mAh g* at 1 A g™* for 100 cycles when serving as NIB
anode material.’® Different morphologies of antimony oxychlorides, such as Sb40sCl, nanoparticles,
Sbs01:Cl; nanoribbons, and nanowires, can provide an option to be applied as anode material in alkali
ion batteries. While pure antimony oxychloride as NIB anode material often needs better morphology
regulations, a composite with Sb,OsCl, particles and graphene aerogel can result in an improved

electrochemical performance with 400 mAh g*at?at 0.03 A g* after 50 cycles.*?%**?

2.2.4.2.3 Hybrids/composites

Hybrid or composites consist of two or more types of materials forming a matrix. Composite materials
usually have two or more constituents with significantly different physical or chemical properties.
Faradaic charge storage materials often suffer from low electric conductivity, while introducing a
conductive additive by physical admixing in the context of composite formation overcomes the
drawback.'®® *** Hybrid nanomaterials, basically a subgroup of composite materials, are formed by
combining an inorganic and organic material, often at the nanometer or molecular level, through a
synthesis process.’** > Hybrid materials are often obtained via an in-situ synthesis approach. At the
same time, individual reaction components beforehand are deposited or synthesized from precursors
leading to a final hybrid material.’®® Through the last years, tremendous efforts have been made to
develop suitable hybrid materials by applying the nanoscopic blending of a redox-active component
with carbon.'®” Redox-active materials are used in hybrid materials for battery applications, which offer

a faster charge/discharge rate than non-hybrid materials.

In addition to improving electrical conductivities, and exhibiting highly efficient ion-electron transport
properties and faster charge/discharge rates, hybrid materials also exhibit additional benefits for
energy storage and conversion application. Carbon hybrid materials, the most popular combined
materials for electrodes since they are cost-efficient and abundant, also shorten diffusion paths for

ions and electrolytes through unique structures such as reticulated, hollow, porous, and vertically
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aligned nanocomposites when well-designed. It is essential that reaction spaces in composites are
available for the electrolyte but also feature sufficient electrical contact with other particles. This is
typically achieved by adding conductive carbon and grinding it with the active material to create an

electrically conductive percolation structure that permeates the composite.”
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Figure 8: Schematic overview of comparison bulk conversion material and composite material after

cycling (adapted and modified from Ref. %)

Figure 8 compares bulk conversion and composite material after cycling. In the bulk material a
pulverization of the electrode materials occurs due to the volume expansion, leading to quick capacity
fading. In contrast, a composite/hybrid structure can be preserved after cycling even after exposure to
volume expansion since the composite/hybrid provides a protective layer and buffers extensive
volume expansion. The hybrid formation is not limited to carbon compounds. However, it can be
further extended to 2D materials, which offer advanced structural stability since the volume change of
the 2D nanomaterials during alkali metal transport/intercalation is only small (<<10% volume

expansion/contraction),12® 141199201

2D transition metal oxides and chalcogenides, for example, offer fast ion transport, abundant ion
storage sites, and minimal volume change during charge-discharge cycles leading to improved
electrochemical behavior.’® At this point, for example, the class of MXenes, which stands out with

their united properties such as good electronic conductivity, flexibility, and hydrophilicity while
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inducing insignificant volume variation during Li* insertion.3" ' 202204 |n addition to acting as a
conductive additive or a buffer for volume change during cycling, MXenes also have a reversible part

in energy storage via an intercalation process.?*> 2%

2.2.4.3 Carbon conductive additive

A large portion of the electrochemically active materials has inherently low electronic conductivity.
Thus, conductive additives like conductive carbons often need to be added during electrode
formulation. A large specific surface area (~65 m? g™) and graphitic structure characterize such
carbons. Usually, the conductive additive has a proportion of about 1-5 mass % based on the total mass
of the solid in the slurry.*” The conductive additive builds up a conductive network and thus improves
the electrode's electrical conductivity, thermal conductivity, and electrical percolation. Conductive
carbon additives speed up the charging and discharging process, which is crucial to optimize the cell's
power density and specific power.?*” 2 The conductive additive can improve the cell's stability by
absorbing and retaining the electrolyte to promote contact between ions and active material.
Therefore, materials with large surface area, low mass, chemical inertness, and mostly graphitic
structure, such as acetylene black and carbon black, carbon nanotubes, or porous carbon, are
particularly suitable as conductive additives.?%® Especially in high-capacity electrode materials such as
alloy or conversion systems, conductive carbon is considered to play an additional important role,
namely buffering the volume change during the charging and discharging process.?’® In this way,
aggregation of particles can be reduced, additional diffusion pathways are provided, and the electrode
can be protected from possible subsequent pulverization, which would otherwise lead to poorer

electrochemical behavior.'’% 207, 210,211

2.2.4.4 Binder

Apart from the electrochemically active materials, which are being intensively researched, the mostly
electrochemical inactive binder is also an important component of batteries, as it ensures the
connection between different components in the electrode like the active material, conductive
additive, and the current collector providing mechanical flexibility. In the optimum case, the amount
of binder in the electrode is kept low at 3-5 mass% as these polymeric materials often act as insulators
and inhibit the charge transfer. In application, binder systems should be inert to the processes inside
the battery and the electrode formulation process. High thermal, chemical, electrochemical, and
mechanical stabilities are therefore required.?** Mechanical stability, subdivided into flexibility tensile,
elasticity, strength, hardness, and adhesive strength, characterizes the most important parameters.**?

An enhanced design of the flexible polymer binder is expected to reduce electrode decomposition

during cycling, especially for materials with a large volume change, being highly electrochemical stable
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for the whole potential window of electrode cycling and providing improved electrochemical

performance via good interfacial properties.”** ***
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Figure 9: Overview of required properties of optimal binder system for electrode preparation with the

corresponding chemical structure of typically deployed polymers.

Generally, the choice of the binder has a significant influence on the battery cost, lifetime, and the
avoidance of organic solvents.?*® During the last years of battery research, several binder systems have
been established, among which polyvinylidene fluoride (PVdF) stands out, and has also been
commercialized in the LIB industry. One advantage of the PVdF binder is the low number of functional
groups, which means that few unwanted side reactions are to be expected. However, PVdF systems
are also criticized for instability due to side reactions of the fluorine groups, especially with sodium or
unstable or too thick formation of the SEI layer.?'”-**® Figure 9 summarizes the beneficial properties of
improved binder systems in combination with chemical structures of recently employed polymer

binders for energy storage, mainly in organic media.

In addition to the active material and the often-used polymer binder, the solvent is also vital for the

slurry preparation, as it dissolves the polymer and thus guarantees a homogeneous distribution.
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However, the solvent content should be kept as low as possible since this must be removed again after
electrode preparation (especially coating) to create no side reactions in the electrochemical cell. In
recent years, more effort has been put into developing environmentally friendly systems which include
solubility in water instead of using toxic N-methyl-2-pyrrolidone (NMP) with high toxicity. The
environmental impact of NMP, coupled with the fact that NMP can cause cancer and excessive NMP
exposure can be linked to respiratory difficulties and severe health complications, highlighting the
need for alternatives.’* In addition, NMP is expensive and has been added to the restricted substances
list by the European Commissionin 2018, while in total, 47% of the process energy in LIB manufacturing
is consumed in the electrode drying process for evaporation and recovery of NMP.?** %2 Along with
the minimization of the negative environmental impact, the cost, and safety for binder removal in the
context of the electrode material recycling can be significantly improved when using an optional

solvent system, especially water-based systems.??°

If organic solvents are mandatory for electrode processability, systems with reduced environmental
hazards and lower costs can still be employed. Several works show that with dimethyl sulfoxide
(DMSO0), an equivalent and less toxic and cost-effective alternative can be found without changing the
conventional electrode process.”?” ?**> By using electrode slurries with comparable rheological
behavior, similar viscosity values, and wettability on the current collector when comparing to NMP,
very reproducible and similar cycling performances can be obtained.??> Some water-based examples
are carboxy methyl cellulose (CMC), sodium alginate (SA), and polyacrylic acid (PAA), which exhibit
more hydroxyl and/or carboxylate groups and therefore be able to build van der Waals forces that lead
to higher tensile strength and flexibility.?** The binder carboxy methyl cellulose, for example, is
marketed as a particularly environmentally friendly and green binder mostly applied in anode materials

with high capacity.?*® The fact of water-solubility allows working with aqueous pastes.

Over the last few years, wet slurry processing has been established throughout the industry without
fully understanding the slurry properties, drying mechanisms, and electrode characteristics. However,
with the increasing number of battery productions, it is imperative to keep an eye on the cost reduction
of electrode production.?”> Opportunities lie in the reduction of inactive components and the
development of solvent-free processing. This is usually done in a dry mixture of various powders,
consisting of the active material, conductive additive, and binder. These are printed directly onto the
current conductor and form independent electrodes with controllable electrode thickness and density
by calendaring or hot rolling.??® 2>’ By eliminating the drying process, it is possible to work at room
temperature and low pressure, which means that less energy is required and the process is less time-
consuming. At the same time, the microstructures of the resulting electrodes are easier to control due

to the simplified process.
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2.2.4.5 Electrolyte

The main role of an electrolyte in an electrochemical cell is to provide ionic conduction between the
electrodes to ensure the electroneutrality of the two half-cells during both the charging and
discharging of the cell. The electrolyte (solution) provides the ions, which are transported by the action
of the applied electric field. The most typical electrolyte nowadays consists of salt solutions in solvents,
with new concepts like the solid electrolyte setup and polymer electrolytes. An ideal electrolyte is
characterized by a high level of chemical, and electrochemical stability (high electrochemical stability
window), chemical inertness to avoid side reactions, high operating temperature range, low
flammability, low costs, and environmentally friendly characteristics. The properties of the salt and the
solvent strongly influence the electrochemical behavior, while the viscosity contributes to the fast ion
conduction. Very fundamentally, the choice of electrolyte also determines the formation of the SEI,
which characterizes a passivation layer at the surface of the anode material and is a direct consequence
of the lack of stability of all organic electrolytes at very low potentials, which get reduced. It follows
that the choice of electrolyte significantly affects the lifetime of an electrochemical cell, as well as the

specific power and energy, and consequently plays a vital role in the electrochemical system.®
2.2.4.5.1 Salts

The most commonly used inorganic electrolyte salts require several properties suitable for use. These
include good solubility in the electrolyte solvent, thermal stability, formation of a stable SEl layer,
passivation of the current collector, and stability against hydrolysis.??®**? Figure 10 shows an overview
of different lithium and sodium salts with their molecular structures. For LIBs, lithium
hexafluorophosphate (LiPFs) has emerged over several decades as the most suitable salt
demonstrating a balance of the discussed properties. Sodium salts can often be chosen as equivalents,
generally having a higher melting point than lithium salts, making it easier to remove moisture harmful
to electrochemical applications compared to their Li equivalents, while the larger thermal stability
present is also of benefit in terms of safety-related aspects required for application. In contrast to LIBs
in which the PFs ion dominates application, they show serious safety issues, especially at higher
temperatures and in the presence of humidity, suffering hydrolysis. For NIBs, sodium perchlorate
(NaClO,) has emerged as the most commonly used salt, likely due to a combination of previous
experience and cost reasons.”*” ** However, analogous to the LIB technology, NaPFs salts are the
second most successfully used electrolyte salts for NIB.?****> Further non-toxic electrolyte salts for NIB
are sodium tetrafluoroborate (NaBF;) and sodium trifluoromethanesulfonimide (NaTFSI) among

others.?®®
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Figure 10: Chemical structures of different electrolyte salts for LIB and NIB.
2.2.4.5.2 Organic solvents

Organic solvents should exhibit high chemical and electrochemical stability while being suitable for
applying a wide operating temperature range and high flame retardancy.?”® % #*” Figure 11 shows
electrolyte solvents with corresponding chemical structures. Organic esters and carbonates have been
widely used as solvents for alkali-ion batteries and have been established until today.
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Figure 11: Overview of established electrolyte solvents with chemical structures for LIB and NIB.
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Most frequently, carbonates, such as open-chain carbonates, include ethylmethyl carbonate C;HzOs
(EMC), diethyl carbonate CsH1003 (DEC), and dimethyl carbonate C3H¢O; (DMC) or cyclic carbonates
like ethylene carbonate C3H40s (EC) and propylene carbonate C4HsOs (PC) are applied.”* 2% 2*° Open-
chain carbonates are known for their low viscosity and moderate dipole moments, and cyclic

carbonates feature higher viscosity and high dipole moments.

Cyclic carbonates are often mixed with open-chain carbonates in electrolyte solutions.?*® Despite
possible issues on fertility expected for glymes with lower chain lengths but with more straightforward
and more environmentally friendly production routes, glyme-based electrolyte solvents, especially
with longer chain lengths, are characterized by higher safety, lower flammability, improved cell
performances, and economic impact and are emerging as an alternative to carbonate solvents.?** For
Na* storage, it was reported that ether-based electrolytes, especially bis(2-methoxyethyl) ether
(diglyme), show superior electrochemical performance and thus represent a promising alternative to
state-of-the-art literature.’®” %> 223 Glyme-based electrolytes are a good alternative in LIBs by
stabilizing the lithium metal anode, suppressing the lithium dendrite growth, and forming a more

robust SEI layer.2*+2%

Further, carbonates like y-butyrolactone (GBL) have also been used as a pure electrolyte system,
providing higher boiling points, low freezing points, a high dielectric constant, and a low viscosity.**”
%9 Further reports of combining with ionic liquids as GBL can significantly improve conductivity are
outlined.”*® A significant disadvantage of GBL is that the solvent quickly decomposes on the surface of
the negative electrode, mainly forming butylate and cyclic alkoxy-B-keto ester lithium salt, thus
forming an SEI layer with very high resistance, leading to the deterioration of battery performance.”*

The same applies to the property-related y-valerolactone (GVL).>* *** This problem can be somewhat

counteracted by adding electrolyte additives in small quantities to the electrolyte solution.

2.2.4.5.3 Electrolyte additives

Often the obtained electrolyte formulations still need that specific last step to show a perfect
performance. At this point, electrolyte additives which are solid or liquid compounds, are added in
small amounts (i.e., 2-10 vol%) to the electrolyte solution. In most cases, electrolyte additives increase
safety, adjust physical properties such as electrical conductivity or viscosity, or significantly improve
SEl or cathode electrolyte interphase (CEl) formation. Figure 12 displays the most commonly used

additives for NIB and LIB electrolytes.
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Figure 12: Overview of different electrolyte additives with the chemical structures for LIB and NIB.

The concept of additives capitalized off of a higher reduction potential than the electrolyte solvents
used. Thus the decomposition/reduction of the solvents is reduced, and the SEI layer consists mainly
of additive products.?®* For NIB, in addition to the reasons already mentioned for the need to use
additives, it can also counteract the corroding that occurs with metallic sodium anode systems when
organic electrolytes are used. Originally, vinylene carbonate (VC) was reported as one of the most
promising additives in LIBs, reducing graphite anodes at a higher potential than 1V vs. Li*/Li.*®
However, NIB is also reported to be successfully used with hard carbon electrodes in ether-based
electrolytes, which can positively influence storage performance.?*® Fluoroethylene carbonate (FEC) is
an additive for NIBs, often used in literature as it improves the stability of the cells.?*” >*® Adding FEC
can increase the stability of the formed SEI layer on top of the sodium metal electrode.?° On the other
hand, it also prevents the decomposition of the typically used solvents (EC/DMC) to by-products such
as ethylene glycol bis-(methyl carbonate) since FEC has a higher oxidation potential than EC and

DMC.>*

Practically, during the electrochemical characterization, a first reduction potential of FEC at 0.7 V vs.
Na*/Na is obtained. A high-quality SEI layer is formed on the electrode, which can increase the
electrochemical stability. The exact nature of the formed compound is still under debate. At the same
time, it can be assumed that a polymer layer is formed during FEC reduction.?®®2¢* This polymeric layer
on top of the sodium metal can protect the electrode and guarantee reliable three-electrode
measurements using a metallic sodium counter and reference electrode. Adding FEC may not only
significantly improve the SEIl properties of the working electrode, as reported in detail in the state-of-

the-art literature®* - %2 put also significantly protects the elemental sodium electrode against any
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side reactions with the electrolyte.'’® ?®* FEC is also used very successfully in LIB electrolytes as an
additive,?®*2% but its effectiveness as a high voltage additive is still controversial, and FEC is still

accused of causing dissolution of transition metals from the cathode while depositing at the anode.?®’

Lithium difluorophosphate (LiDFP) has proven to be very effective in suppressing cross-talk and
improves the Coulombic efficiency and cycle lifetime, and reduces parasitic heat flow.?*”**° Other
established LIB additives are, for example, 1,2,6-oxadithiane 2,2,6,6-tetraoxide (ODTO), further C-F
bond additives like 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (TTE) or lithium borate
based additives like lithium difluoro(oxalate)borate (LIDFOB). This should improve the CEl properties
at higher potentials and higher temperatures and stabilize the high capacity of spinel materials.?***’*
273 \/inyl ethylene carbonate, which has electron-rich double bonds compared to VC, has improved
chemical properties because the compound is less reactive towards other double bonds.?”* For NIB,
many of the practices already researched also related to electrolyte technology were once again taken
over from LIB technology. In addition to FEC and VC, sulfur-containing additives like propene sulfone
(PST) and 1,3,2-dioxathiolane-2,2-dioxide (DTD), and tris(trimethylsilyl) phosphite (TMSP) or the flame
retardant additives ethoxy(pentafluoro)cyclotriphosphazene (EFPN) or succinic anhydride (SA), have

shown a positive effect on the electrochemical performance.?’*?”°

2.2.4.6 Separator

The separator is an electrically insulating and ionically conductive film utilized to avoid physical contact
between the negative and positive electrodes and, therefore, a short-circuit of the electrochemical
cell.?®® The separator generally consists of a microporous membrane consisting of cellulose fibers, glass
fibers, or polymers permeable to electrolyte and alkali ions.?®* Commercially, microporous polymer
membranes made of polyolefins such as polyethylene (PE), polypropylene (PP), and their blends (PE-
PP) are commonly used. An optimal separator ideally features infinite electronic but zero ionic
resistance while being mechanically stable and temperature stable during the battery lifetime.?®
Porosity, mean pore size, tortuosity, permeability, and wettability are additional important to

consider.??

Further types of separators include non-woven mats made of fiber materials such as PVdF and
celluloses with high porosity and low cost or glass fibers such as borosilicate microfibers with high
porosity, excellent wettability, and thermal stability.?®*?**> Another possibility for a thermal stable (zero
shrinkage) separator with excellent wettability is offered by nanoscale inorganic particles such as Al,03,

MgO, or SiO, mixed with a small number of polymeric binders.?*
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2.2.4.7 Current collector

Electrons released (invested) during the electrochemical process (intercalation and extraction of alkali
metal ions) are practically discharged (charged) using a current collector. The current collector consists
of aluminum or copper, depending on the applied potential strength, used electrolyte, and alkali metal
so that no undesirable reactions can occur with the alkali metal or the electrolyte.”®® Aluminum offers
a cost-effective alternative to copper in NIBs because it does not form alloys with sodium.** Stable
electrochemical performance combined with enhanced power handling was reported when using
sputtered sub-pum aluminum layers as a current collector.?®” For LIB anodes, aluminum is an unsuitable
current collector, as aluminum reacts with lithium ions at lower potentials of 0.6 V vs. Li*/Li, forming
alloying products.?®® When going to higher potentials, aluminum must be used as a current collector
since starting from a potential of 3.2 V vs. Li*/Li, copper starts to dissolve, thus would not be applicable

for cathode material coatings.?**

2.2.5 Key parameters for batteries

2.2.5.1 Battery capacity and Faradays’ law

Capacity is usually defined as the charge storage capacity of an electrochemical energy storage device.
It describes the amount of electrical charge Q stored or delivered by the cell or battery. The typical
capacity unit is usually expressed in ampere-hours (Ah) and can be normalized to the volume or mass
(Ah cm™or Ah g?) to give volumetric or specific capacity. The capacity depends on the active material's
type/quantity/morphology, the respective charge/discharge current, the final discharge voltage, and
the temperature.®” By specifying the capacity, it is possible to calculate how long a certain current or

how much current can be drawn over a certain time.

Faraday's law gives a quantitative relationship between the amount of charge flowing and the chemical
conversion at the electrodes.?®® Faraday's law describes the limit of charge storage, resulting in the so-
called theoretical capacity of the material. Therefore, to electrolytically deposit any amount of material

n of a z valent ion, the charge Q is required.

Q=I+xt=Fxnxz ()

In this equation, n characterizes the maximum amount of insertable or extractable charge carriers with
valence number z, | the electric current, t the time, and F the Faraday constant, composed of the

Avogadro constant N, and the elementary charge e,.

F = eo * NA (IV)
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The molar mass is the charge needed to deposit one mole of a monovalent ion. From m = M * n with
the molar mass M follows the maximum capacity a material with molecular mass M can theoretically

achieve:

mx=zx*F

Qen = i (V)

Thus, the charge required to deposit a given mass of the substance by electrolysis can be

determined.?% 2%
2.2.5.2 Rate capability and C-rate
(Vi)

Currents are often specified as C-rates. The C-rate of a battery describes the charge or discharge
current relative to the theoretical capacity of the material. In practical applications, theoretical
capacity is not achieved due to polarization effects or capacity losses caused by material defects or
side reactions. If the theoretical capacity is divided by one hour, the obtained current will correspond
to a Crate of 1C. A coefficient of 1C indicates that a battery is completely charged or discharged within
1 h. For new systems, which lack the theoretical capacity information, C-rates are often not suitable.

These systems are distinguished by the comparison of the specific currents and current density.

2.2.5.3 Coulombic efficiency (CE)

Coulombic efficiency (CE) is the relative ratio of the amount of charge (Quischarge) that can be extracted
from the battery to the total inserted charge (Qcharge) Within a full cycle. The Coulombic efficiency
characterizes the charge efficiency of the electron transfer and is expressed as a percentage (%). It is
favored if the standard potential of the cell at the beginning of the charging process corresponds to
the lower end-of-charge voltage during the subsequent discharge. Normally, the value of the
Coulombic efficiency is reduced by irreversible charge losses, such as SEl formation and aging effects.
Therefore, it remains below 100%. Commercially applied LIBs provide a CE, which commonly exceeds
99%.

_ Q discharge

ne = * 100%

Q charge (v

2.2.5.4 Cycling stability, capacity retention, and cycle life
Charging and discharging a battery in a certain voltage range with a particular current is called
galvanostatic cycling. To evaluate the cell performance, the charge/discharge capacity is recorded as a

function of the number of cycles. In general, a safely decreasing capacity value is expected during
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cycling, which is strongly dependent on applied cycling conditions (charge/discharge rate, voltage
range, electrode material, as well as its mechanism, temperature, electrolyte stability, etc.). One of the
main objectives for optimizing battery cells is their lifetime. The cycle life of a rechargeable battery, for
which cycle stability is a key parameter, is defined by the number of charge or discharge cycles until
the capacity is reduced to a certain amount of the nominal capacity (typically 50% to 80% capacity
retention).”®" 2°> The cycling stability of LIBs is mainly characterized by the SEI layer, as long as the
electrochemical stability of the applied salt and solvent is appropriate.®® %° 2** The capacity retention
is therefore also an important metric to evaluate the battery performance, especially to define the
longevity of real devices, with describing the ratio of the delivered capacity in a specific cycle compared

to the initial discharge capacity.?®*

2.2.5.5 Electrochemical signature

There exist well-established methods to characterize energy storage processes. For example,
characterization via cyclic voltammetry (CV) and galvanostatic cycling with potential limitation (GCPL)
provides access to a variety of properties such as capacity, capacitance, operating voltage, cell kinetics,

rate stability, redox reactions, cyclability and equivalent series resistance (ESR).

Information about the reduction and oxidation processes, as well as electron transfer-initiated
chemical reactions, can be obtained with the CV technique.?*® From a starting potential, preferably
currentless, CV begins with a triangular voltage with a speed of potential change of v = d@dt between
working electrode and counter electrode (Figure 13A). Usually, the maximum upper and lower limits
of this triangle voltage are defined by the redox pair as well as the employed electrolyte solvent so
that optimally all redox reactions of the electrode material can be recorded without triggering a

decomposition reaction of different cell components.?® Practically, a current flow is generated by
. d . . .
applying a voltage ramp v = d—lt]on the cell. A current flow is generated by the applied voltage resulting

in a plot consisting of the current between the counter electrode and the working electrode as a
function of the applied potential (Figure 13B). After reaching a certain target potential, the potential
is ramped in the reverse direction to return to a defined potential or the initial state. Peaks seen in a
cyclic voltammogram commonly signal the charge transfer (Faradaic redox potential) between the
electrode and the redox-active species at a certain potential whereby a current occurs as soon as the

applied voltage reaches or exceeds the redox potential.
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Figure 13: Potential-time excitation signal of CV experiment and typical voltammogram.

Galvanostatic cycling with potential limitation studies the behavior of battery calls upon cycling while
applying a constant external charge/discharge current between the working and counter electrode
(Figure 14). The constant current pulses lead to potential changes inside the battery. The potential
limitation is needed to avoid irreversible processes such as electrolyte decomposition. The obtained
potential is evaluated as a function of time in a certain voltage range to obtain information about the
electrode processes and their changes. In addition, information about the amount of charge used
during a discharge and charge cycle is obtained. Usually, this factor is related to the mass of the active
material and referred to as specific capacity. Overall GCPL technique is the test that most closely
resembles how a battery is mostly used in real-world practice (i.e., itis charged up and then discharged,

usually at relatively constant rates).

Current Potential
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at initial Potential

4
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Figure 14: The change of the current with time in GCPL and typical charge and discharge curve in the

GCPL experiment.
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2.3 Seawater batteries

The global shift toward greater sustainability and time-sensitive pressures for more renewable energy
use is steadily driving the development of promising new materials and technologies, continuous
improvement, and creative redesign.”” >°® Because of their versatile advantages, interesting energy
storage systems beyond lithium have attracted much attention and have been studied scientifically
more frequently in recent years.”**2%2 One such post-lithium or beyond-lithium technology relates to
NIB (chapter 2.2.2), which technology has seen a steady increase in interest since 2011, especially since
sodium is one of the most abundant elements in the earth's crust, offers similar intercalation chemistry
to LIBs, and manifests the potential for low-cost energy storage systems.*>** A battery form that also
relies on sodium ion transport is the seawater battery, which can simultaneously store energy and
desalinate water due to its unique configuration (operation principle is displayed in Figure 15). Sodium-
rich seawater, which occupies about two-thirds of the earth and has a sodium concentration of about
470 mM, is a nearly inexhaustible source of sodium ions and presents the electrolyte in seawater

batteries.>*

The first primary, non-rechargeable seawater battery was developed as early as 1943.3°* In 2014, the
research field was revived and focused on secondary (rechargeable) seawater batteries.>*> 3%
Rechargeable aqueous NIBs are an environmentally friendly and promising method of storing
electrochemical energy, with seawater circulating as a low-cost electrolyte in the electrochemical cell.
Seawater electrolytes eliminate or reduce many safety problems that organic electrolytes can cause.®
Conventional seawater batteries provide electrochemical energy storage through a combination of a
sodiation/de-sodation anode and an electrolysis cathode. This concept requires an open cell
architecture to ensure a constant supply of fresh seawater as catholyte during the cell operation. The
major components of a seawater battery are electrode materials (cathode and anode), electrolytes

(anolyte, catholyte), current collectors, (ceramic) membranes, electrocatalysts, and common cell

types.

A typical rechargeable seawater battery consists of two electrode compartments, one of which can be
with an organic electrolyte side, and the other compartment usually contains an aqueous electrolyte.
The cell compartments are separated by a solid diffusion membrane (such as the widely-used sodium
superionic conductor (NASICON)) to ensure selective ion flow (Figure 15A). The organic part resembles
a typical NIB cell, which can contain an elemental sodium anode. When seawater cells come in contact
with seawater, free and abundant sodium ions in the catholyte can migrate to the anodic compartment
during the charging process. They are finally stored as elemental sodium metal. On the cathode side,

the oxygen evolution reaction (OER, 40H ¢> 0O, + 2H,0 + 4e E=0.77 V vs. SHE) leads to a theoretical
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cell voltage of 3.48 V.3 During the subsequent discharge, sodium ions are again released and
delivered to seawater, accompanying the oxygen reduction reaction (ORR) at the cathodic
compartment. Since introducing rechargeable seawater batteries in 2014,®® most studies have
optimized performance, including cathode and anode materials, catholyte and anolyte, and cell
structure. The dual function of seawater batteries at the critical interface between water and energy
research can help to simultaneously store intermittently available renewable energy and provide clean
drinking water for residential areas and agriculture. The possibility of significantly increasing the
technological desalination of seawater will also considerably advance the large-scale production of

green hydrogen.
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Figure 15: Schematical representation of the working principle of a seawater battery A) for energy

storage purposes and B) for water desalination. Copyright 2022, Wiley.*
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2.4 Electrochemical water treatment

Water is one of the resources that humanity needs to live, along with food, energy, and medicine. Due
to the ever-increasing population, the progress of climate change, and the accompanying deterioration
of environmental conditions, obtaining clean potable water has become a severe problem of the 21*
century, especially in arid regions.*®” The worldwide oceans account for about 97% of the Earth's water,
which has, in principle, the great potential to be the drinking, agricultural, and industrial water
resources, while naturally, it contains a specific amount of salts. Researchers have been developing
various desalination methods for many years to address the problem of drinking water out of salt-
containing liquid media. These methods can be divided into membrane-based processes like reverse
osmosis®®® or thermal processes like multi-effect distillation®*® or multistage flash distillation.>*° So far,
reverse osmosis technology is the most widespread application, while plants require high energy
consumption of 2-5kWh m?3.3'" 312 Another steadily growing research area is electrochemical
desalination methods such as electrodialysis,**® desalination fuel cells,?'* 3** desalination batteries'®

317 or capacitive deionization.?'®

2.4.1 Capacitive deionization (CDI)

Besides suitable electrochemical desalination technologies mentioned above, capacitive deionization
(CDI) is a highly energy-efficient method.*** **° The concept of CDI is based on an ion flow immobilized
at the liquid/solid interface of nanoporous carbon by reversible ion electrosorption.*** The first
generation CDI cell consisted of two nanoporous carbon electrodes and a separator (open channel or
porous dielectric material) that prevents the two electrodes from short-circuiting.**® Figure 16
provides a schematic drawing of a first-generation CDI cell. The constant electrical voltage or current
applied to the cell creates a potential gradient whereby the salt ions present in the feed water migrate
into the electrical double layer of the electrode material, thus removing salt from the effluent water
stream by ionic electrosorption.'® **? During the subsequent discharge process, the electro adsorbed
ions are rereleased and, the previously invested charge can be recovered unlikely other mostly
desalination methods like thermal distillation, reverse osmosis or electrodialysis. Due to the use of
typically aqueous media, the applied voltage is typically at a maximum of 1.2V to satisfy the
overpotential determinations of the water splitting. Although the origins of CDI date back about 60
years, it is only in the last decade that this method has gained importance and scientific progress.***
324 |n particular, research has been conducted to develop new high-performance electrode systems for

331-335

the CDI cell,***3*° to design new cell configurations, . and to characterize better and elucidate the

underlying mechanisms of ion adsorption. Furthermore, supporting computer-based studies to

simulate different interactions were studied to advance the technology further.3*¢332
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Co-ions and counter-ions would occupy the carbon electrodes and their corresponding nanopores
during the electrochemical process.>****° This means that the electrode pores are populated with ions
of positive as well as negative charge, respectively. By applying an external current and the resulting
polarization of the electrodes, co-ions are released from the electrochemical double layer to the same
extent as counter ions are attracted (named co-ion effect). CDI technology is thus mainly limited to
low molar concentrations since perm-selective ion removal only starts when the co-ion population is
exhausted at higher charge states.>*" 3*? In some cases, conditions can be changed by using pore
diameters well below 1 nm.*** An important exception, except for water molecules, is that the pores
are empty in the uncharged state if they are smaller than the size of the hydrated ions.*** Furthermore,
the EDL that forms in carbon is limited to a charge storage capacity of about 0.1 F m™.3*>3%¢ With the
storage mechanism via the electrical double layer of the nanoporous electrode, the desalination
capacity achieves rather low values (ca. 10-30 mgnaci 8electroge -)** and effective remediation in brackish

water with low to medium salinity.>*®

In 2012, Pasta et al. first used Faradaic materials (sodium manganese oxides and silver) to successfully
desalinate sea water while thereby overcoming the typical desalination limitations of carbon-based
materials.>*” Other possibilities besides using Faradaic material as both electrodes is the possibility of
pairing proven carbon with charge-transfer electrodes. Using sodium manganese oxides to capture
sodium and carbon to store chloride 2014, Lee et al. exhibit a desalination capacity of about 31 mgac
electrode .- S0 far, two different kinds of Faradaic materials have been successfully employed as
electrodes for desalination. The first type relates to intercalation materials distinguished by ion

351
, or

intercalation into a host structure, such as sodium manganese oxides,**° nickel hexacyanoferrate
titanium disulfide.>*> On the other hand, analogous to the development of electrode materials for
primary energy storage, high-performance conversion type electrode materials like silver®® or

h354

bismut can also be introduced, which show desalination capacities between 85-115 mgnaci Selectrode.
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Figure 16: Structure of a typical first-generation CDI cell.
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2.4.2 Membrane-based capacitive deionization (MCDI)

Membrane capacitive deionization (MCDI) is a modification of the original CDI technology. Like in a CDI
cell, an electrical potential difference is applied to an aqueous solution. However, the electrode pair is
additionally shielded with one or two ion exchange membranes on the surface so that more selective
ion uptake (cation or anion uptake) can take place.?*® The first attempts to incorporate a charge barrier
into the system to block co-ions and improve desalination was pioneered by Andelman and Walker in
2004.° In 2006, Lee et al. reported a 19% increase in desalination efficiency in wastewater
desalination with his developed MCDI in which an anion exchange membrane (AEM) and a cation

exchange membrane (CEM) were placed on the anode and cathode surfaces, respectively.>*°

Figure 17 a schematic drawing of a typical MCDI is displayed. The use of additional ion exchange
membranes has several advantages. For example, the co-ions, which would otherwise always leave
the electrode when a counter-ion is adsorbed during the cell charging process, can no longer leave the
electrode area, thereby increasing the efficiency of the salt removal process.**® On the other hand, the
counter-ions released when the reverse voltage is applied can be flushed entirely directly from the
electrode region, which can increase the driving force of the electrode for subsequent cycles.*** An
additional advantage of MCDI is the prevention of co-ion adsorption in the electrode and the ability to
reverse the voltage during the desorption process, which can significantly improve the kinetics and
adsorption capacity of MCDI.>*** 3% By preventing ions from leaving the electrode region, the
interparticle porosity (electrode pore space) is available as a reservoir for salt ion storage, increasing

the porous electrode's total ion storage capacity.?*

As a sodium-ion-removal electrode, the experience with NIB electrode materials could significantly
bring high-performance systems into the field. However, most of the high-capacity materials studied
for battery research are not suitable for direct contact with aqueous media, or the expected oxidation
and reduction reactions occur outside the stability range of water, making their direct use in CDI
challenging. To lift the requirement to expose the electrode to the feedwater stream, for example, the
concept of membrane-based CDI can support shielding one or both electrodes from direct contact to
flowing through an aqueous medium. Considering the advantages mentioned above for various
applications, the MCDI reduces the loss of desalination capacity and the additional energy
consumption.*®® In particular, the MCDI offers the prospect of lower energy consumption than, for

example, reverse osmosis, mainly for desalination of low-concentration brines.* 33 3%
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Figure 17: Schematic overview of an MCDI cell showing flow channel, ion-selective membranes as well

as electrode materials.

Membranes that were initially mainly used for this technology consisted of polymers with functional
groups serving as a fixes charge on the polymer backbones.*®” 3% In this way, the membranes can be
designed very specifically by, for example, fixing the cation charge so that anions can be easily
transported between the backbone. This characterizes the so-called anion exchange membrane. On
the other hand, cations can be transported between the backbone if an anionic charge has been
anchored to the membrane beforehand, leading to a cation exchange membrane. The ion transport
through the specific membranes is related to the electrostatic interactions of the bound charge groups
and the transported ions.>***’* While in some studies it is assumed that polymer-based ion-selective
membranes have partially limited ion permeability, the class of ceramic superionic conductors
(NASICON), lithium superionic conductor (LISICON), which has already been extensively investigated

in the field of battery research, seawater batteries, and fuel cells,?% 3% 373

offers a promising
alternative also with a focus on the use in electrochemical water desalination. Owing to its crystal
structures, Na* or Li* ions can hop directly from one lattice site to another, resulting in high ionic
conductivity and high selective ion permeability for specific ions (NASICON—> Na® ions and LISICON—>

Li* ions).>”
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2.4.2.1 Sodium superionic conductors (NASICON)

Besides using NASICON as electrode material or as a solid electrolyte in NIBs, NASICON also shows
increasing interest in its application as a membrane in seawater batteries and desalination. Typically,
NASICON represents a family of solids with the chemical formula Nai.xZr,Ps_, Six 012 (x=0-3).>” In a
broader sense, however, it is also used with various similar compounds based on the NASICON
structure, in which isovalent elements replace elements such as Na, Zr, and/or Si.>”> Hong investigated
that solids of the general formula with 0<x<3 as one of the first by heating to a temperature of 1200 °C
obtain a crystallization in a NASICON structure.?’®* Rhombohedral symmetry, except in the interval
1.8<x<2.2, was exhibited with this structure while a small distortion to monoclinic symmetry occurs.?’®
Later, Von Alpen et al. reported a different general NASICON formula of Naj.,Zr,-,/3SixP3-xO1, to obtain
zirconia-free material while still resulting in multiple phase compositions.*”” Comparing the most
common Hong-tape NASICON with the Alpen-type, it offers the advantage that it can be produced at
lower temperatures (1250 °C; 21300 °C Alpen-type NASICON) while still achieving very high
densification, which is extremely important for application in seawater batterie as well as some
desalination mechanism in which the membrane also serves as a barrier between the aqueous media
as well as some water sensitive electrode materials (e.g., elemental sodium). Go et al. recently
presented a VA-NASICON (Nas.1Zr1 55Si2.3P0 7011) with promising and suitable properties in competition
with the established Hong-type NASICON.?”® Due to the changed composition and the microstructure,
lower grain boundary resistance and higher ionic conductivity can be obtained. NASICON are promising
candidates for various electrochemical devices and media attributed to their high ion mobility and
chemical stability. In general, NASICON-structured materials offer, by their suitable tunnel size for
sodium ion migration in a 3D framework, the possibility of highly selective Na ion uptake with a
combination of high structural stability and fast ionic conductivity (10° S cm™). Low thermal expansion
behavior, stability in different media, and large surface area complete the portrait of the ceramic

material.?”®

2.4.2.2 Lithium superionic conductor (LISICON)

Lithium superionic conductors (LISICON) characterize a family of solid ceramic compounds with the
chemical formula of Liz«2xZn1-xGe04.>” The first discovery of the LISICON structure dates back to 1977
when the first structural investigation of Li;sZn(GeO4)s was also reported by Hong.**° The underlying
crystal structure consists of a network of [Li11Zn(GeO4)s]* and 3 loosely bound Li*-lons. Loose bonds of
the lithium ions allow simplified ion transport without breaking strong bonds. Free ions occupy
interstitial sites, which are close to each other and thus energetically favored. As with NASICON
structures, a tunnel-like channel is formed through which lithium ions can selectively, rapidly, and
easily diffuse. LISICON structures are also promising for wide application due to their relatively high

ionic conductivity of about 10° S cm™ at room temperature.**>>%
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In the following years, many LISICON-like materials were discovered and developed, increasing
properties such as ionic conductivity (Li;z.xGexV(1.xO0a; LijaxSi(1Px04).2" ***3% Some of the advantages
of LISICON for an electrochemical application are the possibility to use it in a wide electrochemical
stability window and thermal stability, which allows safe use.*®” Other important features, especially
for the use in LIBs, characterize the stability against chemical reactions with electrode material (mainly
elemental lithium or lithium alloys) as well as the expansion coefficient during ion transport and ion
storage (depending on the use as solid electrolyte or as electrode material).*®” When using LISICON as
a membrane, mainly in an aqueous medium, the density of the obtained ceramic membrane plays a

significant role in separating different compartments and allowing selective ion transport.

Furthermore, environmental compatibility, toxicity, and cost efficiency are generally essential.
Recently Wang et al. reported the investigation of LISICON membranes (LiGe,(PO4)s3) in the context of
lithium recovery from lithium-containing water.*®® A continuous and energy-efficient selective lithium
recovery from an aqueous solution was obtained by combining a redox flow battery, a polymer

membrane for anion exchange, and two lithium-selective ceramic LISICON membranes.?®

2.4.3 Bi-electrolyte

In addition to many modification possibilities of the cell structures to provide the appropriate reaction
space for each system, a bi-electrolyte system has also become established. The original form of the
CDI was limited to the stable voltage window of water, which is 1.2 V. In this way, the resulting
desalination capacity was limited accordingly. Furthermore, the selection of suitable sodium-extracting
electrodes for efficient electrochemical desalination is limited by their compatibility with water and
their redox potentials in the stability window of water. A variety of promising new materials could be
used for electrochemical desalination, especially NIB anode materials, if the requirement to expose
the electrode to feedwater flow was removed. Approaches to find a solution to this problem were
initially to use a cell that was operated only in organic electrolyte. Porada et al. 2016 first reported
widening the CDI voltage window to 2.5V and conducted a study of experimental ion removal at
voltages beyond the water electrolysis window, showing that higher salt adsorption is possible when
using CDI in organic electrolytes.®® However, to continue to drive the desalination of the
predominantly aqueous saline solutions, the bi-electrolyte system was then proposed by Kim et al. in

2018.%°

The bi-electrode concept makes it possible to divide the desalination cell into two different
compartments, in which an aqueous atmosphere prevails in the central channel. Figure 18 gives an
overview of different setups of the bi-electrolyte cell. An organic electrolyte is used in the side channel.

The compartments were separated by using a polymer-based ion exchange membrane. This way, with
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an extension of the stable cell voltage to 2.4 V, an excellent desalination capacity of 63 mgy.c g™ and

a charge efficiency of 95% were obtained. Thus, the choice of electrode materials is no longer limited

to compatibility with water and the redox potential within the stable potential range of water. This

opens the door for using many high-performance electrode materials, which have already successfully

demonstrated Na* ion uptake capability, for example, in NIBs. Arnold et al. in 2021 reported a bi-

electrolyte membrane capacitive deionization in which a typical alloying material (antimony) was used

in 1M NaClO; in EC/DMC + 5% FEC organic electrolyte.*** Using a selective sodium permeable

membrane (NASICON) to separate the organic from the aqueous flowing compartment, an optimized

desalination capacity of 294 mgnagsy ™ in a voltage range of -2 V to +2 V with a charge efficiency of 74%

in 600 mM was achieved.**
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Figure 18: Overview of different types of bi-electrolyte Faradaic deionization cells. A) Two separated

electrolyte compartments with different electrolytes in addition to the salinated water flow, B) one

electrode can be operated in salinated water.
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2.5 Recycling

All raw materials are found only in limited quantities on our planet. Only careful and fairer use of the
earth's natural resources can help us sustainably protect our environment. In times of booming battery
industry, it becomes increasingly important to have a recycling concept at hand for all the batteries
that have come to their end of life and to design a sustainable concept. In addition, regulations ensure
the obligation of battery recycling with set minimum recycling rates for individual battery materials,
which are tightened over time. Furthermore, minimum values for the use of recyclates in the
production of new batteries are prescribed. In the EU, the latest regulations call for about 73% of
portable batteries to be collected by 2030 and minimum levels of cobalt (16%), lead (85%), lithium
(6%), and nickel (6%) from manufacturing and consumer waste to be recycled in new batteries.?? 3%
Recycling makes waste that becomes unusable after a process is usable again and returns it to the

economic cycle. In the best case, this is done multiple times. Figure 19 presents an overview of the

different recycling path of LIB components.
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Figure 19: Overview of different recycling routes for LIBs components. Adapted with permission.?**

Copyright 2019, Argonne National Laboratory.
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On the one hand, this can be done by reusing the material in its original form. However, it is also
possible to recycle waste products through a chemical recycling process, in which the material is
broken down into its basic components. In this way, responsible use of resources can be maintained,
and a significant amount of CO; can be saved, significantly advancing battery research. The complexity
of LIBs with different active and inactive material chemistries is an obstacle to the desire to introduce
a robust recycling process for all types of LIBs. Therefore, the current state-of-the-art needs to be
analyzed, improved, and adapted to upcoming cell chemistries and components. In addition, many
recycling methods within the battery guidelines for different cell components have already been

proposed and optimized.

2.5.1 Battery material recycling

Given sustainable development, the obligation to recycle certain shares, and the growing number of
large-scale battery production factories, recycling spent batteries and valorizing the valuable
components has never been more important. Since most of the battery (cathode) materials have a
considerable percentage in the battery cell cost, finding a suitable way to recycle these materials or
find a second-life application is becoming more attractive. Current recycling technologies, usually
based on chemical leaching methods, have critical aspects such as massive consumption of various
chemicals and secondary pollution and generally involve lengthy procedures. Therefore, developing
cost-effective and environmentally friendly methods has been and continues to be necessary. In
general, a distinction can be made between direct regeneration of the material and chemical
processing (breaking down into different precursor compounds, oxidation, annealing, etc.). Often,
however, all approaches require a relatively large amount of energy and costs in the form of chemicals
to restore the materials' capacity. Therefore, the demand for improved methods is currently as high

as ever.

The state-of-the-art literature already includes an approach to efficiently recycle LiFePO, (a
widespread cathode material in commercial LIBs). Following a redox targeting-based approach of
LiFePO, with [Fe(CN)¢]*, the material could be rapidly degraded to solid FePO, and soluble Li* ions in
the electrolyte, where the Fe(CN)s]* is immediately regenerated in a connected oxygen flow cell.>* At
the same time, Li* ions are collected as LiOH. Highly pure LiOH and FePO,4 (<99.90%) could be obtained
with a high Li removal efficiency (99.8%) without secondary contamination.®> Other sustainable
recovery processes of the individual elements have also been successfully carried out. By leaching with
citric acid or tea waste, up to 99% of Co and 93% of Li were recovered from a LiCoO, cathode, whereby
the citric acid can also be recycled.?*® Recently developed pyrometallurgical processes are well
established for processing primary materials and can achieve high recovery yields concerning the

metals cobalt, copper, and nickel, but they are challenging for lithium recovery.*”’
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2.5.2 Lithium recycling

Exploiting lithium sources is expected to increase the metal's price due to increased electrification. In
addition, there are geopolitical restrictions and social and ecological concerns, as the raw materials are
often mined in politically unstable regions under questionable working conditions and using
ecologically doubtful methods. In addition to the limited resources, environmental protection and the
concept of sustainability are increasingly important in the overall consideration of raw material
extraction. As an essential raw material and a strategic key element for electromobility, lithium
requires research and profitability analysis of new recycling processes, especially for batteries. The
anode material used in commercial LIBs is typically graphite.

In contrast, the cathode material often contains a considerable proportion of essential and scarce
metals such as manganese, lithium, cobalt, and nickel. It thus also takes a larger overall percentage of
the battery in terms of cost and mass. So far, hydro- and pyrometallurgical approaches dominate the
recycling of cathode materials.>*®®*? Qccasionally, bioleaching, for example, by bacteria, is also
reported.*®“% A promising technology, both from an economic and an ecological point of view, that
ties in with hydrometallurgical processes and enables lithium recovery represents ion-selective
electrochemistry. Based on a desalination battery and technology, Pasta et al. proposed a new energy-
efficient electrochemical method for recovering lithium from brines in 2012.°° After wet chemical
digestion, the obtained lithium-rich electrolyte was continuously pumped through the flow channel of
the cell passing the two electrodes. By applying an external negative current (charging) to the cathode,
lithium cations and chloride anions are selectively extracted from the solution by being captured by
the electrode materials. In the subsequent discharging step, the ions can be mobilized again, resulting

in a concentration of LiCl in the recovery solution (Figure 20).
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3 APPROACH AND OVERVIEW

Society's pursuit of renewable energy and environmentally friendly technologies has brought the
battery industry a colossal mandate.*”“% At the same time, it has increased the demands and
requirements on these systems. LIBs are still one of the most important energy storage systems with
high power density, large energy density, and high output voltage after their first commercialization
by Sony in 1991.% However; alternative battery technologies are of great interest due to the ever-
increasing demand for batteries and the expected sharp rise in price. No less important are the often
precarious conditions of still mining some raw materials in politically and ecologically sensitive areas
to extract electrode material for LIBs. The electrode materials are often limiting factors for a low
lifetime, low energy density, and power density. Advanced electrode design often involves hybrid
architecture (typically in conjunction with carbon), which leads to improved electrochemical
performance due to the synergetic effects of carbon with the active material and other physical

improvements of the electrode (electrical conductivity, buffering of volume change, etc.).

My work is motivated by the quest for next-generation electrode materials for electrochemical
applications at the water/energy/recycling nexus. Thereby, the publications within my thesis work

cluster in these three categories.

Segment 1: Energy nexus. Motivated by this, the present work explores hybrid materials for energy
storage systems, including carbon and carbide hybrids. Carbon, usually in the form of carbon black, is
the most common conductive additive. However, physical mixing to obtain (nano)composites is less
potent in achieving a maximized performance than chemical co-synthesis (hybridization).*** In this
sense, Section 4.1 explores nanohybrids of LTO and carbon onions toward LIB and NIB application.
Compared to the bulk material, the hybridization of nanosized LTO with nanosized carbon enables
improved rate stability and cycling stability. For lithium ion intercalation, LTO carbon onion hybrid
electrodes achieve a specific capacity of 188 mAh g™ at a specific current of 10 mA g%, which maintains
100 mAh g ' at1 A g ! with a capacity retention of 96% after 400 cycles. Optimized hybrid material also
shows improved electrochemical performance in NIBs with maximum capacity values of 102 mAh g*

while retaining 96% of initial capacity after 500 cycles.

Carbon may be the most common conductive additive, but it is not the only promising material for
hybridization strategies. Due to their unique physical and chemical natures, two-dimensional materials
like MXenes are promising for forming interesting hybrids and heterostructures with other materials.
MXenes alone also show good electrochemical addressability, but the capacity is limited to moderate
values due to the limited storage sides for cations between the layers. Section 4.2 shows the ability to

significantly increase the interlayer spacing (1.75 nm) of TisC,T, MXenes by silica-pillaring. This design
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resulted in a dramatically enhanced electrochemical performance, with superior capacities, rate
capability (over 150 mAh g'at 1 Ag™), and cycling stability (71% capacity retention after 500 cycles)
compared to the non-pillared material. In addition, an in situ electrochemical dilatometry supported
by further X-ray diffraction measurements showed the interplay between structural changes and
electrochemical performance. Through this, silica-pillared Ti;C,T, MXene exhibits superior cycling
performance with 314 mAhg™(at 0.2 mAg™) despite a larger volume change and a decrease in
crystallinity was obtained, indicating an inhomogeneous expansion of the interlayers. Yet, the capacity

remained limited by the predominance of ion intercalation as the charge storage mechanism.

To reach a capacity beyond the limitation of intercalation materials, one can hybridize MXene with
conversion or alloying materials. In Section 4.3, antimony, a well-known alloying material with a
theoretical capacity of 660 mAh g™, is combined with TisC,T, MXenes showing different morphologies
and surface functional groups. Optimized synthesis protocol leads to materials with a high reversible
capacity of 450 mAhg?at 0.1 Ag™ with a capacity retention of 96% after 100 cycles while also
exhibiting high rate capability with 365 mAh g™at 4 A g™. This work illustrates the strong influence of
the electrode material design on electrochemical performance. The best performance is not seen for
the sample with the highest amount of antimony, the smallest particle size, or the largest interlayer
distance of MXene. Instead, the best performance is seen for a homogeneous distribution of antimony

and MXene particles.

Motivated by the promising results from MXene and an alloying material (Sb), my work explored the
combination of MXene with a conversion material (SnO,). While Sb is the 63" most abundant element
on Earth (crust; annual mining capacity about 147 kt [2018]),*' *** Sn is much more abundant (rank
45™: annual mining capacity 318 kt [2018]).**? The challenge, like alloying materials, is for conversion
materials to maintain a high charge storage capacity despite severe structural changes during cyclic
charging and discharging. Section 4.4 combines SnO, with MXenes as an anode material in LIB.
Through the optimized composition of 1:1 (Sn0,:TisC,T,), a stable de-lithiation capacity of 525 mAh g*
for 700 cycles and high rate stability of 340 mAh g'at 8 Ag™ was achieved. At the same time, the
reversibility and kinetics of the electrochemical reactions are due to the synergistic interaction
between the tin oxide and MXenes, where the latter can act as a buffer for the conversion reaction as
well as improve the charge transport properties in the electrode. In order to investigate the
electrochemical mechanism of this material as well as to obtain further chemical, morphological and

structural data of the system, XPS and STEM were used, among others.

Segment 2: Water nexus. NIBs are a promising LIB alternative, combining low cost, similar redox
potential, and similar intercalation chemistry to lithium. Considering the abundance of sodium in

seawater, NIB is an interesting model system for dual-use applications in electrochemical desalination.
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Section 4.5 introduces seawater batteries as a unique energy storage system for the sustainable
storage of renewable energy through the direct use of seawater as a source for converting electrical
energy and chemical energy. Some technological challenges for seawater batteries, such as shortened
lifetime, unsafe battery operation, low efficiencies, and low stabilities, have not yet been fully
overcome. However, the advantages of seawater batteries offer a perspective for sustainable,
environmentally friendly, performance-oriented, and cost-efficient applications at the interface

between energy and water.

Seawater batteries, namely having one sodium ion removal electrode separated from seawater by a
ceramic membrane, can also be translated to battery desalination. Section 4.6 paired, for the first
time, an Sb-based electrode (shielded by a sodium-selective ceramic membrane) with nanoporous
carbon (capable of electrosorbing anions) to form an electrochemical desalination system. To this end,
we developed a multi-channel bi-electrolyte cell. By optimizing the cell design, the application of a bi-
electrolyte and using a selective sodium permeable membrane (NASICON) allows operating the system

at 2 V. At the same time, a desalination capacity of 294 mgy. gs»™* could be achieved.

It is attractive to use a fast pseudocapacitive material to accomplish water desalination with a high
rate and high capacity instead of a rather sluggish alloying process. Section 4.7 reports cuboid cobalt
hydroxide with a hollow architecture synthesized via template etching. The hollow structure allows
rapid ion transport inside the material and thus keeps the electrode intact by mitigating volume
expansion during cycling, as confirmed by in situ electrochemical dilatometry. Therefore the hollow
electrode achieves an outstanding desalination capacity of 1176 mgnac gco(ony2)® With a high

desalination rate of 3.3 mgnac g(colon)y)~ Min™.

Segment 3: Recycling nexus. In the context of diminishing Li resources for energy storage and the
continuously increasing demands for batteries, which at present mostly rely on LIB technology, it is
also indispensable to extract lithium from aqueous media. For the challenge of accessing the enormous
amount of lithium from low-concentrated sources, which has been a huge challenge so far, a redox
flow battery for continuous and energy-efficient recovery from aqueous solutions is reported in
Section 4.8. Using A green redox par and a solid-state lithium superionic conductor (LISICON)
membrane for the selective uptake and release of Li*, a technology has been proposed to extract

dissolved lithium with a purity of 93.5% from simulated seawater.

The previous section dealt with ion recovery from artificial solutions (hydrometallurgical LIB recycling).
Yet, avoiding the need to dissolve electrodes altogether and directly recycling LIB electrodes would be
far more sustainable. The last part of my thesis, Section 4.9, therefore, focuses on the battery recycling

of MXene. This unique 2D material allows assembly, disassembly, and re-assembly for a closed-loop
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use/recycling/reuse process. This work also shows that the second life as an electrocatalytic material
of oxidized MXene electrodes can be achieved. Specifically, free-standing MXene electrodes free of
binder and conductive additives were used in the context of application in LIBs- and NIBs and
underwent a direct recycling process. The electrode material exhibits good recyclability with capacity
recovery rates above 90%. The spent end-of-life MXene materials were oxidized in the second step in
controlled conditions to TiO,/C materials, which have a great potential for application of second life in
the field of batteries and further in electrochemical oxygen revolution, photocatalytic hydrogen

evolution, or photodegradation.
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4 RESULTS AND DISCUSSION

This thesis includes the following peer-reviewed research papers as subchapters of the results and

discussion section

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

Hybrid anodes of lithium titanium oxide and carbon onions for lithium-ion and
sodium-ion energy storage

In situ investigation of expansion during the lithiation of pillared MXenes with
ultralarge interlayer distance

Design of high-performance antimony/MXene hybrid electrodes for sodium-
ion batteries

Unravelling the electrochemical mechanism in tin oxide/MXene composites as
highly reversible negative electrodes for lithium-ion batteries

Dual-use of seawater batteries for energy storage and water desalination

Antimony alloying electrode for high-performance sodium removal: how to
use a battery material not stable in aqueous media for saline water
remediation

Three-dimensional cobalt hydroxide hollow cube/vertical nanosheets with
high desalination capacity and long-term performance stability

Redox flow battery for continuous and energy-effective lithium recovery from

aqueous solution

Recycling and second life of MXene electrodes for lithium-ion batteries and
sodium-ion batteries
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Hybrid Anodes of Lithium Titanium Oxide and Carbon
Onions for Lithium-lon and Sodium-lon Energy Storage

Hwirim Shim, Stefanie Arnold, Oznil Budak, Maike Ulbricht, Pattarachai Srimuk,

and Volker Presser*

This study demonstrates the hybridization of Li,TisO,, (LTO) with different types
of carbon onions synthesized from nanodiamonds. The carbon onions mixed
with a Li,TisO, precursor for sol-gel synthesis. These hybrid materials are tested
as anodes for both lithium-ion battery (LIB) and sodium-ion battery (SIB).
Electrochemical characterization for LIB application is carried out using 1 m LiPFg
in a 1:1 (by volume) ethylene carbonate and dimethyl carbonate as the electrolyte.
For lithium-ion intercalation, LTO hybridized with carbon onions from the inert-
gas route achieves an excellent electrochemical performance of 188 mAhg ' at
10mA g, which maintains 100mAhg ' at 1Ag ' and has a cycling stability
of 96% of initial capacity after 400 cycles, thereby outperforming both neat LTO
and LTO with onions obtained via vacuum treatment. The performance of the
best-performing hybrid material (LTO with carbon onions from argon annealing)
in an SIB is tested, using 1M NaClO, in ethylene/dimethyl/fluoroethylene
carbonate (19:19:2 by mass) as the electrolyte. A maximum capacity of

102 mAh g ' for the SIB system is obtained, with a capacity retention of 96%

and natural abundance.”” However, graph-
ite electrodes experience major safety
issues, because their operation potential
is near to the lithium electroplating poten-
tial of 0.1V versus Li/Li*, which leads to a
high risk of penetrable dendrite forma-
tion.l An alternative to graphite anodes
is lithium titanium oxide (LijTisOq2,
LTO), for which good structural stability
during lithiation/delithiation and safety
due to its high operation potential have
been reported.”) The theoretical capacity
of LTO is 175mAhg !, utilizing three
Li" ions via Equation (1)

Li4Ti5012 + 3Lt +3e” — Li7Ti5012 (1)

The operation potential of the LTO
range of around 1.55V versus Li/Li* for

after 500 cycles.

1. Introduction

The increased demand for energy storage applications in daily
life necessitates the development of faster and more long-lasting
energy storage devices. Lithium-ion batteries (LIBs) have been
widely explored and implemented for mobile or stationary
devices owing to their lightweight and high energy and power
density."! Conventional LIBs use graphite as an anode due to
its high theoretical capacity (372 mAh g '), good cycling stability,
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Li" intercalation and deintercalation
prevents solid electrolyte interface (SEI)
formation.”® In addition, LTO exhibits
minor to zero volume change during oper-
ation, yielding good cycling performance, and high coulombic
efficiency.”! However, LTO is known for its low Li" ion diffu-
sion (10713107 cm?s )'” and low electrical conductivity of
10510 Scm !, which limits the achievable rate capabil-
ity.'""" The performance of LTO can be enhanced by improving
the intrinsic conductivity, which can be done by the introduction
of oxygen deficiencies; however, this approach requires an extra
step of thermal treatment of the active material ['*! Therefore, the
mechanical or chemical implementation of carbon as a conduc-
tive additive is more preferred.'®) Much work has addressed the
performance by forming nanocomposite or hybridizing conduc-
tive carbon materials to LTO. The former, nanocomposites, is the
most common way of producing LTO-based electrodes, usually
by the use of carbon black, carbon nanotubes, or graphene.'”-2%
Hybrid materials can be obtained by methods, such as surface
modification of LTO by carbon coating using carbon sources,
such as sucrose, glucose, solvents, acids, or gases, which have
resulted in enhanced electrochemical performance.?'2°!
These works document the great importance of achieving a
homogenous distribution of conductive and active material on
a sub-100 nm length scale.?! Therefore, the use of synthesis
methods capable of vyielding nanoscale hybridization is
important, especially when using nanoscale carbon additive
particles.
In addition to the ability to reversibly intercalate lithium, LTO
has also been demonstrated to be suitable anode in sodium-ion

© 2020 The Authors. Published by Wiley-VCH GmbH
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batteries (SIBs).””** Interest in SIBs is based on the high natu-
ral abundance of sodium and associated reduced costs.** The
insertion—extraction potential of sodium into LTO is reported
to be around 0.9 V versus Na/Na* without sodium metal plating
on the electrode surface. #2932

The low intrinsic conductivity issue remains and possibly
relates to the high overpotential or poor rate capability.**?**! The
theoretical Na" ion uptake capacity of LTO is also 175 mAh g ',
assuming the insertion of three Na' ions, according to
Equation (2)[27]

2Li,TisO,; + 6Na* + 6e~ — Li;TigO;; + LiNagTisOy, @)

In this study, we explore hybrid materials composed of
sol-gel-derived LTO and nanoscale carbon onions (OLC) for
use as LIB and SIB anode material. To obtain carbon onions,
we used thermal annealing of nanodiamond precursors in an
inert atmosphere or under vacuum to yield carbon onions with
a primary particle size of 5-10 nm.?®*”! We chose carbon onions,
because the absence of inner porosity and the mesopore-domi-
nate interparticle pore space allows a highly favorable nanoscale
implementation of metal oxides.?®*" The resulting hybrid mate-
rials were electrochemically surveyed for charge storage capacity,
rate capability, and cycling stability for the reversible intercalation
of lithium and sodium.

2. Experimental Section

2.1. Material Preparation

Two types of carbon onions were synthesized by thermal anneal-
ing of nanodiamond powder (ND; NaBond Technologies) at
1700 °C for 1h under Ar atmosphere, noted OLCa, or at 1300 °C
for 4h under vacuum, labeled OLCyv, using high-temperature
graphite furnace (Carbolite).

For the synthesis of the hybrid LTO, we used sol-gel synthesis.
Lithium ethoxide dissolved in tetrahydrofuran (LiOEt, THF;
Sigma Aldrich) and titanium isopropoxide (TTIP; Sigma Aldrich)
were used as lithium and titanium sources, respectively. LiOEt
(4mL) was added to 5mL of THF with vigorous stirring; then,
1.48 mL of TTIP was added dropwise to the stirring solution.
Subsequently, 0.45 g of oxalic acid was added, and then, the pre-
cursor solution was stirred for 2 h at 50 °C. Appropriate amounts
of OLCa or OLCv powders were added by wet impregnation into
prepared sol. The carbon content was 15 mass% of the final hybrid
material. The impregnated mixtures were dried at 50 °C under
vacuum for overnight, followed by further drying at 80 °C for 12 h.

In addition to LTO-carbon hybrids, we also synthesized neat
LTO. The latter was prepared by following the same synthesis
protocol but without the addition of carbon onions. The well-
dried materials were then annealed at 700 °C for 2 h (heating rate
1°Cmin~") under Ar atmosphere.

The resulting materials are named “LTO” =neat LTO,
“LTO-OLCa” = LTO with the addition of argon-annealed carbon
onions, and “LTO-OLCv” = LTO with the addition of vacuum-
treated carbon onions.

Energy Technol, 2020, 8, 2000679 2000679 (2 of 10)
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2.2. Material Characterization

2.2.1. Structural Characterization

X-ray diffraction (XRD) was carried out in a D8 Discover
Diffractometer (Bruker AXS) with a copper X-ray source (Cu-K,
radiation, 40kV, 40 mA). We used a Gébel mirror with a 1 mm
point focus and a 2D X-ray detector (VANTEC-500) for the meas-
urements. The samples were placed on a sapphire single crystal
and measured with the detector being placed at angles from 206
to 808 with a step width of 206 and a measuring time of 1000s
per step.

The carbon content of the hybrid materials was determined
with thermogravimetric analysis (TGA), performed with a
TG-209-1 Libra (Netzsch). For each TGA measurement, the
samples were heated to 1000 °C under synthetic air condition
(80 vol% N, 20 vol% O,) with a flow rate of 20 sccm at a heating
rate of 5°Cmin~".

Raman spectroscopy was performed with a Renishaw inVia
Raman Microscope using an neodymium-doped yttrium aluminum
garnet laser with an excitation wavelength of 532 nm and a power
of about 0.5 mW at the focal point. The acquisition time for each
spectrum was 30 s with ten accumulations to enhance the signal-
to-noise ratio. Peak fitting of the measured spectra was accom-
plished, assuming two Voigt peaks for the D- and G-modes
individually.

Transmission electron microscopy (TEM) was performed using
a JEOL 2100F system at an operating voltage at 200kV. Samples
for TEM imaging were prepared by dispersion and tip-sonication
of the hybrid materials in ethanol and subsequent drop-casting of
the dispersion on a copper grid with a lacey carbon film.

Scanning electron microscopy (SEM) of the prepared electro-
des was conducted with a JEOL JSM-7500F system at an acceler-
ation voltage of 3kV and an emission current of 10 pA. The
energy-dispersive X-ray spectroscopy (EDX) was carried out
using an X-Max-150 detector (Oxford Instruments) attached to
the SEM system. The spectra were obtained at an acceleration
voltage of 15kV and an emission current of 10 pA. Before the
spectral acquisition of each sample, calibration was conducted
with a silicon wafer.

The porosity of the powder materials was analyzed by the use of
nitrogen gas sorption at —196 °C with an Autosorb iQ system from
Quantachrome (now: Anton-Paar). The powder samples were out-
gassed at 300°C for 20h before the measurement, and the
recorded gas sorption isotherms along with the calculated
Brunauer-Emmett-Teller (BET) surface area values are provided
in Figure S1, Supporting Information.

2.2.2. Electrochemical Characterization

For the preparation of the anode, the synthesized LTO and the
hybrid materials were mixed with polyvinylidene fluoride (PVDF;
Alfa Aesar) binder with a 9:1 mass ratio without any further
conductivity additive, followed by the addition of N-methyl-2-
pyrrolidone (NMP; Sigma Aldrich) solvent. The mixed slurry
was coated on a copper foil (25 pm, MTI) using a 200 pm doctor
blade. The coated electrode was dried overnight in a fume hood at
room temperature, then transferred to a vacuum oven, and dried

© 2020 The Authors. Published by Wiley-vCH GmbH
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at 110 °C overnight. The dried coating was pressed in a hot roll
press machine (MTI), and then punched to 10 mm discs using
press punch (EL-CELL) for electrochemical benchmarking. The
mass loadings of each electrode were 5.5 + 0.4 mg cm 2 for neat
LTO 3.7+ 0.2mgcm ? for LTO-OLCa, and 3.7 + 0.4 mgcem 2
for LTO-OLCv. The dry thickness of the prepared electrode
was 36 pm for neat LTO and 39 pm for the two hybrid samples.
The electrode density was 1.48 g cm™* for neat LTO, 0.94 gcm >
for LTO-OLCa, and 0.93 gcm_3 for LTO-OLCyv.

For half-cell measurements, an LTO containing working
electrode and lithium or a sodium disc counter and reference
electrodes were assembled into CR2032 coin cells. We used a
Whatman GF/F glass fiber separator and 1 M LiPFg salt in a mix-
ture of ethylene carbonate and dimethyl carbonate (EC:DMC;
1:1 by volume, Sigma Aldrich) or 1 M NaClO, in a mixture of
EC:DMC with 5mass% fluoroethylene carbonate (FEC) as the
electrolyte. "]

Cyclic voltammetry was carried out with a Biologic VMP300
potentiostat/galvanostat and performed in a potential window
from 1.0 to 2.8 V versus Li/Li* and 0.3 to 2.5V versus Na/Na™
at the scan rates of 0.1-10 mV s~ '. Electrochemical impedance
spectroscopy (EIS) was measured at an applied AC voltage ampli-
tude of 10mV from the frequency range of 10°~10"% Hz. For
quantifying the rate handling capability, galvanostatic charge/
discharge with potential limitation (GCPL) measurement was
carried out at an Arbin Battery Cycler in a potential range of
1.0-2.8 V versus Li/Li" and 0.3-2.5 V versus Na/Na" using spe-
cific currents ranging from 0.01to 10 Ag™ ' and 0.025t0 5A g™ ?,
respectively. The cycling stability was quantified using GCPL ata
specific current of 0.1 A g~ for both LIB and SIB testing. All the
measurements were carried out in climate chambers (Binder) set
to 25+ 1°C.

The specific capacity Cy, of the hybrid material was calculated
by integration of the applied lithium or sodium extraction cur-
rent I over the extraction time t accounting for the deintercalation

www.entechnol.de

step from 1.0 to 2.8V versus Li/Li" and 0.3 to 2.5V versus
Na/Na', as in Equation (3)

:fgnfdt
m

5 )
The specific capacity was normalized to the total mass of the
hybrid material m in the electrode without the polymer binder.

3. Results and Discussion
3.1. Hybrid Material Synthesis

Figure 1A presents the schematic illustration of the LTO-OLC
hybrid. The preparation of LTO sols and wet impregnation of
two different types of carbon onions synthesized under different
conditions lead to a synthesis of the hybrid material LTO-OLCa
and LTO-OLCv by thermal annealing. As shown in TEM images
(Figure 1B-D), LTO, LTO-OLCa, and LTO-OLCv show nanoscale
crystalline domains related to lithium-titanium oxide. For better
comparison, TEM images of carbon onions (OLCa and OLCv) are
presented in Figure S2A,B, Supporting Information.

XRD was used to determine and study the crystal structure of
the prepared pristine and hybrid materials. The data of all X-ray
diffractograms (Figure 2A) match very well to cubic spinel lith-
ium titanium oxide (LTO, PDF 49-0207, a = 8.359 A). The mea-
surement data are dominated by signals from the crystalline LTO
phase, whereas the contribution of the incompletely graphitic
carbon is mostly lost in the background; more information on
the carbon structure can be inferred from the Raman spectra
(later paragraph). We used Rietveld refinement to calculate the
average coherence length (roughly corresponding with the
domain size) of LTO (Table S1, Supporting Information). All
sample materials, that is, LTO and the two types of LTO-carbon

[
Heat
treatment

Figure 1. A) Schematic illustration of preparation for hybrid nano-LTO-OLC. The transmission micrograms of B) LTO, C) LTO-OLCa, and D) LTO-OLCv
hybrid material. LTO domains are marked by blue dashed lines and carbon onions with C) green and D) purple dotted lines.
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Figure 2. A) XRD patterns of LTO, LTO-OLCa, and LTO-OLCv. B) TGA of samples under synthetic air atmosphere for the characterization of the amount
of carbon. C) Background-corrected Raman spectra of LTO, LTO-OLCa, and LTO-OLCv. All data were normalized to the intensity of the carbon G-mode as

100% and the intensity at 3500 cm ™' as 0%.

hybrids, have a highly comparable domain size of about
30+ 2nm and a unit cell constant of a = 8.366 & 0.002 A,

The carbon content of the synthesized LTO hybrid materials
was determined by TGA (recorded in synthetic air) and elemental
(CHNS/O) analysis. As displayed in Figure 2B, LTO without car-
bon onions showed 3.5 mass% carbon content, which is the car-
bon formed during the thermal annealing of the as-prepared
oxide sols from the residual chains from metal alkoxide precur-
sors. LTO-OLCa and LTO-OLCv showed 14 and 15.5 mass% car-
bon content, respectively. These data agree with the carbon
amount introduced during the synthesis step, and the elemental
analysis results in Table S2, Supporting Information.

We characterized the carbon structure of the samples with
Raman spectroscopy. The resulting spectra are presented in
Figure 2C for LTO and the hybrid materials, and in Figure S2D,
Supporting Information, for carbon onions. For comparison, the
peak position and full-width at halfmaximum (FWHM) of each
D- and G-modes and the Ip/I ratio by use of four Voigt peak
fitting are provided in Table S3, Supporting Information. The
individual deconvolution of the Voigt peak fitting is presented
in Figure S3, Supporting Information. The Raman spectra of
all carbon onions and hybrid materials show the characteristic
D-mode and G-mode of incompletely graphitized carbon (nano-
crystalline carbon) and the corresponding overtones."! Carbon
onions synthesized under argon atmosphere and vacuum show
very different Raman spectra in agreement with previous
studies.***”! Specifically, we see narrower D- and G-modes in
the case of OLCa (D-mode: 71 ¢cm ™ *; G-mode: 70 cm ') compared
with OLCv (D-mode: 176 cm ™ '; G-mode: 90 cm1); this aligns with
the much lower synthesis temperature during vacuum annealing
(1300 °C) compared with the thermal treatment in argon (1700 °C).
Higher synthesis temperatures are known to result in a higher
order of structural ordering of the carbon phase.[*?

In Figure 2C, at lower Raman shift, characteristic vibration
bands at 243, 431, and 670cm ! for LTO are observed for
LTO, LTO-OLCa, and LTO-OLCv.1****] At first, it may be surpris-
ing to see carbon-related Raman signals for the LTO sample
where no carbon onions were introduced during the synthesis.
Still, we see clearly, for LTO, a D-band at 1345 can ! and a
G-band at 1607 cm . In addition, there is also the transpolyace-
tylene (TPA) peak in the range of 1150-1200 cm ', which indi-
cates the highly disordered nature of carbon.*! This carbon
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species is related to the carbonization of the metal alkoxide
residues used for the synthesis. A small amount of carbon also
aligns with the thermogram (Figure 2B), as indicated by the
mass loss of about 3.5mass% when heating above 600°C.
The presence of incompletely graphitic carbon in LTO-OLCa
and LTO-OLCyv is associated mostly with the carbon onions type
OLCa and OLCy, respectively. We can understand the Raman
spectra of LTO-OLCv and LTO-OLCa as a superimposition of
the carbon seen already in the LTO sample in addition to carbon
from the carbon onion structure (Figure S3D,E, Supporting
Information). LTO-OLCa, compared with the other materials,
shows a shaper D-mode (92cm ') and a sharper peak of the
carbon-related combination and overtone modes between 2300
and 3400cm™'. This suggests that the carbon network in
LTO-OLCa, in general, possesses a higher degree of graphitic
ordering compared with that of the other materials.

3.2. Lithium-lon Intercalation Behavior and Performance

The synthesized LTO and hybrid materials were prepared to elec-
trodes and tested with a CR2032 coin cell for electrochemical
benchmarking of LIB systems. The SEM images of the prepared
electrodes are found in Figure S4, Supporting Information. For
an overview of the electrochemical performance, the prepared
cells were first tested for cyclic voltammetry (CV) in the potential
range of 1.0-2.8 V versus Li/Li" at various scan rates of 0.1-
10mV s~ ' The resulting cyclic voltammograms of LTO-OLCa
are shown in Figure 3A, and voltammograms of LTO and
LTO-OLCv are shown in Figure S5A,B, Supporting
Information. For comparison, the cyclic voltammograms, which
were normalized to the conducted scan rates, are also prepared
and presented in Figure 3B for LTO-OLCa, and in Figure S5C,D,
Supporting Information, for LTO and LTO-OLCyv. In Figure 3A,
the lithiation peak starts from 1.55 V versus Li/Li", and the deli-
thiation peak at 1.6 V versus Li/Li". The peak separation is larger
for faster scan rates due to the overpotential caused by kinetic
limitation (Figure 3B).

For a better understanding of the charge transfer kinetics,
we used Equation (4)1*¢*!

i=av? (4)

© 2020 The Authors. Published by Wiley-vCH GmbH
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hybrid materials. A) Cyclic voltammograms recorded at 0.1-10mV s~ of

LTO-OLCa and B) the cyclic voltammograms normalized to the recorded scan rate. C) Plot of log(scan rate) versus log(peak current) of the lithiation
(cathodic) in the potential range of 1.0-2.8 V versus Li/Li" and the linear fitting of each sample. D) The lithiation and delithiation specific capacity of LTO,
LTO-OLCa, and LTO-OLCv from galvanostatic charge/discharge cycling at different specific current for rate capability. E) Galvanostatic charge—discharge
profiles of the fifth cycle at 0.01-10 Ag™" of sample LTO-OLCa between 1.0 and 2.8 V versus Li/Li". F) Galvanostatic charge/discharge cycling perfor-
mance stability at a specific current of 0.1 Ag™' for LTO, LTO-OLCa, and LTO-OLCv.

where @ and b are the variables, i is the peak specific current
(Afg), and v is the scan rate (mVs™"). From the obtained b
value, the process kinetics fall between the boundary set by
diffusion control (b=0.5) or surface control (b= 1).*¥
Figure 3C is obtained using CV data and the (shift-adjusted)
peak currents of the hybrid materials at the scan rates of
0.1-1mV s~'. Thereby, we observed the b values of LTO (0.5),
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LTO-OLCa (0.6), and LTO-OLCv (0.5). These values are all close
to the ideal case of diffusion-controlled kinetics.

To further understand the behavior of the LTO-OLC
hybrids, the electrochemical impedance was measured from
the prepared cells before the CV measurement, and the
corresponding Nyquist plot is shown in Figure S6, Supporting
Information. The spectra before the CV of LTO-OLCa and
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LTO-OLCv are similar, and the spectrum of LTO is shifted
toward larger resistance values. To quantify the resistance depen-
dency on the surface reaction or charge transfer, we used the
equivalent circuit of (R;+ CPE1/R;, + CPE2/(R.+ W)), as
summarized in Table S4, Supporting Information. Therein,
R, stands for the electrolyte and cell component resistance,
R, stands for the film formation on the interface of
electrode—electrolyte, and R, stands for the charge-transfer resis-
tance; W demarks the Warburg impedance, and CPE is a con-
stant phase element. The high-frequency region is known to
represent the contributions of the electronic resistance of the
cell.*! The charge transfer resistance of LTO before the CV
(3871Q) is higher than the hybrid LTO-OLCa (736Q) and
LTO-OLCv (1607 L), which aligns with the superior rate
capability of LTO-OLCa. The contribution of R, is negligible
for LTO-OLCa (4.6 Q) and LTO-OLCv (2.2Q), but very high
for LTO (84.0 Q) before CV. The integrated semi-circles indicate
the resistance of surface reactions, including the electrode—
electrolyte interface and the ionic mobility at the surface of
the electrode./**>"!

The rate capability of the LTO-OLC hybrid materials was
tested with the GCPL technique applying specific currents
between 0.01 and 10A g ' at an operational potential of 1.0—
2.8V versus Li/Li" (Figure 3D). The highest specific capacity
of 188 mAh g ! was obtained from LTO-OLCa, with a coulombic
efficiency of 92%, followed by ~130mAh g ! for LTO and LTO-
OLCv, with a coulombic efficiency of =92%. The coulombic effi-
ciency of LTO-OLCa further increased to ~<100% by the third
cycle and maintained over 98% during the rate capability testing
sequence. As the applied specific current increases above
0.5A g ", the specific capacity of LTO-OLCa decreased with a
greater margin than at smaller specific currents. The specific
capacity was 11mAh g ' at a specific current of 10A g™, and
the material recovered 98.9% of the initial capacity (correspond-
ing with 186 mAh g ') when returning to a rate of 0.01 Ag .

The LTO and LTO-OLCa displayed the same initial capacity.
LTO without carbon showed a low rate capability, enabling a
charge storage of only 13mAhg " at 0.7 Ag™'. Furthermore,
LTO recovered 99% of the initial capacity, which corresponds
with 127mAhg ! when returning to a rate of 0.01mAg .
With only 3 mass% carbon content of the LTO electrode, the elec-
tron transfer might have enough time to establish the diffusion
pathway at a low current of 0.01 mA g ! to obtain the specific
capacity of 130mAh g~'. However, at higher specific currents
that require faster transport, the LTO only demonstrated inferior

www.entechnol.de

rate capability. Although LTO-OLCv had the same initial capacity
as the LTO, whereby LTO-OLCv showed better rate handling per-
formance, which we ascribe to the higher carbon content of LTO-
OLCv. Figure 3E shows the corresponding specific capacity and
potential profile of LTO-OLCa. In good agreement with the
cyclic voltammogram, the difference in the plateau between
the lithiation and de-lithiation is small at low specific current
(0.01-0.05 A g™ 1). As the specific current increases, such a differ-
ence in lithiation and de-lithiation potential increases.

For comparison, the capacity and potential plot of LTO and
LTO-OLCyv are shown in Figure SSE,F, Supporting Information.
We observed the same behavior of potential separation that the
pristine LTO exhibits large potential separation already at
0.1Ag™ ", whereas LTO-OLCa and LTO-OLCv exhibit a large
potential separation at 0.5 A g~ '. As the kinetic analysis suggests
that diffusion is the limiting factor, the different rate handling
performance (Figure 3D) must be the influence of the added
OLC. Yet, the degree of graphitization carbon in LTO-OLCa is
significantly better than LTO-OLCv (confirmed by Raman result,
Table S3, Supporting Information). Also, the impedance data
indicate better charge transport in LTO-OLCa compared with
LTO-OLCv, which supports the higher lithium storage perfor-
mance of LTO-OLCa. Thus, charge transfer in LTO-OLCa is
faster than LTO-OLCv. The cycling performance of the LTO
and LTO-OLC hybrid materials was carried out at 0.1Ag ',
and the results are presented in Figure 3F, including their
coulombic efficiencies. LTO-OLCa exhibits an initial capacity
of 132mAhg™', and 95.8% of the capacity remained after
400 cycles, losing only 0.013mAhg ' per cycle. Similarly,
LTO-OLCv showed a slight decrease of 3 mAh g ! after the initial
capacity of 98 mAh g™, and then maintained 90.8% of the initial
capacity.

Table 1 presents previously reported performance values
of LTO/C composite and hybrid materials in comparison with
data from this study. The best-performing material from our
present study was LTO-OLCa material with a specific capacity
of 184 mAh g ! at 0.11C. The capacity retention is comparable
to the state-of-the-art performance, which shows its potential
as anode material for LIBs.

3.3. Sodium-lon Intercalation Behavior and Performance

For testing the electrochemical performance for sodium-ion
intercalation, we selected only LTO-OLCa due to its best

Table 1. Comparison of electrochemical performance of previously reported LTO materials with various synthesis methods and our LTO-OLCa hybrid

material for LIBs.

Material Synthesis

Specific capacity

Rate capability Cycling stability Reference

LTO-carbon onion

LiyT5O1/C

Sol-gel 700°C, 2h
Solid state 900°C, 20h
Mesoparous LisTsO,2/C Self-assembly 700°C, 2 h
LisTsOqz/graphene oxide Solid-state ball milling 500°C, 4 h
LisTsO,2-AC nanotubes Electrospinning 800°C, 3 h
LisTsOy2 porous manolith Sol-gel, hydrothermal 700°C, 2 h

LisTsO2 thin nanosheet Hydrothermal, 600°C, 3 h

184mAhg ' at 0.11C

165mAhg ' at 0.2C - - [24]
144 mAhg " at 1C
170mAhg ' at 1C

120mAhg ' at 100mAg '
165mAhg ' at 0.1C
168 mAhg ' at 0.2C

74mAhg 'at 11C 95.8% after 400 cycles This work

90mAhg 'at5C 90% after 500 cycles [51]
122mAhg " at 30C 94.8% after 300 cycles [52)
84 mAhg 'at4Ag ' 67% after 100 cycles n7
105 mAhg " at 30 C 98% after 500 cycles [53]
130mAhg " at 64 C 96% after 400 cycles [33]
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performance and stability based on the LIB data. We prepared
CR2032 coin cells using sodium metal as a counter and reference
electrode for the electrochemical testing. Cyclic voltammetry was
conducted in a potential range of 0.3-2.5V versus Na/Na™.
Figure 4A presents the first and fifth voltammetric cycles at
the scan rates of 0.1-10mV s~ *. The first cycle shows sodiation
peaks alongside the FEC redox activity starting from 0.6 V versus
Na/Na™, and the lowest current was observed at 0.3 V versus
Na/Na* (Figure S7, Supporting Information). This can be
ascribed to the structural change of the LTO spinel from
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Figure 4. Sodium-ion intercalation performance of LTO-OLCa. A) Cyclic voltammograms recorded at 0.1-10 mV's
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intercalating the larger sized Na™ ions into the interstitial
sites.?” From the next cycle, the paired sodiation/desodiation
peak is observed at 0.7 and 1.05 V versus Na/Na™, and the peak
separation is enhanced, as the scan rate increases; AV was 0.35V
at the initial scan rate of 0.1 mVs™%, 0.65 V with 0.5 mV s~!, and
more than 0.9V at 1mV s~ . The higher peak separation indi-
cates the need for higher overpotential or energy to insert/extract
Na' ion into or out of the structure.*”

The sodiation regime from voltammetry starts to deteriorate
above with a scan rate of 2ZmV s~ !, and at 5mVs~" and higher
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versus Na/Na™. B) Plot of log(scan rate) versus log(peak current) of the sodiation (cathodic) in the potential range of 0.3-2.5 V versus Na/Na™ and the
linear fitting of LTO-OLCa. C) The sodiation and desodiation specific capacity of LTO-OLCa sample obtained from galvanostatic charge/discharge cycling
at different specific current for rate capability. D) Galvanostatic charge—discharge profiles of the fifth cycle at 0.025-5 Ag ' of sample LTO-OLCa between
0.3 and 2.5V versus Na/Na'. E) The X-ray diffractograms of LTO-OLCa electrodes, before and after the galvanostatic charge—discharge process.
F) Galvanostatic charge/discharge cycling performance stability at a specific current of 0.1Ag ™" for LTO-OLCa.
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scan rates, the cyclic voltammograms do not show a further
change in current reflex with changing scan rate. This implies
that the insertion of Na' ion into the sites is kinetically hin-
dered.?% Just like for the Li-containing electrolyte, we calculated
bvalues for SIB data (Figure 4B). The b value of LTO-OLCa tested
against sodium was 0.7, which is higher than the values obtained
from the lithium intercalation testing. The lowest peak current at
0.1mVs ' scan demonstrates a significant influence on the
reconstruction of the LTO structure with sodiation. The b value
of the sodium intercalation, excluding the peak current at
0.1mVs !, was 0.6, which is close to the value found from
LIB testing.

The GCPL of the LTO-OLCa hybrid material was tested in
the specific current range of 0.025-5A g ! to quantify the rate
capability. Figure 4C displays both sodiation and desodiation
capacities of LTO-OLCa. The capacity values were normalized
to the metal oxide mass for a better comparison with the litera-
ture. At 0.025Ag !, the initial desodiation capacity reaches
87 mAh g ! at a low coulombic efficiency of 47%. Such a low
coulombic efficiency might result from the irreversible sodiation
in the first cycle and the side reactions regarding SEI forma-
tion.”* However, the desodiation capacity increases slightly from
the first cycle to the fifth, which may be due to the reconstruction
of the LTO structure during the insertion/extraction of the
sodium ions. Accordingly, the coulombic efficiency further
enhances as the cell continues being tested. Above a specific cur-
rent of 0.25 A g ', the capacity decreases severely, leading to no
significant insertion/extraction capacity of Na™ above 1A g . To
distinguish the contribution of the carbon onion, an electrode of
only carbon onion annealed in Ar (OLCa) was prepared and
tested with GCPL at the same operational potential and specific
current. The sodiation capacity values of OLCa are presented in
Figure S8B, Supporting Information, with the highest capacity of
14mAh g '; in addition, Figure S8A, Supporting Information,
displays the capacity values of OLCa when used as an LIB anode.
Figure 4D shows the corresponding potential profiles of the
GCPL results at the fifth cycles of each applied specific currents
tested in the potential range of 0.3-2.5 V versus Na/Na™. At lower
specific currents, the Na™ insertion into LTO begins from 0.9 V
versus Na/Na' to 0.6V versus Na/Na' with the first slope, and
then continues with a different slope to 0.3 V versus Na/Na™.
When comparing the GCPL result of LTO-OLCa between
lithium-ion and sodium-ion cells, one can observe the difference
between the slope of the plateau (Figure 3E and 4D) suggesting
higher overpotential.

www.entechnol.de

To characterize possible structural change that we suspect from
the first voltammetric cycles and very low coulombic efficiency of
GCPL at the first cycle, we carried out post-mortem XRD analysis
of the tested electrodes. The diffractograms of the electrodes
before and after GCPL testing are presented in Figure 4E. The
diffractogram of LTO-OLCa before cycling matches the peak posi-
tion of cubic LTO, which has a = 8.366 + 0.002 A. In addition to
the set of reflection peaks inherent to LTO, we also see the emer-
gence of another set of the same number of reflections shifted
toward larger d values (i.e, lower scattering angles) for the
LTO-OLCa after cycling. We also see sharp and intense peaks relat-
ing to the current collector material (i.e., copper). After electro-
chemical testing, there is a significant increase in the unit cell
dimension to @ =8.4677 A and a decrease in the domain size
to about 10 nm. We see double peaks for the main reflections
of LTO-OLCa, which indicate the coexistence of a population of
LTO domains with increased unit cell volume and one close to
the initial value (@ =8.3608 A). This phase also has a domain
size of about 10 nm, and the mass ratio between both crystallo-
graphically distinct LTO phases is about 1:1 (46:54; i.e., there is
slightly less expanded LTO). The presence of about 54 mass%
of residual NagLiTisO,, is in contrast to the full electrochemical
desodiation treatment of the post-mortem electrode. In agree-
ment with previous work, when inserting Na' into the LTO
structure, Na™ substitutes Li in the LTO lattice. Subsequently,
NagLiTisOq, heterogeneously emerges from the LTO phase.”!
Therefore, the inability to revert all of the sodiated materials to
the initial crystal structure aligns with the reduced achievable
charge storage capacity of about 100 mAh g ! and the low initial
coulombic efficiency of ~50%. The disassembly of the cell was
done after the desodiation step of the GCPL test; therefore, it is
evident that the permanent transformation of the Na-containing
phase occurs during the first cycles, as CV and GCPL profiles
indicate.*"

The size difference of Na' and Li' ions (ionic radius,
Na' =102 pm, Li* =76 pm) is expected to trigger the poor rate
performance of LTO as an anode in SIB than LIB. This size dif-
ference is initiated by the structural change, leading to more
reduced cycling stability of the SIB.***}! Moreover, the depen-
dency of SIB performance on the size of LTO was reported by
Yu et al.,®™ which showed that smaller LTO particles enhance
the rate and cycling performance of SIB. As our LTO-OLCa
has a crystalline size of around 30 nm, the higher performance
was expected. As presented in Table 2, the rate performance
of LTO-OLCa in the SIB setup was not comparable to the

Table 2. Comparison of electrochemical performance of previously reported LTO materials with various synthesis methods and our LTO-OLCa hybrid
material for SIBs, normalized to metal oxide mass. “rGO” means “reduced graphene oxide”.

Material Synthesis Potential range Specific capacity Rate capability Cycling stability Reference
LTO-carbon onion Sol—gel 700°C, 2h 25-03V 97mAhg ' at 0.15C 27mAhg ' at2.8C  95.6% after 500 cycles  This work
LiyTsOq2 Solid state 800°C, 20 h 3.0-03V 187 mAhg ' at 0.1C - - [27]
Porous LigTsOq2/C Spray drying 950°C, 24 h 3.0-05V 155mAhg 'at 0.1C  90mAhg 'at5C 95% after 20 cycles [29]
LisT5042/C nanowire Hydrothermal 750°C, 6 h 25-03V 168 mAhg ™' at 02C 38 mAhg ™' at 100C 97% after 50 cycles [31]
Li4TsO;2 porous monolith Sol-gel, hydrothermal 700°C, 2h 1.5-0.5Vv 127mAhg "at 1C 63 mAhg ' at 30C 70% after 100 cycles [53]
LisTsO;2 thin nanosheet Hydrothermal, 600°C, 3 h 2.5-0.5V 170mAhg ' at 02C 115mAhg 'at30C  92% after 150 cycles [33]
LisTsO42-TiO2/rGO aerogel Hydrothermal 700°C, 6 h 2.5-03V 184mAhg ' at 05C  77mAhg ' at 20C 64% after 700 cycle [56]
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reported state of the art. Yet, around 96% capacity retention after
500 cycles compared with the maximum capacity is superior to
the cycling performance in the reported literature, which
reports very low counts of cycles. This suggests that the hybrid-
ization of LTO with carbon onion benefits the longevity of SIB
(Figure 4F). Recently, Pfeifer et al. reported the importance of
the appropriate selection of electrolytes for SIB application
using sodium metal.’”) To enhance the performance and sta-
bility of hard carbon or sodium metal anodes for SIB, FEC
was introduced to the electrolyte system additives.** Some
have reported LTO as an anode for SIB using FEC-containing
electrolytes, such as NaClO, in ethylene carbonate:diethyl
carbonate:fluoroethylene carbonate (50:50:1 by volume)l®® or
NaClO, in propylene carbonate:fluoroethylene carbonate
(98:2 by volume),m] which showed enhanced stability
performance.

4, Conclusion

In conclusion, we synthesized nano-sized LTO and carbon
onion hybrid materials and applied them, for the first time,
as an anode in LIBs and SIBs. The LTO-OLCa successfully
demonstrated its excellent performance with a high specific
capacity of 188 mAhg™' and a favorable rate capability of
74mAh g 'at2 A g, with 99% retention of its initial capacity
after the testing to 10 A g~ '. The longevity test of LTO-OLCa
yielded 95.8% of initial capacity, superior to both LTO synthe-
sized without carbon onions with inferior performance, or LTO
hybridized with OLCv, which only performed 91% recovery
in both capacity and the retention for LIB. The LTO-OLCa,
which had excellent performance in the LIB system, exhibited
unsatisfactory performance when applied as anode for SIB with
a specific capacity of only 102 mAh g~'. Nevertheless, the lon-
gevity of LTO-OLCa with sodium showed 96% of the maximum
capacity retention after 500 cycles using 1M NaClO, in EC:
DMC (1:1 by mass) containing 5 mass% FEC as the electrolyte.
This work demonstrates carbon onion as a preferable hybridiza-
tion substance, We believe that our LTO and carbon onion
hybrid material has a potential for further improvement, for
example, by the implementation of a different electrode design
or a different electrolyte system to increase performance or
longevity.
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Fig. S1: Nitrogen gas sorption isotherms with volumes at standard-temperature-pressure (STP)

as a function of relative pressure for LTO, OLCa, OLCv, LTO-OLCv, and LTO-OLCa powders.
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Table S1: Crystal phases, lattice constants, and domain sizes obtained from Rietveld-fitting

based on the X-ray diffractograms seen in Fig. 2.

Material Crystal phase, space group, Fitted lattice Domain
and PDF number parameters (A) size (nm)
LTO Li4TisO12 cubic Fd-3m (PDF 49-0207) a= 8.36384 30
LTO-OLCa LiaTisO12 cubic Fd-3m (PDF 49-0207) a= 8.36655 31
LTO-OLCv LiaTisO12 cubic Fd-3m (PDF 49-0207) a=8.36577 30

Table S2: Results of the elemental analysis. All values in mass%. b.d.l.: below detection limit.

Material C H N S o
OLCa 98.76+0.25 b.d.l. b.d.l. b.d.l. 1.90+0.48
OLCv 95.91+0.53 b.d.l. 1.67+0.01 b.d.l. 2.9940.87
LTO 3.08+0.03 0.19+0.01 0.07+0.02 b.d.l. 20.53+0.28
LTO-OLCa 13.1240.36 b.d.l. 0.15+0.06 b.d.l. 29.17+1.75
LTO-OLCv 13.7240.25 0.21+0.02 0.22+0.04 b.d.l. 23.35+1.59

Table S3: Results of the carbon-related Raman peak analysis. Position and FWHM-values in

units of cm™,

D-mode G-mode
Material position FWHM position FWHM Io/lG ratio
(cm™) (em?) (em™) (em)
OLCa 1340 71 1585 70 1.3
OLCv 1344 176 1589 90 3.1
LTO 1345 162 1607 68 1.7
LTO-OLCa 1347 92 1600 67 1.3
LTO-OLCv 1351 193 1585 70 2.8

Table S4: Results of the Rs, Rint, and R obtained by fitting the data in Fig S6.

Material Rs (Q) CPE1 (F-s) Rint(Q) CPE2 (F-s) Rct(Q) w
LTO 84.05 9.7e-05 247.3 5.5e-04 3871 1974
LTO-OLCa 4.6 6.0e-05 359.2 2.8e-03 736 1384
LTO-OLCv 2.2 3.4e-05 9333.5 1.1e-03 1607 911
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ABSTRACT: Pillared Ti;C,T, MXene with a large interlayer
spacing (1.75 nm) is shown to be promising for high-power Li-ion
batteries. Pillaring dramatically enhances the electrochemical
performance, with superior capacities, rate capability, and cycling
stability compared to the nonpillared material. In particular, at a
high rate of 1 A g™', the SiO,-pillared MXene has a capacity over
4.2 times that of the nonpillared material. For the first time, we
apply in situ electrochemical dilatometry to study the volume
changes within the MXenes during (de)lithiation. The pillared
MZXene has superior performance despite larger volume changes
compared to the nonpillared material. These results give key
fundamental insights into the behavior of Ti;C,T, electrodes in
organic Li electrolytes and demonstrate that MXene electrodes
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should be designed to maximize interlayer spacings and that MXenes can tolerate significant initial expansions. After 10 cycles, both
MXenes show nearly reversible thickness changes after the charge—discharge process, explaining the stable long-term

electrochemical performance.

H INTRODUCTION

MXenes are a family of two-dimensional materials first
reported in 2011, which have shown promising performance
in electrochemical energy storage applications such as metal-
ion batteries and supercapacitors.l_s However, their electro-
chemical performance is highly dependent on the electrode
architecture, with multilayered stacked MXene suffering from
low capacities and poor rate capabilities and cycling
stabilities.”® This has increased the focus on developing
porous MXenes with controlled and open architectures to
enhance the electrochemical performance, such as flocculation,
freeze drying, and pxllarmg

Pillaring introduces foreign species between the layers to act
as pillars, allowing pore sizes to be tuned by pillar choice and
heat treatment steps Recently, these techniques have been
adapted to create porous MXenes for electrochemical
applications, including metal-ion batteries, hybrid metal-ion
capacitors, and supercapacitors. 1018 por example, pillar
species such as hexadecyl trimethylammonium bromide, SnS,
and Sn cations have been utilized to enlarge the interlayer
spacing and improve the performance of MXene electrodes in
Li-ion batteries.'®!¢7"° However, while it is well established
that pillaring can significantly enhance the electrochemical
performance, an in-depth understanding of the processes
occurring in pillared structures during cycling is lacking.

In this work, we utilize in situ electrochemical dilatometry
(eD) supported by X-ray diffraction (XRD) to rationalize the
enhanced performance of silica-pillared Ti;C,T, MXene as a
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negative electrode for Li-ion batteries. In situ eD has previously
been applied to MXene research to study the intercalation of
various ions and molecules in several electrolyte systems such
as ionic liquids®™*" and aqueous Li, Na, and Mg systems.”> ™"
However, this is the first time this technique has been applied
to MXenes for organic Li-ion battery systems, and it can
provide important information about the effect of pillars during

(de)lithiation.

B METHODS

The pillared TiyC,T, MXene (Ti;C,-Si-400) was synthesized
by using our previously reported pillaring method using
tetraethylortho silicate as the silica source and dodecylamine
(DDA) as the co-pillar amine (Figure 1a).”* Full details of all
synthesis and characterization methods can be found in the
Experimental Section in the Supporting Information. The
successful intercalation and pillaring of the synthesized
Ti,C,T, MXene were confirmed by powder XRD (PXRD)
data (Figure 1b and Supporting Information, Figure Sla),
while scanning electron microscopy (SEM) confirmed the
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Figure 1. (a) Schematic illustration of the amine-assisted SiO, pillaring process used to create porous Ti;C, T, with an enlarged interlayer distance.
(b) Low-angle (1.8—8° 2¢) PXRD data demonstrating expanded interlayer spacing in the SiO,-pillared MXene (Ti;C,-Si-400), intercalated MXene
(TiyC,-DDA-Si), and nonpillared MXene (Ti;C,). (c¢) SEM micrograph of the SiO,-pillared MXene (Ti,C,-Si-400).

retention of the layered morphology (Figure lc and
Supporting Information, Figure S1b), which matches our
previous report.”® We note that our pillared structure is based
on multilayered MXenes, and delamination was not attempted
since delamination procedures can suffer from issues, such as
low yield (52—60%), multiple steps, and low concentrations of
delaminated nanosheets in solution.”® One of the potential
attractions of pillaring techniques is to allow full access of the
MZXene nanosheet layers in a stable electrode architecture
using simple methods.

Bl RESULTS AND DISCUSSION

Galvanostatic charge—discharge (GCD) experiments were
used to investigate the performance of the pillared Ti,C,T,
as a Li-ion battery electrode (Figure 2), with a specific current
of 20 mA g™ and a potential window of 0.01—3.0 V versus
Li*/Li. All further potentials in the article are referenced versus
Li*/Li. The voltage profiles of the pillared and nonpillared
MXenes display similar features, with a linear region between
3.0 and 0.3 V, followed by a short plateau feature below 0.3 V.
This signifies that the Li stora; age in Ti;C,T, is a two-stage
process, as previously reported.”” The first stage corresponds
to Li* intercalation between Ti;C,T, nanosheets forming
Li,Ti,C,T, (theoretical capacity of 260 mA h g™'), followed by
Li* adsorption above the first intercalated layer, resulting in
Li;Ti;C,T,, in the lower voltage region. An additional short
plateau is observed on the initial discharge for both materials,
which is commonly assigned to the solid electrolyte interphase
(SEI) formation and irreversible reactions between Li and
MXene surface groups.”” >? Both materials also show typical
linear charge profiles, with a small plateau around 1.5 V,
resulting from Li deintercalation.

The pillared MXene has a significantly larger first discharge
capacity (536 mA h g~') compared with the nonpillared (289
mA h g_l) and a larger initial Coulombic efficiency (58% and
43%, respectively). The enhanced initial Coulombic efficiency
can be explained by lower levels of Li trapping due to the
enlarged interlayer spacings which would provide open Li
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diffusion channels. Also, surface groups such as —OH, which
have been reported to react irreversibly during lithiation, are
likely to have already reacted with the co-pillars during the
pillaring process. This would further reduce irreversible
capacity losses during (de)lithiation. *7 For the second
discharge cycle, the pillared Ti;C,T, shows capacities around
2.2 times greater than the nonpillared material (314 mA h g’l
and 142 mA h g7}, respectively), likely as a result of the larger
interlayer spacing facilitating greater ion accessibility to the
MXene redox sites.

Significantly, the second discharge capacity (314 mA h g™')
is considerably higher than expected based on monolayer
lithium coverage, which is 235 mA h g'l when accounting for
the pillar mass (which is estimated to be 11 wt % based on the
SEM—energy-dispersive system (EDS) analysis, Supporting
Information, Figure §2), further implying that multilayer
adsorption is contributing to the capacity. However, the full
formation of a third lithium layer to form Ti,C,0,Li; would
give a capacity of around 350 mA h g™, which suggests that
the third layer does not fully form. Xie et al. calculated that the
extra adsorbed Li layer would be located around 2.8 A above
the Ti—O—Li lithium,”” which requires an interlayer gallery
space of at least 6 A. This is less than the ca. 7 A interlayer
gallery space calculated from XRD data in our pillared MXene,
demonstrating the feasibility of this charge storage mechanism,
illustrated by the insets in Figure 2a,b. Note that the interlayer
gallery space is defined as the free pore space between layers of
a pillared material and is not equivalent to the d-spacing, which
includes the sheet thickness. Our pillared Ti;C,T, has a d-
spacing of 1.75 nm, as calculated from the (002) peak using
the Bragg equation. An extra increase of 2.3 A gallerzr space
would be required for the adsorption of a further IayerJ taking
the total to at least 8.3 A, which is larger than our spacings,
revealing why further adsorption does not occur. Although the
average interlayer gallery space was calculated to be 0.7 nm
from XRD data using a monolayer Ti;C,T, thickness of just
under 1 nm, in line with the method utilized by Luo et al,,'
our previous work using transmission electron microscopy
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Figure 2. Galvanostatic data from half-cell tests against Li metal at 20 mA g~' in the potential range 0.01—3.0 V using 1 M LiPF; in EC/DEC (1:1
mass ratio) as the electrolyte. Galvanostatic charge and discharge profiles for selected cycles for (a) nonpillared Ti,C,T, and (b) SiO,-pillared
Ti,C,T, (Ti;C,-Si-400). Insets illustrate the lithium layers (gray circles) in the respective MXene (blue rectangles) after lithiation (0.01 V). (c)
Coulombic efficiency and discharge capacities of the pillared and nonpillared samples over 100 cycles. (d) Rate capability tests for the pillared and
nonpillared MXene at rates of 20, 50, 200, 500, and 1000 mA g~". Five cycles are shown for each rate. (e) GCD data for SiO,-pillared Ti;C,T, in a
Li-ion half-cell tested for 500 cycles at a rate of 1 A g™' in a potential window of 0.01—3.0 V.

revealed local variations in the gallery spacings across the
pillared material,> with some areas having spacings less than
0.7 nm, explaining why a full extra adsorption layer was not
formed.

The pillared MXene also showed improved capacity
retention (83%, 262 mA h g™') compared with the nonpillared
MXene (72%, 101 mA h g™") over 100 cycles (Figure 2¢). The
majority of the capacity fade occurred over the initial 15 cycles,
with capacity retentions of 96% (pillared) and 91% (non-
pillared) between cycles 15 and 100. These results
demonstrate that the SiO, pillars significantly improve
electrode stability during cycling.

The rate capability of the MXenes was investigated by
cycling at specific currents of 20, 50, 200, 500, 1000, and 20
mA g, with five cycles conducted at each specific current
(Figure 2d). The pillared MXene outperformed the non-
pillared material at all specific currents tested, with discharge
capacities of 307, 260, 206, 173, 147, and 285 mA h g™ at the
respective rate compared to 113, 104, 82, 55, 35, and 109 mA
h g7!, respectively. Interestingly, the capacity enhancement is
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more considerable at higher rates than lower ones, with an
increase of 4.2 times that of the nonpillared Ti,C,T, observed
at 1 A g~', compared with just 2.7 times at 20 mA g . This
demonstrates that the pillared architecture benefits the high
rate performance in particular and implies that the enlarged
interlayer distance increases the lithium storage capacity and
creates channels that allow fast Li* ion diffusion through the
structure. Cycling the pillared MXene at 1 A g~* for a further
500 cycles after the rate capability tests resulted in a discharge
capacity of 151 mA h g™' (Figure 2e) with a capacity retention
of 71%, which shows reasonable stability at high rates. The
impressive high rate performance can be explained by the
significant contribution of a surface-limited capacitive-like
process to the charge storage, revealed by b-value analysis
conducted on cyclic voltammetry (CV) data collected at
multiple scan rates (Supporting Information, Figure S4a,b). At
potentials above 0.5 V, the b-values are at least 0.85, consistent
with most capacitive charge storage behavior. An ideal
capacitor would display a b-value of 1, whereas an ideal
diffusion-limited battery-like electrode would have b = 0.5.>°

https://doi.org/10.1021/acs.jpcc.1¢05092
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Figure 3. Cyclic voltammograms and corresponding in situ dilatometric measurements (electrode height change/initial height = strain) from half-
cell setup vs. Li metal at 0.1 mV s™" in the potential range 0.01—2.5 V for (a) nonpillared Ti;C,T, and (b) pillared MXene (Ti;C,-Si-400). The
electrochemical response of the working electrode (continuous line) can be simultaneously tracked with the height change (dashed line). (c,d)
Potential and relative height change vs time of MXene electrodes measured by in situ eD (c) for nonpillared Ti;C,T, (electrode thickness of 43
p#m) and (d) for pillared MXene (Ti;C,-Si-400, electrode thickness of 26 pm). The artifacts which are unrelated to the electrode thickness response

had been subtracted as background signals.

Furthermore, deconvolution of the capacitive and diffusion-
limited charge storage processes, following the method
described by Wang et al, ! revealed that at the scan rate of
S mV s7!, 78% of the total current was due to capacitive-like
processes, demonstrating the importance of capacitive
processes at high rates (Supporting Information, Figure S4<).
A scan rate of S mV s~ corresponds to a sweep time of 10 min,
similar to the sweep time of 8 min for the GCD testing at 1 A
g~". Even at the low scan rate of 0.2 mV s™!, 43% of the total
charge storage was a result of capacitive-like processes
(Supporting Information, Figure S4d). As observed in previous
studies of MXenes in organic Li-ion systems, the capacitive
contribution to the charge storage increased with the
increasing scan rate (Supporting Information, Figure
S4d).>>** Further details on this analysis are given in the
Experimental Section in the Supporting Information. This
analysis uses a range of sweep rates, similar to other reported
studies on pillared MXenes in organic electrolytes.'”**

To better understand the influence of interlayer gallery
spacing on enhancing electrochemical lithium-ion storage, the
volume change of pillared/nonpillared Ti;C,T, MXene during
ion uptake and release was investigated by in situ eD, which
can observe volume change and CV simultaneously. A scan
rate of 0.1 mV s~ was applied with a narrower potential
window of 0.01-2.5 V to focus on expansion/contraction
processes related directly to the (de)lithiation of the MXene.
The CV shape for the pillared material closely matched with
what was recorded in typical coin cells, with similar broad
redox features, demonstrating that the cell used for in situ eD**
does not change the electrochemical processes. Figure 3 shows
the cyclic voltammogram in the dilatometry cell, and
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Supporting Information, Figure S3 shows the comparison in
a typical coin cell. The nonpillared material shows more
pronounced redox peaks compared with the pillared MXene,
which are very broad, as was observed in our previous work in
a Na-ion system and supports the expanded nature of the
MXene.”*® As expected from the GCD data, multiple
irreversible reduction peaks are observed in the pillared
material during the first discharge, with peaks at around 1.3
and 0.6 V attributed to the SEI formation and trapping of
lithium-ions,” while lithiation of the conductive additive
contributes to the peak at 0.01 V.***® In the following
delithiation sweep, two oxidation peaks were observed at 1.0
and 1.8 V, representing the extraction of lithium-ions, whose
intensities continuously decrease slightly in the following
cycles. For the nonpillared Ti,C,T,, similar redox features
occur, with pronounced reversible peaks at 1.8 and 1.0 V
(reduction) and at 0.9 and 2.0 V (oxidation) throughout the
cycling. The fact that the CV and load curves for the
nonpillared and pillared MXenes display similar features with
no extra redox peaks/plateaus present in the data for the
pillared MXene strongly implies that the enhanced perform-
ance results from the enlarged interlayer spacing, rather than
the electrochemical activity of the silica pillars. This is
consistent with the results of our previous work on pillared
Mo, TiC,, where ex situ X-ray photoelectron spectroscopy and
nuclear magnetic resonance spectroscopy studies showed that
the silica pillars in that system did not undergo lithiation
during cycling."®

The unprocessed dilatometry data for the nonpillared
MXene electrode reveal slight volume changes (~0.5 pm)
during the initial 72 h of stabilization time, which is related to

https://doi.org/10.1021/acs.jpcc.1¢05092
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the electrode wetting process (Figure 3c). A relatively large
expansion (1.84 wm, 5.7% strain) occurs during the first
discharging step, consistent with Li" intercalation (Figure 3a).
At the end of the first lithiation sweep (0.01 V), a large jump is
observed in the dilatometry data (Figure 3a). Comparison with
the corresponding CV curve (Figure 3a) shows that while
there is a large peak here, which likely results from a
combination of Li* intercalation, lithiation of the carbon
additive,”® and changes in MXene termination groups, the
magnitude of this jump is significantly larger than the
corresponding CV peak. This implies that there is also
significant contribution from device artifacts, which cannot
be removed from the data in Figure 3a without losing physical
meaning. However, it is clear that the contribution from
artifacts is low overall and does not affect the conclusions that
can be drawn from the data.

During delithiation, the expansion is only partially reversed,
with a decrease in volume of ca. 1%. This demonstrates that
Ti;C,T, remains in an expanded state even after delithiation,
which is likely related to partial Li-trapping, changes in MXene
surface chemistry, SEI formation, and solvent co-intercalation
within the electrode layers. A similar pattern can be seen in the
second cycle but with reduced amplitude of volume changes
on charge/discharge while having a relative strain during the
third cycle of —0.36%. Between cycles 3 and 10, the volume
changes in the electrode appear to stabilize, with the
magnitude of volume expansion on lithiation matching the
magnitude of contraction on delithiation, so that the relative
strain during the cycle tends toward zero. The pattern of
expansion during lithiation and contraction during delithiation
matches well with previous in situ XRD studies carried out on
multilayered Ti-based MXenes, which supports our dilatom-
etry data.’”

Since the volume changes in the stabilization time are
artifacts of the device, a background/baseline subtraction was
used, as shown in Figure 3c,d. For the calculation of the
relative and absolute expansion in Table 1, only the lithiation

Table 1. Comparison of the Displacement and Strain
Measured Using In Situ Electrochemical Dilatometry for the
Nonpillared (Ti;C,) and Pillared (Ti;C,-Si-400) MXenes”

Ti;C, Ti,C,-5i-400
cycle displacement  relative strain  displacement  relative strain
number (pm) (%) (pm) (%)
cycle 1 0.08 0.10 1.02 391
cycle 3 0.15 0.35 0.69 2.69
cycle § 0.18 0.41 0.82 3.14
cycle 10 0.23 0.53 0.80 3.07

“Background subtraction has been carried out to remove artifacts that
are unrelated to the electrode shrinking and expansion and the data
normalized by electrode thickness according to the method reported
by Budak et al." These values were calculated by referring to the
height change between the start of the cycle (2.5 V) and the opposite
end of the lithiation process (0.01 V).

process was considered in each case. During the cycles, the
nonpillared MXene behaves as a low-strain material (<0.53%
strain within the entire lithiation cycle). The expansion levels
for this sample increase slightly continuously up to the 10th
cycle. Since the GCD tests showed that the discharge capacity
fades over these first 10 cycles, this may indicate the presence
of irreversible side reactions, such as Li-trapping. This would

76

lead to a consistent expansion of the nonpillared material
during cycling and explain the lower cycling stability for this
material compared to the pillared MXene. The overall volume
changes are very small for all cycles, which agree well with the
stable cycling performance observed during the GCD tests
after the initial few cycles.

Postmortem XRD recorded after two cycles of CV in
custom-built polyether ether ketone cells of the nonpillared
samples shows a slight shift in the (002) diffraction peak to
lower angles (from 8.4° to 7.8° 26), supporting the small
expansion observed in the dilatometry data (Supporting
Information, Figure S5a,b).

For the pillared MXene (Figure 3b,d), a large initial
expansion occurs over the first few hours under open-circuit
potential, with a gradual relaxation toward a minimum level of
ca. 1.6 um lower compared to the initial volume over the
remainder of the rest period.

As observed for the nonpillared MXene, a large expansion
(~1.02 gm) occurs in the first lithiation cycle (Table 1). The
initial contraction has a smaller magnitude compared to the
initial expansion. This suggests that the pillars aid in keeping
the MXene electrode expanded, allowing wide Li-diffusion
pathways rather than fixing a constant interlayer spacing. The
pillared electrode continues to expand and contract over the
next few cycles with approximately constant absolute and
relative expansion. After the first cycle, the strain decreases
slightly in the short term, but when looking at the continuous
change, consistent values of around 3—49% relative strain can be
obtained for all cycles. This correlates with the electrode’s
stable performance during GCD cycling (Figure 2d).
Simultaneously, slight capacity fading was observed over the
first few cycles where the amplitude of contraction
(delithiation) was consistently more minor than the previous
expansion during lithiation, suggesting that small quantities of
irreversible side processes, such as Li-trapping, were occurring,
albeit significantly less than observed for the nonpillared
material. Postmortem XRD on the pillared MXene after two
cycles shows a loss of the (002) diffraction peak (Supporting
Information, Figure $5d), suggesting that the expansions
observed in the dilatometry arise from inhomogeneous
changes in the interlayer spacing during the initial (de)-
lithiation cycles. This early loss of observable diffraction peaks
demonstrates the advantages of techniques such as in situ
dilatometry to study the (de)lithiation processes, which does
not rely on long-range order.

The nonpillared MXene undergoes more minor volume
changes than the pillared counterpart, which may be explained
by the significantly larger quantities of Li" intercalated into the
structure (ca. 2.5 times) in the pillared electrode compared to
the nonpillared. This implies that the key to unlocking high
and persistent performance for MXenes is to engineer large
interlayer spacings, which would avoid narrow interlayer
spacings, limiting Li" storage capacity and diffusion. Large
but reversible expansions do not seem to be detrimental to
MXene performance. The pillared MXene undergoes large but
consistent volume changes while displaying high cycling
stability compared to the nonpillared MXene, where the
expansion gradually increased in magnitude during cycling.
This finding suggests that MXene architectures should be
designed to minimize irreversible volume changes during

cycling.
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B CONCLUSIONS

In conclusion, silica-pillared Ti;C, T, MXene with an ultralarge
interlayer spacing displayed significantly enhanced perform-
ance as the negative electrode of a Li-ion battery. In particular,
at the high rate of 1 A g, the SiO,-pillared MXene had a
capacity over 4 times that of the nonpillared material (over 150
mA h ¢7') and retained over 71% of its initial capacity after
500 cycles. In situ dilatometry combined with XRD data
revealed that the superior cycling performance occurred
despite larger volume changes and a decrease in crystallinity,
suggesting inhomogeneous interlayer expansion. During
lithiation, a constant relative expansion of 3—4% in each
cycle is obtained for the pillared MXene sample. In contrast,
for the nonpillared MXene, a slightly increasing expansion is
obtained with increasing cycle numbers. These results provide
key insights into the design of MXene electrodes, demonstrat-
ing that large interlayer spacings and consistent volume
changes, as provided by pillaring techniques, are key for high
performance. This is the case even for large (3—4%)
expansions, which are well tolerated by the pillared MXene.
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RESULTS AND DISCUSSION

Experimental methods
Materials

The following materials were used without any further purification: TisAIC2 (Carbon Ukraine
Ltd), hydrochloric acid (37.5 mass%, Sigma Aldrich), tetraethylortho silicate (TEOS, 98% purity,
Alfa Aesar), 1-dodecylamine (DDA, 97% purity, Alfa Aesar), N-Methyl-2-pyrrolidone (NMP,
99.5% purity, Alfa Aesar), PVDF (99.0% purity, Alfa Aesar), Super P carbon black (99% purity,
Alfa Aesar), LiPFg in diethyl carbonate (DEC) and ethylene carbonate (EC) (1:1 by mass, 99%

purity Gotion), copper foil (Tob New Energy).

Synthesis of TizCaT:

To obtain the MXenes, 3 g of TisAIC> were sieved through a -400 mesh sieve (pore size of
38 um) and added over 10 min to a 6 M HCl solution with pre-dissolved LiF (7.5:1 F to Al ratio).
This mixture was heated to 40 °C and left to etch for 48 h with magnetic stirring. The powder
was re-dispersed in a 1 M HCI solution for 3 h at room temperature to remove any remaining

impurities and to increase the number of -OH surface groups on the MXene.

Pillaring of TizC.T; samples

For the pillaring experiments, we applied our previously reported amine-assisted silica
pillaring method.! Briefly, 0.5 g of the as-made TisCoT, MXene were added to a solution of
dodecylamine (DDA) dissolved in TEOS in a MXene:DDA:TEOS molar ratio of 1:10:20 under
argon. This was stirred in a sealed glass vial under argon at room temperature for 4 h. The
black powder was then recovered by vacuum filtration, dried on filter paper under vacuum
before being re-dispersed in de-ionized water (25 mL) overnight at room temperature (18 h).
The intercalated product was then recovered by vacuum filtration and dried overnight at
60 °C. These samples were then calcined at 400 °C for 5 h under argon with a heating rate of

5°C mint.
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Characterization

The samples were characterized by X-ray diffraction (XRD) in a Smartlab diffractometer
(Rigaku) using Cu-Ka radiation operating in reflection mode with Bragg-Brentano geometry to
investigate the crystal structure. Prior to the XRD characterisation, all samples were dried in
an oven at 80 °C for 18 h. The black powders were then ground and placed on a silica sample
holder and pressed flat with a glass slide.

Scanning electron microscopy (SEM) was carried out in a JEOL JSM-7800F (JEOL), and energy-
dispersive x-ray spectroscopy (EDX) was done in a X-Max50 (Oxford Instruments) using an
accelerating voltage of 10 kV and a working distance of 10 mm, which were used to study the
morphology and elemental composition. For the SEM and SEM-EDS studies, the dried powder
samples were dry cast onto a carbon tape support, which was placed on to a copper stub for
analysis. To minimize errors from the use of EDS for the estimation of the Si content, large flat

particle surfaces were chosen for the EDS mapping.

Electrochemical characterization

To test the pillaring process’s effect on the electrochemical performance, the pillared and un-
pillared materials were tested in CR2032 coin cells with a half-cell configuration using lithium
metal disks as the counter electrode and 1 M LiPFs in EC/DEC (1:1 mass ratio) as the
electrolyte. The MXene was mixed with carbon black (Super P) as a conductive additive and
PVDF as the binder in a 75:15:10 mass ratio, respectively. These were added to a few mL of
NMP to make a slurry, which was then cast onto a Cu foil current collector, from which
electrodes with a diameter of 16 mm were punched. The active mass weighting was around
3 mg cm2. Coin cells were constructed in an argon-filled glovebox (O; and H.O levels <
0.1 ppm) using Whatman microglass fibre paper as the separator. The charge-discharge tests
were carried out on a Neware battery cycler (Neware Battery Technologies Ltd.) at a current
density of 20 mA g in the voltage range of 0.01-3.0V vs. Li*/Li for 100 cycles. For rate
capability tests, the cells were cycled at a specific current of 20 mA g'! for one cycle to stabilise
the cell followed by five cycles at each rate of 20, 50, 200, 500, 1000 mA g before returning
to 20 mA g Cyclic voltammetry (CV) measurements were conducted using an Ilvium
potentiostat (Ivium Technologies BV) with a scan rate of 0.2 mV s! for five cycles, followed by

further cycles at 0.5, 2, 5 mV s sweep rates in the voltage range of 0.01-3.0 V vs. Li*/Li. The
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final scan at each rate was used for the calculation of the b-values. The relationship between
the current (i) and scan rate (v) is given by Equation (1):

i = av? (1)
where g and b are fitting parameters.2 A b-value of 0.5 corresponds to an ideal diffusion-
limited (battery-like) charge storage process whereas a b-value of 1 indicates a perfect
surface-limited (capacitive-like) process. To calculate the total contribution of capacitive-like
processes to the charge storage, deconvolution of the total current into surface capacitive and
diffusion controlled intercalation processes was carried out using the method described by

Dunn et al, using the Equation (2-3).3

i(V, v) = ka(V) + kao(V)v?2 (2)

iV, v ) /VM2 = Ky (VIVY2 + ka(V) (3)

Here k; and kz are potential dependant constants, i is the current and is the v scan rate. The
values for k; and k> were obtained using Equation (3) by plotting i against v¥? for each
potential, where a linear fit has k; as the gradient and kz as the intercept. This was used to
calculate the non-diffusion limited (k:.v) and diffusion-limited (k2.v1/2) contributions at each
potential for each scan rate studied. The non-diffusion limited contribution to the total charge
is typically assumed to represent the capacitive charge. The total capacitive contribution to
the charge storage for each scan rate was then calculated by integrating the area of a cyclic

voltammogram for the total experimental current and the calculated capacitive current.

In situ dilatometry
The in situ dilatometry measurements (height change (strain) of the MXene electrodes during

charging and discharging) were conducted by using an ECD-3-nano cell device from EL-CELL
(setup adopting the design by Hahn et al.).* All cell parts were dried overnight at +80 °C and
introduced into an argon-filled glovebox (MBraun Labmaster 130; Oz and H20 < 0.1 ppm). The
cells were arranged in a two-electrode configuration for electrochemical measurement. The
electrode discs were punched out of the electrode films with a diameter of 10 mm (0.785 cm?)
using a press punch (EL-CELL). Film thicknesses were measured inside the glovebox before cell
assembly with a digital micrometer from HELIOS PREISSER. The lithium-ion cells contained an
MXene electrode (pillared or nonpillared) as working electrode, followed by a fixed glass-

ceramic separator so that only the thickness change of the working electrode was measured.
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Circular punches lithium chips with a diameter of 11 mm as both counter and reference
electrodes were placed on top of the separator. The investigated electrodes were compressed
between the separator and a movable titanium plunger. The electrolyte, 1 M LiPFs salt in a
mixture of ethylene carbonate and dimethyl carbonate (EC: DMC; 1:1 by volume, Sigma
Aldrich) was filled by vacuum backfilling (approximately 0.5 mL). All electrochemical
measurements were carried out at a climate chamber (Binder) with a constant temperature
of +25+1 °C. Cyclic voltammetry (CV) measurements were carried out using a VMP3 multi-
channel potentiostat/galvanostat from Bio-Logic.After a resting period and stabilization time
of 72 h, cyclic voltammograms were recorded at 0.01 mV s! at voltages in the range of 0.1-

2.5V vs. Lit/Li.

Ex-situ X-ray diffraction

For the ex-situ X-ray diffraction measurements, the MXene electrodes were cycled for two CV
cycles and stopped in the de-lithiated state at 3.0 V vs. Li*/Li. Cyclic voltammetry was carried
out using a VMP3 multi-channel potentiostat/galvanostat from Bio-Logic. All electrochemical
measurements were carried out in a climate chamber (Binder) with a constant temperature
of +25+1 °C. All CV measurements were carried out with a scan rate of 0.1 mV s in a potential
window of 0.01-3.0V vs. Li*/Li. The cells were then transferred to an Ar-filled glovebox for
disassembly. Prior to the XRD measurements, the electrodes were detached from the
remaining parts and rinsed with DMC to remove remains of the salt of electrolyte. X-ray
diffraction (XRD) measurements of the cycled electrodes were performed with a D8 Advance
diffractometer (Bruker AXS) with a copper X-ray source (Cu-Kat (A = 1.5406 A), 40 kV, 40 mA).
The samples were examined in the range 26, ranging from 3.50 ° to 79.02 ° and in steps of

0.02° 26.
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Figure S1. a) X-ray diffractogram of the as-synthesised nonpillared MXene. b) Scanning
electron micrograph of the nonpillared MXene.
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Figure 52. SEM-EDS analysis of the pillared MXene showing that the SiO: content is
approximately 11 mass% in the pillared material. a) SEM of the analysed region. b) EDS
spectrum.
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Figure S3. CV data from SiO;-pillared TizC,T.. Cells were run in a voltage window of 0.01-3V
vs. Li*/Li using 1 M LiPFg in EC:DEC (1:1 mass ratio) as the electrolyte. First five cycles at a scan

rate of 0.2 mV s'1. The numbers and arrows highlight reaction peaks.
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Figure S4. Capacitive contribution to charge storage from CV data for SiOx-pillared TizC,T..

Cells were run in a voltage window of 0.01-3 V vs. Li*/Li using 1 M LiPFe in EC:DEC (1:1 mass

ratio) as the electrolyte. a) Cyclic voltammograms when cycled at increasing rates of 0.2, 0.5,

2 and 5 mV st in a voltage window of 0.01-3 V vs. Li*/Li. Two cycles were carried out at each

rate, with the second cycle being used for analysis. The numbers show b-value for the

corresponding peak. b) Log current vs. log scan rate plots used to calculate each b-value shown

in a). R? values were greater than 0.999 in all cases, indicating a good fit. ¢) Cyclic

voltammogram collected at a scan rate of 5 mV s (10 min per sweep), with the capacitive

contribution to the current shown by the dashed filled area. The total capacitive contribution

to the charge storage at this rate was 78%, as shown by the label in the centre of the plot. d)

Contribution of both diffusion-limited and capacitive current to the total charge storage at

each scanrate: 0.2,0.5,2and 5 mV s™.
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Figure S5. Cyclic voltammograms from half-cell setup at a scan rate of 0.1 mV s in the voltage

range from 0.01-3 V vs. Li*/Li using 1 M LiPFs in EC:ED (1:1 mass ratio) as the electrolyte and

corresponding post mortem XRD diffractograms. a) First and second cycle of cyclic

voltammogram

in PEEK cell for nonpillared TizC;T; b) Correlated post-mortem XRD

measurements of cycled nonpillared TisC,T. electrode in comparison with the pristine

electrode (both coated on copper foil) c) First and second cycle of cyclic voltammogram in

PEEK cell for pillared MXene (TisC;-Si-400) d) Correlated post-mortem XRD measurements of

cycled pillared MXene (TizCz-Si-400) electrode in comparison with the pristine electrode (both

coated on copper foil).
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Due to their versatile properties and excellent electrical conductivity, MXenes have become attractive

materials for alkali metal-ion batteries. However, as the capacity is limited to lower values due to the
intercalation mechanism, these materials can hardly keep up in the ever-fast-growing community of
battery research. Antimony has a promisingly high theoretical sodiation capacity characterized by an

alloying reaction. The main drawback of this type of battery material is related to the high volume

changes during cycling, often leading to electrode cracking and pulverization, resulting in poor

electrochemical performance. A synergistic effect of combing antimony and MXene can be expected to

obtain an optimized electrochemical system to overcome capacity fading of antimony while taking

advantage of MXene charge storage ability. In this work, variation of the synthesis parameters and
material design strategy have been dedicated to achieving the optimized antimony/MXene hybrid
electrodes for high-performance sodium-ion batteries. The optimized performance does not align with

the highest amount of antimony, the smallest nancparticles, or the largest interlayer distance of MXene

but with the most homogeneous distribution of antimony and MXene while both components remain

electrochemically addressable. As a result, the electrode with 40 mass% MXene, not previously

expanded, etched with 5 mass% HF and 60% antimony synthesized on the surfaces of MXene emerged
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as the best electrode. We obtained a high reversible capacity of 450 mA h g~ at 0.1 A g~* with

a capacity retention of around 96% after 100 cycles with this hybrid material. Besides the successful
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1 Introduction

Their large energy density, high power density, and output
voltage make lithium-ion batteries (LIBs) an essential
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cycling stability, this material also exhibits high rate capability with a capacity of 365 mAh g=*at 4 A g~
In situ XRD measurements and post mortem analysis were used to investigate the reaction mechanism.

technology for electrochemical energy storage systems.' As
a result of the increasing demand for batteries, scarcity of fossil
resources of lithium, and the resulting rise in price, energy
storage technologies beyond lithium are of high interest.*?
Sodium is one of the most abundant elements in the earth's
crust. Thus, sodium-ion batteries (NIBs) offer cost-effective and
sustainable energy storage compared to their LIB counterparts.*
In recent years, extensive research efforts have been dedicated
to NIB cathodes and anodes with high energy density, high
power density, stable cycling performance, and good rate
capability.>>® A particular challenge is the development of
anodes that combine high capacity and long lifetime/high
durability. Several studies focus on carbon-based materials as
an alternative for graphite anodes, as they are used successfully
in LIBs.”® Hard carbon, the most widespread carbonaceous
material in NIBs, can only achieve a capacity of up to
300 mA h g~! because of pseudocapacitive Na'-ion surface
adsorption.®** Other intercalation materials like Li, Tiz0;5,°
TiO,,"” and Na,Ti;O; (ref. 18) are well known for their high
structural stability, which enables high reversibility during
sodiation and de-sodiation. Still, a major drawback is that the
Na'-ion intercalation enabled capacity is limited due to the
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restricted number of storage sites.' This makes choosing high-
capacity materials capable of forming sodium-rich intermetallic
compounds through an alloying reaction extremely attractive,
as demonstrated by extensive research on this topic published
in the literature.**** Sodium can form alloys with group 14 and
15 elements, such as Ge, Sn, Pb, P, and Sb. Intermetallic
compounds such as NaGe,* Na,;55n,,*> Na,;sPb,,*® NazP,* and
Na;Sb* are obtained which can realize a high sodium storage
capacity. A major problem of alloying-based materials is the
large volume change during sodiation and de-sodiation. This
process causes possible aggregation, continuous reformation of
the solid-electrolyte interphase (SEI), depletion of the electro-
Iyte, and loss of the conductivity as well as slower kinetics which
often leads to capacity fading.*»*"** This constitutes a major
drawback since side reactions are constantly occurring during
cycling, resulting in low Coulombic efficiency (CE). In addition,
the inhomogeneous composition and thickness of the contin-
uously restructured SEI can partly block charge transfer and
cause typical rapid capacity fading.’*** With a high theoretical
capacity of 660 mA h g7, a high specific capacity and the ease of
availability of the material, antimony (Sb) represents a very
common and promising anode material candidate for high
energy NIBs.»* Still, during the alloying reaction of antimony
with sodium resulting in Na;Sb compounds, this material
suffers from high volume expansion (~300%) and contraction
and slow reaction kinetics resulting in capacity fading and poor
electrochemical performance.*”***” Therefore, it is crucial to
buffer the volume change sufficiently to mitigate pulverization
and cracking of the electrode, while increasing the conductivity
and improving the electrochemical performance.****

Besides the specific adaptations and variations of the binder
and electrolytes, current work mainly presents two different
approaches to counteract these problems. A promising path is
to develop suitable carbon matrices, which act as a conductive
additive and buffer the volume change occurring during
sodiation and de-sodiation and provide additional diffusion
pathways.?'*** For example, Pfeifer et al. investigated the
impact of carbon properties on antimony/carbon composite
electrodes for NIBs by simple mechanical mixing only by
considering the physical, chemical, and structural features of
the carbon phase.* An alternative way is to develop suitable
nanostructures/nanocomposites, which should improve the
kinetics.”* MXenes, a novel class of two-dimensional, inorganic
layered transition metal carbides, nitrides, and carbonitrides,
were discovered in 2011.** Among them, several MXenes are
promising intercalation-type electrodes, for example, for LIBs
and NIBs because of their distinctive physical and chemical
properties.*”** Comparing 2D materials, MXenes stand out with
their combined properties such as good electronic conductivity,
hydrophilicity, and flexibility.**** Furthermore, due to their low
activation barrier for ion movement, they also represent an
optimal candidate for NIBs.*™*' Kajiyama et al. showed that the
intercalation and deintercalation of the sodium-ions between
Ti;C, T, sheets occur without any substantial structural change
with a reversible capacity of around 100 mA h g~ ' over 100
cycles at 0.02 A g~ .52 Gentile et al. showed different preparation
routes of MXenes resulting in different structures,
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compositions, properties, and morphologies and investigated
their influence on the application of NIBs.** The optimized
TisC,T, shows a capacity of 110 mA h g~ ' at a specific current of
0.03Ag "

Although MXene is an interesting electrode material, its
intrinsic performance is commonly limited to the intercalation
mechanism.** Accordingly, the resulting de-sodiation capacity
is also limited to lower values than alloying or conversion type
materials.®® An attractive way to overcome this limitation is to
combine MXene with other nanoparticles, either by forming
nanocomposites or hybrids. This has been very successfully
explored for different electrochemical applications, such as
sensors,*® photocatalysis,”” and energy storage.”® The list of
nanomaterials used to enhance different types of MXenes is
long and includes MnO,,” Mo0S5,,*® NiCo0,S,,°* NbS;,** and
Ti0,,* along with polymers (such as polyvinyl alcohol; ref. 64).
Combining MXene and non-MXene materials extends to
MXenes and alloying materials. Confining and synergizing
materials like antimony with a high specific capacity and
conductive MXene is promising to yield improved electro-
chemical performance and cycling stability. Combining the
most common and best-explored MXene Ti;C,T, with antimony
nanoparticles is expected to enhance the structural stability
resulting in a long cycling life since there is a minimal volume
change of the 2D nanomaterial during alkali metal transport.
This includes NIBs® but also extends to other systems, such as
potassium-ion batteries.®*® In addition, MXene nanosheets
show excellent mechanical stability, compensating for signifi-
cant volume changes during charging and discharging in
nanomaterials like alloying materials during cycling.®® This
avoids or reduces agglomeration and the possible subsequent
pulverization, which is also reflected in improved electro-
chemical behavior.

This work presents a guideline for designing an advanced
hybrid antimony MXene compound for application in high-
performance NIBs. We introduce two different routes for the
hybrid material synthesis by variation of two different types of
MZXenes and compositions. In this way, different morphologies
and compositions were obtained whose impact on the electro-
chemical performance in NIBs was studied. Finally, electrodes
with an optimized synthesis protocol demonstrated stable and
high-capacity electrochemical cycling stability and rate capa-
bility in NIBs.

2 Experimental

2.1 Materials synthesis

2.1.1 TiC,T, synthesis. The synthesis of the Ti;AlC, MAX
phase was done via spark plasma sintering and has been
described in previous work.* In a typical synthesis, Ti/Al/TiC
powders were mixed in an atomic ratio of 1/1/1.9 in a Turbula
shaker (3D mixer TURBULA) for 24 h. The powders were rapidly
heated to 1300 °C and pressed at 43 MPa between the pistons of
the SPS for 5 min at an argon partial pressure of 300 mbar. The
MAX phase disc produced was ground and sieved to obtain
particles with a size below 50 pm.

This journal is © The Royal Society of Chemistry 2022
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Two different Ti;C,T, MXenes were obtained in this work,
referred to as MX HF5 and MX HF30. The synthesis of
MX_HF5, treated with a 5 mass% solution of hydrofluoric acid
(HF) proceeds as described below. In a polytetrafluoroethylene
beaker, 2 g of Ti;AlC, powder was stirred in 50 mL of 5 mass%
HF in water for 24 h at room temperature. The powder was
added slowly to the reaction solution within 2 min since the
reaction between HF and the MAX phase leads to a strong
evolution of H, in the solution. After 24 h, the solution was
centrifuged for 15 min at 5000 rpm, and the subsequent
precipitate was recovered from the supernatant, washed with
MilliQ water, and centrifuged 5-6 times until the pH value of
the solution was 6. The powder was finally dried under vacuum
at 80 °C overnight.

For the synthesis of MX HF30, treated with a 30 mass%
hydrofluoric acid solution, the procedure is similar to the
previous one, except for the treatment time. In a typical
synthesis, 2 g of Ti;AlIC, powder was dispersed in 50 mL of 30
mass% HF in water under vigorous stirring at room tempera-
ture for 5 h. The hydrogen evolution is greater than the previous
case, so the powder is added within 5 min. The washing and the
drying procedure were the same as those of MX_HF5.

2.1.2 Antimony nanopowder synthesis. Antimony nano-
powder synthesis was carried out using the protocol outlined
in previous work*>® and the optimized synthesis route
proposed in the literature.®® To obtain high purity antimony,
an excess of sodium borohydride (NaBH,, 1.216 g, =98.0%
purity, Sigma Aldrich) was suspended in 200 mL technical
ethanol (>99.0% purity, Merck). Antimony chloride (SbCls,
2.244 g, =99.0% purity, Sigma Aldrich) was dissolved in 40 mL
absolute ethanol (>99.9% purity, Sigma Aldrich). The SbCl;
solution was added dropwise into the stirring solution of
NaBH, in ethanol at room temperature using a syringe pump
with a controlled dropping speed of 20 mL h . The resultant
black mixture was stirred for 1 h at room temperature and
afterward sonicated for 10 min (P120H, Elmasonic). After
sedimentation of the antimony particles, they were filtered
under vacuum, and washed three times with ethanol and three
times with deionized water. Antimony particles were dried in
an oven at +80 °C for 4 h.

2.1.3 Synthesis of antimony-MXene hybrids. Two different
routes were used to obtain the antimony MXene hybrids. In
route A, the previously synthesized MXenes were first expanded.
For successful expansion, 100 mg of Ti;C,T, (etched with 5
mass% HF or 30 mass% HF) was embedded in 40 mL of
degassed Milli-Q water together with 4 mL of tetramethy-
lammonium hydroxide (TMAOH, 1 M in water, Sigma Aldrich)
over 12 h. The supernatant solution was decanted, and the solid
was washed several times with Milli-Q water and centrifuged to
remove the excess of TMAOH (each step of 30 min at 5000 rpm),
which can be controlled by the change of the pH value (from 14
to 6). After the last washing step with water, the solvent was
changed to ethanol and washed three times to eliminate the
remaining water for subsequent synthesis of antimony. Then,
30 mL of ethanol was added to the powder, and the black
suspension was treated in an ultrasonic bath (Emmi-40HC,
EMAG) for 1 h. A specific amount of NaBH, (still the same

This journal is © The Royal Society of Chemistry 2022
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excess amount) was finally added with this reaction solution.
The same synthesis process of antimony nanoparticles was
performed equivalent to the process described above.

In synthesis route B, the synthesized 100 mg Ti;C,T, (etched
with 5 mass% HF or 30 mass% HF) was soaked in a solution of
SbCl; dissolved in 30 mL absolute ethanol for 12 h. To this
suspension, a solution with an excess of NaBH, in 40 mL
technical ethanol was dropped at a speed of 20 mL h™" to reduce
the Sb*"-ions and form the elemental antimony particles.

2.2 Structural and chemical characterization

X-ray diffraction (XRD) measurements of the antimony hybrids
were performed with three different systems. XRD-1: A D8
Advance diffractometer (Bruker AXS, Germany) with a copper X-
ray source (Cu-K,, A = 1.5406 A, 40 kV, 40 mA). The samples
were examined in the range of 3.5° to 80° 20 and with 0.033 s per
step. XRD-2: A D8 Discover diffractometer (Bruker AXS, Ger-
many) with a copper X-ray source (Cu-K,, A = 1.5406 A, 40 kV, 40
maA), a Gobel mirror and a 1 mm point focus as optics. With
a VANTEC-500 (Bruker AXS) two-dimensional X-ray detector
positioned at 17° 26, 37° 26, 57° 26, and 97° 28 with
a measurement time of 1000 s per step, five frames were
recorded. The third system (XRD-3) is outlined in Section 2.4.2.
Unless noted, all presented XRD patterns are related to
measurements that were carried out by using XRD-1.

The sample morphology was characterized with a field
emission scanning electron microscope using a Zeiss Gemini
500 instrument (Carl Zeiss) at an acceleration voltage of 1 kv.
The samples were fixed on a steel sample holder by using
copper adhesive tape and analyzed without the aid of an addi-
tional, conductive sputter coating.

Transmission electron microscopy and selected area elec-
tron diffraction investigations were carried out using a JEOL
2011 instrument operated at 200 kV. The sample was dispersed
in ethanol through sonication for 5 min and drop-casted onto
a copper grid with a lacy carbon film.

2.3 Electrode materials and preparation

Pure MXene working electrodes were obtained with a ratio of 90
mass% MXene, and 10 mass% carboxymethyl cellulose (CMC,
degree of substitution = 0.7, molecular weight = 250 000 g
mol~!, Sigma Aldrich) dissolved in water and ethanol (1:1
mass ratio) following the subsequently described mixing steps.
The Sb@ Ti;C,T,/C electrodes were manufactured by mixing an
active material of 80 mass% of the different synthesized anti-
mony MXene hybrids (Sb@A_MX_HF5(6:4), Sb@A_
MX_HF5(7 : 3), Sb@B_MX_HF5(6 : 4), Sb@B_MX_HF5(7 : 3),
Sb@A MX_  HF30(6:4), Sb@A MX_HF30(7:3), Sb@B_
MX_HF30(6 : 4), and Sb@B_MX_HF30(7 : 3)) with 10 mass%
conductive carbon additive (C-NERGY SUPER C65 conductive
carbon black, Imerys Graphite & Carbon) and 10 mass% CMC as
the binder from a 3 mass% aqueous solution according to the
mixing steps described below.

First, the active material and carbon were mixed and care-
fully dry ground in a mortar. Afterward, the dry powder mixture
was dry-mixed at 1000 rpm for 5 min in a SpeedMixer DAC 150

J Mater. Chemn. A, 2022, 10, 10569-10585 | 10571
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SP from Hauschild. Ethanol (99.0% purity, Merck) was added
dropwise to the mixture until the slurry achieved suitable
viscosity. This paste was again mixed at 1500 rpm for 5 min
followed by 2500 rpm for 5 min. Finally, the CMC binder
solution (3 mass% CMC in Milli-Q-water) was added, and the
viscous electrode paste kept mixing at 800 rpm for 10 min. The
suspension was stirred for 12 hours with a magnetic stirrer to
obtain a homogeneous slurry. The subsequently obtained
slurries were doctor-bladed on aluminum foil (thickness of 15
pum, Ranafoil, Toyo Aluminium), and used as a current
collector, with a wet thickness of 200 um. The electrode coat-
ings were initially dried under ambient conditions overnight.
Then, an extra vacuum drying step was conducted at +110 °C
for 12 h to remove the remaining solvent. The packing density
of the electrode was adjusted by dry-pressing within a rolling
machine (HRO1 hot rolling machine, MTI), and discs of 12 mm
diameter (1.131 cm®) were punched from the electrode sheet
using a press-punch (EL-CELL) and applied as the working
electrode.

For comparison to the hybrid active material, simple
mechanical mixing (MM) of the active antimony material,
MXene, conductive carbon, and the binder solution was con-
ducted in analogy to the procedure reported for the hybrid
Sb@MXene. These samples were prepared to recreate the
composition of the related hybrid materials and are referred to
as Sb + MX_HF5(6 : 4)_MM and Sb + MX_HF5(7 : 3)_MM. The
ensuing electrode thickness of the dried electrodes was typically
25-35 pm with a material loading of 3.8 + 0.5 mg cm™>.

2.4 Cell preparation and electrochemical characterization

2.4.1 Electrochemical half-cells. Custom-built polyether
ether ketone (PEEK) cells with spring-loaded titanium pistons
were used for electrochemical testing in a non-aqueous elec-
trolyte.” The cells were arranged in a three-electrode configu-
ration for electrochemical measurements, The electrode discs
were punched out of the electrode films with a diameter of 12
mm. In NIBs, sodium metal is conventionally used as the
counter and the reference electrode.

All used cell parts were dried overnight at +120 °C and
introduced into an argon-filled glovebox (MBraun Labmaster
130, O, < 0.1 ppm, H,O < 0.1 ppm). Initially, the punched
working electrode with a diameter of 12 mm was placed in the
cell, followed by a 13 mm diameter vacuum dried compressed
glass-fiber separator (GF/D, Whatman). The counter electrode
was punched into circular plates with a diameter of 10 mm and
placed on the separator. Before using metallic sodium, the
oxidized surface was polished to obtain a smooth surface to
avoid non-uniformity and impurities. The counter electrodes
were pressed to a uniform thickness of approximately 1 mm. A
copper foil current collector was placed on the backside of each
counter electrode. The sodium reference electrode was placed
on a compressed glass-fiber separator (GF/D, Whatman) with
a diameter of 2 mm in a cavity close to the working electrode/
counter electrode stack and brought into contact with a tita-
nium wire. The electrolyte was vacuum backfilled with a syringe
into the cells.

10572 | J Mater. Chem. A, 2022, 10, 10569-10585
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The preparation and handling of the electrolyte solvent and
salt were conducted in an argon-filled glovebox. A 1 M sodium
perchlorate (NaClO,, >99% purity, Alfa Aesar) solution in
a solvent mixture of ethylene carbonate (EC, =99% purity,
Sigma Aldrich) and dimethyl carbonate (DMC, =99% purity,
Sigma Aldrich) in a 1:1 mass ratio with the addition of 5
mass% fluoroethylene carbonate (FEC, 99% purity, Sigma
Aldrich) was used as the electrolyte. FEC is commonly used as
a NIB additive that improves the stability of the SEI, modifying
the composition of the SEI layer and preventing the decompo-
sition of EC and DMC.” 7% The sodium salt for the electrolyte
was dried under vacuum at +80 °C for 48 h before use.

Galvanostatic cycling with potential limitation, cyclic vol-
tammetry, and rate performance measurements were carried
out using a VMP3 multi-channel potentiostat/galvanostat (Bio-
Logic) equipped with the EC-Lab software. All electrochemical
measurements were carried out in a climate chamber (Binder)
at a constant temperature of +25 + 1 °C. Cyclic voltammetry was
carried out with a scan rate of 0.1 mV s~ ' in a potential window
of 0.1-2.0 V vs. Na'/Na. The galvanostatic charge/discharge
cycles were performed in the voltage range of 0.1-2.0 V vs.
Na'/Na. For all long cycling tests in this work, a specific current
of 0.1 A g~ was used. The cyeling of the cells was stopped after
100 cycles in the de-sodiated state to conduct post mortem XRD
and SEM analysis. Rate performance measurements were con-
ducted at different currents to get more information about the
half-cell rate capability and stability at higher currents. The
applied specific currents were 0.1 A g7', 0.2 A g™, 0.5 A g7,
1.0Ag ',2.0Ag Y 4.0Ag ,8.0Ag ',and (again) 0.1 Ag " All
obtained values for the capacity in Sb/MXene vs. sodium cells
are related to the respective active mass (i.e., the total mass of
the antimony-Ti;C,T, hybrid).

2.4.2 In situ XRD measurements. A customized coin cell of
the type CR2032 with a Kapton window of @ 4 mm on each side
was used for carrying out in situ XRD measurements on a STOE
Stadi P diffractometer equipped with a Ga-jet X-ray source (Ga-
K radiation, A = 1.20793 A; XRD-3). To ensure the sufficient
XRD diffraction signal, the electrodes used here had an areal
loading of 4.6 mg cm™> active material, which is higher than
that used for the electrochemical testing. In addition, the
electrode slurry was cast on top of a carbon paper to avoid the
sharp reflections of the aluminum current collector to overlay
relevant reflections of the Sb alloying reaction. Apart from that,
assembling the cells was compliant with the procedure already
presented in detail above. The XRD patterns were collected in
the transmission mode in the 2¢ range from 6° to 70° with
a counting time of around 105 min. Galvanostatic cycling with
a specific current of 0.1 A g ' was performed with a potentio-
stat/galvanostat (SP 150, BioLogic) at the cut-off voltages of
0.1V and 2.0 V vs. Na'/Na.

3 Results and discussion
3.1 Material characterization

The main process of synthesizing the antimony hybrid material
is illustrated in Fig. 1. Thereby antimony hybrids were prepared
by two different routes. In route A, the synthesized MXenes

This journal is © The Royal Society of Chemistry 2022
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Sb@exp.TiyC,T,
Hybrid material

-

Sh@Ti,C,T,
Hybrid material

Fig. 1 Schematic illustration of the different synthesis routes of the antimony/MXene hybrids. Route A represents a previous expansion of the
MXene layers before synthesizing the antimony/MXene hybrids while route B depicts intercalation of SbCls in the MXene before subsequent

antimony/MXene hybrid synthesis.

(etched with 5 mass% or 30 mass% hydrofluoric acid (HF)) were
first expanded with the use of tetramethylammonium hydroxide
(TMAOH) as the intercalant. In route B, the not-expanded
MXene (etched with 5 mass% or 30 mass% HF) was soaked in
the reaction solution of SbCl; in ethanol to possibly anchor the
Sb*' cations already on the surface and between the layers. In
both cases, a co-precipitation method of synthesizing the anti-
mony nanoparticle at the MXene is followed to obtain the
antimony MXene hybrids. In this way, two hybrids with
different compositions (Sb : TizC,T, 70% : 30% and 60% : 40%
by mass) were prepared for each type of MXene and each route,
respectively.

All hybrids, the synthesized MXenes, and the expanded
MXenes were characterized by X-ray diffraction (Fig. 2). The pure
MXene phases (MX_HF5 and MX_HF30) each show well-defined
diffraction peaks for the (002), (004), and (006) reflections which
are indicative of the stacking sequence along the c-axis and the
(110) distinct reflection, which characterizes the Ti-C order. The
XRD pattern in Fig. 2A after expansion (A_MX_HF5) shows
a strong (002) peak at 6.00° 26, compared to the initial value of
(002)-Ti;C,T, at 8.67° 2. The same observation can be made by
looking at Fig. 2B where the (002) peak in pristine MXene (etched
with 30 mass% HF) is found at 8.95° 26 and undergoes a back-
shift to 5.89° 26 after performing expansion/exfoliation
(A_MX_HF30). This backshift of the (002) reflection is charac-
terized by a significant increase in d-spacing along the c-axis,
which corresponds to an increased value of 45% for the MXene
etched with 5 mass% HF (MX_HF5) to the expanded MXene
(A_MX_HF5) and a value of 51% for the MXene etched with 30
mass% HF (MX_HF30) to the expanded MXene (A_MX_HF30).

The XRD patterns of all hybrids where the MXene was etched
with 5 mass% HF as reported in Fig. 2A and ESI, Fig. S1 show the

This journal is @ The Royal Society of Chemistry 2022

characteristic peaks of elemental antimony with the space group
R3m (PDF: 00-035-0732). This indicates that the antimony parti-
cles were successfully synthesized. In the two hybrids where no
prior expansion/exfoliation took place (Sbh@B_MX_HF5(7 : 3) and
Sb@B_MX_HF5(6 : 4)), the antimony reflections show a signifi-
cantly higher intensity than the hybrids where MXenes were
previously expanded using TMAOH (Sb@A_MX_HF5(7 : 3) and
Sb@A_MX_HF5(6 : 4)). This may align with the facile distribution
of antimony nanoparticles between the MXene layers when the
interlayers were expanded by partial exfoliation beforechand. The
shielding of Sb nanoparticles by the MXene layers and the lower
dimensional level of the crystallographic coherence domains also
decreases the corresponding signal detectable via X-ray diffrac-
tion. Comparing the MXene reflections, the reflections of the two
compounds obtained by route B (Sh@B_MX_HF5(7 : 3) and
Sb@B_MX_HF5(6 : 4)) show significantly less intensity than their
counterparts obtained by the previous expansion of the MXene
layers (Sb@A_MX_HF5(7 : 3) and Sb@A_MX_HF5(6 : 4)).

The low-intensity (002) reflections are shifted towards
smaller scattering angles compared to the reflections of the
bulk Ti;C,T,., The samples Sb@B_MX_HF5(7:3) and
Sb@B_MX_HF5(6 : 4) demonstrate that even without prior
expansion of the MXene layers with TMAOH, there is a clear
shift of bulk (002)-Ti;C,T, from 8.67° 26 to 6.83° 26 and 6.72° 24,
respectively. This is caused by the expansion of the MXene
interlayer distance due to the Sh** intercalation. This can also
be explained by the different reaction routes. Due to the
previous expansion (route A), some antimony particles will
enter between the layers of the MXene, and a large part of the
surface of the MXene remains free, which can be well detected
in the XRD pattern. In contrast, reaction route B yields anti-
mony particles on the surface of the MXene. The latter forms
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Fig. 2 X-ray diffractograms using Cu-Ka. radiation for different compositions of the as-synthesized antimony MXene hybrid materials (A) with
MXene etched with 5 mass?% HF (B) with MXene etched with 30 mass?% HF.

a layer around the MXene particles, which makes the Sb
reflections more pronounced in the pattern.

For the antimony hybrid material synthesized based on
MZXene etched with 30 mass% HF (Fig. 2B), the observations
agree with those for 5 mass% HF MXene. Only the reflection
pattern of the hybrid with 40% expanded MXene, and 60%
antimony (Sb@A_MX_30(6: 4)) is conspicuous in which it
shows pronounced reflections for the antimony particles
compared to the compounds synthesized in the same way. A
different morphology can explain this phenomenon compared
to synthesis route B, where larger antimony particles are
produced. The larger antimony particles which cannot be
intercalated into the interlayers are therefore present in the
hybrid. Generally, no TiO, reflections were detected, suggesting
that the MXene layers are not oxidized or only limited MXene
flakes are oxidized during the synthesis process but beyond the
detection limit of XRD characterization.

The electron micrographs shown in Fig. 3 complement the
findings gained from the X-ray diffractograms. While the bulk
Ti;C,T, (5 mass% HF) presents the morphology of relative
compact layers, the resulting antimony hybrid with 60% anti-
mony shows that the Ti;C,T; particles are covered with partially
agglomerated nanoparticles of antimony with a primary size of
about 150-250 nm. A particle size distribution graph of the
obtained antimony particles in different synthesis routes
derived from SEM micrographs are provided in ESI, Fig. S2.}
The remarkable difference in the two particle sizes and espe-
cially the agglomerated Sb nanoparticles of synthesis route B
may be due to possible electrostatic adsarption of the Sh**-ions
on the MXene layers.*® Partially, the antimony particles are also
located between the layers of the MXene. After the expansion of
the bulk Ti;C,T, using TMAOH, the MXene layers look
expanded and much thinner, and the particles look much
smaller (Fig. 3C). Following synthesis route A, antimony parti-
cles were also synthesized on the surface of the MXene layers. In
this route, significantly smaller primary particle sizes of 20-
50 nm are formed, creating agglomerates. In addition, due to
the smaller particle size, antimony particles and the formed
agglomerates can diffuse into the expanded MXene layers.

10574 | J Mater. Chem. A, 2022, 10, 10569-10585
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Synthesis conditions can also explain these observations since
in synthesis route A NaBH, was first added to the MXene
suspension; therefore, the sodium-ions can be electrostatically
adsorbed on the surface of the MXene.”®”” Due to this, the
remaining free areas on the surface are limited for Sb*"
adsorption, whereby these are diffused more efficiently between
the layers. The differences in the particle size of the antimony
particles can also be explained by the predominant concentra-
tion of antimony ions on the surface, which is significantly
larger in route B, allowing seed crystals to form and fuse more
easily into large particles and remain so after reduction. Under
both conditions, we observe a well-developed homogeneity.
Comparing the latter hybrids with Ti;C,T, etched with 30
mass% HF, similar conclusions are drawn except that this bulk
MXene has a much more open structure from the beginning,
which does not affect the antimony synthesis. Additional
scanning electron micrographs of the different compositions
are provided in ESI, Fig. S3-S6.7

Fig. 4 displays the results obtained by transmission electron
microscopy, which verify the SEM findings. The synthesis route
with the previous expansion of the MXene layers enables
significantly smaller antimony particles in-between the
expanded MXene. In contrast, in the synthesis route without
prior expansion of the MXene layers, significantly larger parti-
cles are obtained, which adhere mainly agglomerates to the
surface of the MXene particles. Specifically, antimony is mostly
located between the MXene layers (Sb@A_MX_HF5(6 : 4)) which
explains less pronounced reflections of elemental antimony in
the X-ray diffractograms. The reflection planes of selected-area
electron diffractograms (Fig. 4E and F) confirm the results ob-
tained from XRD, with the clear evidence of elemental antimony
with the space group R3m in Sb@A_MX_HF5(6 : 4) (Fig. 4E) and
Sb@B_MX_HF5(6 : 4) (Fig. 4F).

3.2 Electrochemical characterization

To characterize the electrochemical performance of the
Sb@Ti;C, T, hybrids as anodes for sodium-ion batteries, cyclic
voltammetry profiles in the initial ten cycles were investigated at

This journal is © The Royal Society of Chemistry 2022



Published on 24 March 2022. Downloaded by Universitat des Saarlandes on 5/28/2022 11:48:46 AM.

Paper

h

RESULTS AND DISCUSSION

View Article Online

Journal of Materials Chemistry A

Sb@B_MX_HF30(6:4)

F
)

! .
Ay

Fig. 3 Scanning electron micrograph of (A) as-synthesized TizC,T, etched with 5 mass% HF, (B) TizC,T, (5 mass% HF) hybrid with 60 mass%
antimony, (C) TMAOH expanded TizC,T,_HF5, (D) TizC,T,_HF5 hybrid with 60 mass’% antimony, (E) as-synthesized TizC,T, etched with 30
mass% HF, (F) TizC,T, (30 mass% HF) hybrid with 60 mass% antimony, (G) TMAOH expanded TizC,T,_HF30 and (H) TisC,T,_HF30 hybrid with 60

mass% antimony.

a scan rate of 0.1 mV s~ between 0.1 V and 2.0 V vs. Na*/Na and
can be found in detail in ESI, Fig. S7.}

The third cycles of each of the eight antimony Ti;C, T, hybrid
materials are shown comparatively in Fig. 5. After SEI forma-
tion, the typical peaks for the alloying reaction of antimony with

This journal is © The Royal Society of Chemistry 2022

sodium occur mainly for all hybrids. Thus, the reduction peaks
at around 0.7 V and 0.55 V (and 0.45 V) vs. Na'/Na characterize
the multistep transformation of antimony into hexagonal
NazSb. The complete reaction proceeds from elemental anti-
mony to the formation of an amorphous Na,Sb compound from

J. Mater. Chem. A, 2022, 10, 10569-10585 | 10575

97



Published on 24 March 2022. Downloaded by Universitat des Saarlandes on 5/28/2022 11:48:46 AM.

RESULTS AND DISCUSSION

Journal of Materials Chemistry A

View Article Online

Paper

-

1.54A .
*  (024)

2] Sb@B_MX_HF5(6:4)

Fig. 4 Transmission electron micrographs of (A and C) TMAOH expanded TizC,T, (5 mass% HF) hybrid with 60 mass% antimony and (B and D)
bulk TizC,T, (5 mass% HF) hybrid with 60 mass% antimony. Selected-area electron diffraction of (E) TMAOH expanded TizC,T, (5 mass% HF)
hybrid with 60 mass% antimony, and (F) bulk TizC,T, (5 mass% HF) hybrid with 60 mass% antimony.

which NaSb is finally reacting further with sodium to crystalline
Na;Sb.**”® The oxidation peak in the subsequent de-sodiation
scan at a potential of around 0.8 V vs. Na'/Na characterizes
the de-sodiation reaction of the Na,Sb alloy back to amorphous

10576 | J Mater. Chem. A, 2022, 10, 10569-10585
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elemental antimony. Looking more closely at the performance
of the hybrids with the MXene etched with 5 mass% HF, it is
noticeable that in the hybrids synthesized in route A, the
intensities of the oxidation and the reduction peaks are

This journal is © The Royal Society of Chemistry 2022
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Sb@B_MX_HF30(6 : 4) and Sb@B_MX_HF30(7 : 3)).

significantly lower. In addition, the reduction and oxidation
peaks are shifted to lower and higher potentials, respectively.
This indicates that comparatively more antimony is electro-
chemically active and addressable in the hybrids in which the
Sb>"-ions have been previously intercalated (route B). This is
consistent with the observations from the material character-
ization. The shift of the peaks probably indicates that the charge
transfer process is more difficult for the samples with previously
expanded MXene layers and antimony
nanoparticles.”™

Hybrids with MXene etched with 30 mass% HF still show the
three reduction peaks and one oxidation peak. HF30 hybrids with
60% antimony show similar intensities of the peaks, whereas
both HF30 hybrids with 70% antimony show significantly less of
this signal. In contrast to Sh@B_MX_HF30(6 : 4), the oxidation
peak of Sb@A_MX_HF30(6:4) is shifted towards a higher
potential and has no shoulder. The oxidation peak of
Sb@B_MX_HF30(7 : 3) has a very broad shoulder at a lower
intensity of the main peak, and the peak at Sb@A_MX_HF30(7 : 3)
is much broader and shifted towards smaller potential. The first
reduction peak at 0.7 V vs. Na'/Na is overlapping in three of the
hybrid materials, whereas in the hybrid with expanded MXene
and 70% antimony, the peak is very weak or not pronounced at
all. In general, the redox peaks obtained for the hybrid with
MZXene etched with 30 mass% HF are broadened, indicating
poorer kinetics due to the poorly conductive path of the large
particles. There are also broadened peaks for the samples with
non-expanded MXene, attributed to larger particle sizes. The

intercalated

same can be said for the subsequent reduction peaks at 0.55 V
and 0.45 V vs. Na'/Na. The cyclic voltammograms of pure TizC,-
T, HF5 and Ti;C,T, HF30 anodes show a more pseudo-
rectangular shape without obvious sodiation and de-sodiation
peaks (ESI, Fig. S7 and S8t).*

The obtained reduction and oxidation peaks from cyclic
voltammetry agree with the galvanostatic discharge and charge
profiles tested at different specific currents in a voltage range
between 0.1 and 2.0 V vs. Na'/Na as shown in Fig. 6A and B.

This journal is @ The Royal Society of Chemistry 2022

Sb@A_MX_HF5(6 : 4) and Sb@B_MX_HF5(6 : 4) show different
plateaus corresponding to the redox reactions associated with
sodium alloying/de-alloying. This multistage process is visible
for all electrodes and results in the formation of three
pronounced plateaus which are consistent for antimony with
observations in previous studies.*»” The initial sodiation curve
of the Sb@B_MX_HF5(6 : 4) material (Fig. 6B) exhibits a long
plateau at 0.5 V vs. Na*/Na, which can, besides the alloying
products, be assigned to the formation of SEI films on the
electrode.” In contrast, the electrode with Sbh@A_MX_HF5(6 : 4)
(Fig. 6A) shows significantly more plateaus in the first cycle.
This may indicate a different SEI formation process or the
possibility of side reactions that may take place due to trace
impurities from the expansion process using TMAOH. During
the following cycles at higher specific currents, both
compounds continuously show the plateaus reflecting the
alloying reaction from crystalline antimony to amorphous
Na,Sb, then to cubic and hexagonal Na;Sb mixtures and finally
resulting in hexagonal Na;Sb.?*

The most significant difference between the two hybrids
obtained with different synthesis routes is the potential drift of
the galvanostatic curves. While the profiles of
Sb@A_MX_HF5(6 : 4) have similar shapes during cycling, the
charge plateaus of Sb@B_MX HF5(6 : 4) shift clearly in the
lower capacity direction while the discharge curve plateaus
remain almost constant. This may indicate increasing over-
voltage in the cell, but the capacity values seem to be unaffected.
An explanation for the occurrence of this phenomenon can be,
for example, the sluggish kinetics, inhomogeneities in the
electrode, and undesirable side reactions for a change in the
reaction mechanism, as shown by previous work on alloying
electrodes.’****81:8 Supplementary and detailed illustrations of
the galvanostatic discharge and charge profiles of other hybrid
materials synthesized in this work are presented in ESI, Fig. S9.F

The rate handling capability of the different antimony
MZXene hybrids was tested by galvanostatic charge/discharge
with potential limitation, applying specific currents between
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Fig.6 Electrochemical performance of the antimony MXene hybrid electrodes. (A and B) Galvanostatic charge and discharge profiles at different
applied specific currents of 0.1-8 A g~* between 0.1V and 2.0 V vs. Na*/Na for (A) Sb@A_MX_HF5(6 : 4), and (B) Sb@B_MX_HF5(6 : 4). (C and D)
Rate performance using galvanostatic charge/discharge cycling with the corresponding Coulombic efficiency values at different values for the
specific current for (C) hybrids based on MX_HF5% (Sb@QA_MX_HF5(6:4) and Sb@A_MX_HF5(7: 3), and Sb@B_MX_HF5(6:4) and
Sb@B_MX_HF5(7 : 3)), and (D) hybrids based on MX_HF30% (Sb@A_MX_HF30(6 : 4) and Sb@A_MX_HF30(7 : 3), and Sb@B_MX_HF30(6 : 4) and
Sb@B_MX_HF30(7: 3)). (E and F) Galvanostatic charge/discharge cycling stability at 0.1 A g ! for (E) hybrids based on MX_HF5%
(Sb@A_MX_HF5(6 : 4) and Sb@A_MX_HF5(7 : 3), and Sb@B_MX_HF5(6 : 4) and Sb@B_MX_HF5(7: 3)), and (F) hybrids based on MX_HF5%
(Sb@A_MX_HF30(6 : 4) and Sb@A_MX_HF30(7 : 3), and Sb@B_MX_HF30(6 : 4), and Sb@B_MX_HF30(7 : 3)).

0.1and 8 A g ' at an operational potential of 0.1-2.0 V vs. Na'/
Na. The obtained rate handling behavior with the correspond-
ing Coulombic efficiency is given in Fig. 6C for compounds with
the MXene etched with 5 mass% HF and in Fig. 6D for
compounds with the MXene etched with 30 mass% HF. All four
tested hybrid materials with MX_HF5 show the expected
behavior of proportional decreasing de-sodiation capacity while

10578 | J Mater. Chem. A, 2022, 10, 10569-10585
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applying higher specific current and satisfying capacity reten-
tion between 93% and 100% after returning to the initial
current. The hybrids with expanded MXene achieve stable and
high electrochemical performance values even at 8 A g ',
whereas the Sb@B_MX_HF5(7:3), and slightly later also
Sb@B_MX_HF5(6 : 4), hybrid shows significant decreases in
capacity at higher specific currents. This behavior can probably

This journal is © The Royal Society of Chemistry 2022
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be explained due to a non-homogeneous distribution in the
electrode. Thus, no optimal buffering of the large volume
expansion during sodiation and de-sodiation can be created,
leading to massive pulverization resulting in severe cracks in
the electrode. This effect negatively affects the electrochemical
performance.”** Among the hybrids etched with the MXene
with higher HF concentration (Sb@A_MX_HF30(6 : 4) and
Sb@A_MX_HF30(7 : 3)), Sb@B_MX_HF30(6 : 4) shows similar
stable values for the de-sodiation capacity, the corresponding
CE, and the capacity retention between 92% and 99%. At the
same time, the overall behavior of Sb@B_MX_HF30(7 : 3) is very
unstable. The capacity continuously decreases, which is also
reflected in a capacity retention of 69% after returning to
0.1 Ag . While MX_30% hybrids generally show less beneficial
behavior than the MX 5% hybrids, Sb@A_MX_HF30(6 : 4) can
provide stable performance up to a rate of 4 A g '. Detailed
charge and discharge profiles, cycling stability studies, and rate
performance of the pure MXene electrodes are given in ESI,
Fig. $10.F

The cycling stability performance of the Sbh@MXene anodes
was investigated at a specific current of 0.1 A g~ (Fig. 6E and F).
Comparing the stability of the synthesized compounds, where
the MXene was mechanically mixed with antimony nano-
particles for electrode preparation (ESI, Fig. S117), all hybrids
show a significantly more stable capacity over 100 cycles. The
stability curves in ESI, Fig. S11F show that the cells have satis-
factory capacities with initial values of around 480 mA h g™ for
Sb + MX_HF5(6:4) MM and 420 mA h g™' for Sb +
MX_HF5(7 : 3)_MM, respectively. Still, between the 50% and
80" cycle, a collapse of the cell performance occurs, depending
on the amount of antimony. In this case, optimal buffering of
the volume expansion of the antimony particles and mainte-
nance of the conductive path seems not to have been ensured,

which is why early pulverization of the electrode takes
place.21,36,3s,39,42-44

Na Sb Carbon Na;Sb sSb
X . paper

[ &

Intensity
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In contrast, the Sb@MXene hybrid shows a significantly
improved electrochemical stability performance.
Sh@B_MX_HF5(6 : 4) provides a high capacity of 450 mA h g ™'
and also a high capacity retention of around 96% after 100
cycles. This hybrid combines an optimal distribution of anti-
mony and MXene particles with an optimized content of MXene
and antimony; thereby, facile electron transport is enabled. The
layers of MXene buffer the volume changes of antimony, and
the antimony particles provide excellent electrochemical
addressability. The optimal amount of antimony for this hybrid
type is 60% to achieve the maximum capacity with the highest
possible stability. Our electrochemical data for the hybrid with
MX_HF30 support this finding. Here, the two hybrid materials
Sb@B_MX_HF30(6 : 4) and Sb@A_MX_HF30(6 : 4) show the
most stable behavior at a higher capacity, although a slight
degradation can already be observed over the 100 cycles.

The two samples Sb@B_MX_HF30(6 : 4) and
Sb@A_MX_HF30(6 : 4) are suffering from a rapid loss of
capacity after around 90 cycles. This effect may be caused by the
nature of the electrode materials and the distribution of the
relatively large MXenes and antimony particles in the electrode,
whereby the volume change cannot be satisfactorily buffered.
This finally leads to electrode pulverization. However, the
Sb@B_MX_HF30(7 : 3) material already loses about one-third of
its capacity after about 30 cycles. Sb@A_MX_HF30(7 : 3) shows
a decent degradation and a significantly lower de-sodiation
capacity right from the start. All Coulombic efficiency values
for these compounds are comparable and achieve around 97%,
avalue that is influenced by the inherent mechanical instability
of Na/Sb alloying, which is lower than the charge efficiencies of
intercalation electrodes, where structural variations are
minimal, but is still comparable to that of the best alloying/
conversion electrodes. This stabilization of the Coulombic
efficiency indicates a stabilization of the electrodes towards side
reactions. However, the processes are still not fully reversible

A lls8
T,

15 o
3
(o]
10 T
5

Two theta (°)

0
3 2 1 0
Potential vs. Na*/Na (V)

Fig.7 (A) In situ X-ray diffractograms using a setup with Ga-Kj radiation (XRD-3; 4 = 1.20793 A) for Sb@B_MX_HF5(6 : 4). The cell was operated
at 0.1 A g~! between 0.1V and 2.0 V vs. Na*/Na also showing the corresponding voltage profile (B).
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since, for rechargeable batteries, a Coulombic efficiency of
about 100% is required for both the anode and the cathode in
the cells. Nevertheless, these values can be challenging to
obtain due to various types of losses such as SEI formation or
aging processes.

Compared to other MXene composites and MXene hybrid
systems (Table 1 and Fig. 9), the optimized materials in our
work offer highly promising performance values (e.g,
434 mA h g™* after 100 cycles for Sb@B_MX_HF5(6 : 4)). This
applies not just to Sb/MXene studies but also includes other
studies on hybrids and nanocomposites involving MXene. For
example, Ti;C,T, decorated with Sb nanoparticles reported by
Chen et al® provides nearly 2.5-times lower -capacity
(185 mA h g ') with lower cycling stability (50 cycles). The
composite material studied by Meng et al.*® was based on black

Ji\ Sb@A_MX_HF5(6:4) pristine electrode

10pum

(@} Sb@B_MX_HF5(6:4) pristine electrode

E Sb@B_MX_HF5(6:4)

pristine electrode

U

cycled electrode

Intensity

Sb (PDF 00-035-0732)
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phosphorus; while providing an excellent initial capacity of
1300 mA h g7, this value quickly dropped to ~180 mA h g™'
after 5 cycles.

ESI, Fig. S131 compares all the systems listed in this work
and the associated electrochemical performance. This compi-
lation demonstrates the different performances when synthesis
parameters are changed. All other materials have a significantly
lower initial capacity than the best-performance material
Sb@B_MX_HF5(6 : 4). An optimized Sb/MXene hybrid system is
a promising approach to exploit the advantages of both groups
of materials and to compensate for the disadvantages of both
systems used individually, which ultimately leads to stable high
cycling stability. However, a direct comparison with literature
data is complicated by different experimental settings, such as

(a3 Sb@A_MX_HF5(6:4) cycled electrode

D}l Sb@B_MX_HF5(6:4) cycled electrode

ﬂ Sb@A_MX_HF5(6:4)

pristine electrode

S I

S\JW; |

Intensity
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Fig.8 Scanning electron micrographs of the (A) pristine Sb@A_MX_HF5(6 : 4) electrode, (B) cycled Sb@A_MX_HF5(6 : 4) electrode, (C) pristine
Sb@B_MX_HF5(6 : 4) electrode, and (D) cycled Sb@B_MX_HF5(6 : 4) electrode. X-ray diffraction pattern of (E) pristine and cycled
Sb@B_MX_HF5(6 : 4) electrodes, (F) pristine and cycled Sb@A_MX_HF5(6 : 4) electrodes.
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electrolytes, cell normalization and real

compositions.

setups, or

3.3 In situ and post mortem characterization

To better characterize the sodiation and the de-sodiation
mechanism of the Sb@MZXene hybrid electrodes with sodium,
the structural change of the anode material was investigated by
in situ XRD measurements for five charge-discharge cycles.
Fig. 7 shows in situ X-ray diffractograms of the best-performance
Sb@B_MX_HF5(6 : 4). The reflections at 17.9° 26 21.8° 24, 30.5°
26, 31.8° 26, 35.6° 20, 36.7° 26, 39.0° 26, 44.8° 20, 47.0° 20, 49.3°
26, and 51.4° 26 in the initial state of the Sb@MZXene electrode
correspond to the (003), (012), (104), (110), (015), (006), (202),
(024), (107), (116), and (112) reflections, respectively, for crys-
talline trigonal antimony phase with hexagonal axes and the
space group R3m. The two reflections at 20.1° 24 and 45.7° 24
are assigned to the carbon paper used as a current collector. The
last two reflections do not change in intensity and position
during the complete charge and discharge process. In the first
charging cycle, until a potential of about 0.4 V is reached, no
significant difference in the XRD pattern is observed. Further
reduction of the potential leads to the observation of two
additional reflections at 14.43° 26 and 16.24° 2§ indicating the
formation of intermediate Na,Sb.3%4>71#485 At the same time, the
less and less intense reflections, especially for the reflection at
21.80° 26, which are due to the original crystalline antimony
present, and the reduction of the amorphous pattern also
indicates an alloying reaction with sodium. When the cell is

1400 -

>: MXene/SnS, composite

c: Ti,C,T, MXene decorated with Sb

| f: Lattice-Coupled Si/lMXene
: S MX_ HF30(6:4) this work

- =
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d: SnS nanoparticle-modified MXene (*20 cycles)
e: Sn0, nanocrystals between polypyrrole and Ti,C,T,

| h: Black phosphorus/Ti,C, MXene nanocomposite

Lisaiaas i
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charged further to a lower potential limit, two broader reflec-
tions are obtained at about 25° 26 and 29° 26 due to the
formation of cubic-hexagonal Na;Sb and the ultimate stabili-
zation in hexagonal NazSh.**

Our observations confirm the already elucidated mechanism
of the alloying reaction of antimony with sodium in a multistep
process resulting in a crystalline product. During cell discharge,
the alloy reflections gradually weaken, and the intensity of the
elemental antimony reflections gradually increases. At the same
time, the intensity of the initially obtained antimony reflection
is not restored. This indicates that the reactions cause some
antimony to return back to amorphous antimony. In addition,
from the first discharge cycle onwards, an additional, increas-
ingly more prominent reflection becomes visible, which, apart
from the formation of an SEI, can probably also refer to the
formation of antimony oxide which forms a thin layer on the
surface of the antimony electrode while cycling. An explanation
for the wvery high and stable performance of
Sb@B_MX_HF5(6 : 4) can be derived by comparing the main
differences between the hybrids even after cycling. Leaving
aside the influence of the different MXenes and focusing only
on the two similar Sb@A_MX_HF5(6 : 4) and
Sb@B_MX_HF5(6 : 4) hybrids, one can see in the pristine elec-
trode (Fig. 8A and C) significantly larger particles and partly
already cracks in Sb@B_MX_HF5(6 : 4). No such cracks are seen
for the electrode made from Sb@A_MX_HF5(6 : 4).

Post-mortem analysis shows that the promising electro-
chemical performance of the Sb@B_MX_HF5(6 : 4) electrode

[ Tinitial
/72 after 50 cycles

our work (after 50 cycles)

max. value after

f 50 cycles (our work

o

0 10 20 30 40 50 60 70 80 90 100

Active material (without MXene) (%)

Fig.9 Graphicalillustration and overview of the initial specific capacities and values after 50 cycles of cycling at a specific current of 0.1 A g~ for
different A@MXene composites or hybrid materials of the state-of-the-art systems in comparison to the values obtained in this work. Data from

ref. 65 and 86-92.
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aligns with significantly fewer volume changes and fewer cracks
of the electrodes. The best distribution of antimony particles,
MZXene layers, and conductive additive results in the best buff-
ering of volume expansion, which is concluded in a good cycle
and rate behavior. Optimized conductive paths allow homoge-
neous charge transfer on the surface of the antimony particles.
Also seen in the electron micrographs is that the post mortem of
the Sb@B_MX_HF5(6 : 4) electrode shows a homogeneous and
flat electrode surface. It is suggested that this probably char-
acterizes the SEI, which may have stabilized the electrochemical
behavior compared to the other electrodes. Disordered parts
and impurities could catalyze the chemical reactions, resulting
in an improved SEI, better-buffering effects, and better inter-
action between the antimony material and MXene particles.”

The XRD patterns recorded ex situ (Fig. 8E and F) also
confirm the statement of the reaction mechanism to Na;Sb and
a larger fraction of amorphous antimony while cycling. Due to
this, the antimony reflections become less intense, and new
reflections appear. Also, the diffraction pattern of the
Sb@A_MX_HF5(6 : 4) electrode displays a different intensity of
the (002) reflection before and after cycling. This effect may be
caused by the strong reflection of the aluminum current
collector, which is more visible after cycling due to the cracks in
the electrode. Despite the difficulty in detecting antimony in-
between the layers of the MXene, it was possible to confirm
that the antimony particles always react as in the proposed
reaction mechanism.

4 Conclusions

MZXenes' unique properties, including their high electrical
conductivity and accessible interlayer space, make them highly
attractive for numerous electrochemical applications, including
alkali metal-ion batteries. So far, based only on ion intercala-
tion, the specific capacity remains limited and mandates the
exploration of combinations of MXene with other materials,
such as alloying electrode materials. Antimony is a very prom-
ising anode candidate, which reacts in an alloying reaction with
sodium to form Na;Sb delivering a high theoretical capacity of
660 mA h g~ '. Yet, the major drawback of alloying materials is
their large change in the volume during charging and dis-
charging, which often leads to electrode cracking, pulverization,
and poor electrochemical performance. An appropriate matrix
can mitigate such a drawback, and we demonstrate the benefits
(and limitations) of MXene/Sb electrodes.

In our work, the influence of different types of MXenes,
different synthesis routes, morphology, and different electrode
compositions on electrochemical stability and longevity for use
as an anode material in sodium-ion batteries was systematically
investigated. The initial expansion of the MXene layers and the
subsequent intercalation of the antimony nanoparticles in
between the layers are disadvantageous properties of the hybrid
electrodes as some parts of antimony seem not to be electro-
chemically accessible. The best performance is not triggered by
the highest amount of antimony particles, the smallest nano-
particles, or the largest interlayer distance of the MXene but by
the most homogeneous distribution of antimony and MXene

This journal is @ The Royal Society of Chemistry 2022
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while both components remain electrochemically addressable.
With the best hybrid material, we obtained electrodes with
a specific capacity of 450mAh g 'at0.1Ag 'and365mAhg
at 4 A g, with a capacity retention of around 96% after 100
cycles. In addition, the mechanism was investigated by in situ
XRD and post mortem analysis, and an alloying reaction of
antimony without side reactions was confirmed.
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Figure S1: X-ray diffraction patterns of different Sb@TizC.T, hybrid materials (+pure TisC:T:
and expanded TizCzT;) by using the MXene etched with 5 mass% HF (A) and 30 mass% HF (B).
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Figure S2: Particle size distribution derived from image analysis of scanning electron

micrographs of 150 antimony particles synthesized via synthesis Route A (A) and via synthesis
Route B (B).
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Figure S3: Scanning electron micrographs of (A) antimony TizC>T, (5 mass% HF) hybrid with a
composition of 7:3 (B) antimony expanded TizCT; (5 mass% HF) hybrid with a composition of
7:3 (C) antimony TisCoT, (30 mass% HF) hybrid with a composition of 7:3 (D) antimony
expanded TizC,T; (30 mass% HF) hybrid with a composition of 7:3.
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Figure S4: Material characterization of the different MXenes. Scanning electron micrographs

of (A-B) TizCaT; (5 mass% HF), (C-D) with TMAOH expanded TizC,T; (5 mass% HF), (E-F) TisCT;
(30 mass% HF), (G-H) with TMAOH expanded TizC,T, (30 mass% HF).
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Figure S5: Material characterization of the different with TMAOH expanded MXene antimony
hybrids. Scanning electron micrographs of (A-B) antimony expanded TizC;T; (5 mass% HF)
hybrid with a composition of 6:4, (C-D) antimony expanded TizC,T; (5 mass% HF) hybrid with
a composition of 7:3, (E-F) antimony expanded TizCoT, (30 mass% HF) hybrid with a
composition of 6:4, (G-H) antimony expanded TisC;T, (30 mass% HF) hybrid with a
composition of 7:3.
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Figure S6: Material characterization of the different MXenes hybrids. Scanning electron
micrographs of (A-B) antimony TisCoT; (5% mass% HF) hybrid with a composition of 6:4, (C-D)
antimony TizCoT; (5% mass% HF) hybrid with a composition of 7:3, (E-F) antimony TizC,T;
(30% mass% HF) hybrid with a composition of 6:4, (G-H) antimony TizC,T, (30% mass% HF)
hybrid with a composition of 7:3.
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Figure S7: Cyclic voltammograms recorded at 0.1 mV s in the potential range of 0.1-2.0 V vs.
Na*/Na for (A) antimony TizC2T, (5% mass% HF) hybrid with a composition of 6:4, (B) antimony
TizCaT, (5% mass% HF) hybrid with a composition of 7:3, (C) antimony expanded TizCoT; (5%
HF) hybrid with a composition of 6:4, (D) antimony expanded TizC2T: (5% mass% HF) hybrid
with a composition of 7:3, (E) v TizCaT: (5% mass% HF), (F) not expanded TizC2T, (5% mass%
HF).
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Figure S$8: Cyclic voltammograms recorded at 0.1 mV st in the potential range of 0.1-2.0 V vs.
Na*/Na for (A) antimony TisC:T. (30% mass% HF) hybrid with a composition of 6:4, (B)
antimony TizC;T; (30% mass% HF) hybrid with a composition of 7:3, (C) antimony expanded
TizCaT, (30% mass% HF) hybrid with a composition of 6:4, (D) antimony expanded TisC:T;
(30% mass% HF) hybrid with a composition of 7:3, (E) expanded TisCxT: (30% mass% HF), (F)
not expanded TizC,T; (30% mass% HF).
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Figure S9: Galvanostatic charge and discharge profiles at different applied specific currents of

between 1.0V and 3.0V wvs.
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Figure S10: Electrochemical characterization of the non-expanded and expanded TizC:T,,
etched with 5 mass% HF. Galvanostatic charge and discharge profiles at rates of 0.1-8 A g’}
(1.0-3.0 V vs. Na*/Na) of (A) MX_HF5, (B) MX_HF30, (C) A_MX_HF5, and (D) A_MX_HF30. Rate
performance using galvanostatic charge/discharge cycling and Coulombic efficiency values at
different rates for (E) MX_HF5 and A_ MX_HF5, (F) MX_HF30 and A_MX_HF30. Galvanostatic
charge/discharge cycling stability and Coulombic efficiency values at a specific current of 0.1 A
gl for (G) MX_HF5 and A_MX_HF5, (H) MX_HF30 and A_MX_HF30.
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Figure S12: X-ray diffraction pattern of (A) pristine and post mortem Sb@B_MX_HF5(6:4)
electrode (B) pristine and cycled Sb@A_MX_HF5(6:4) electrode. The diffraction patterns were
recorded with the setup XRD-2 (see Experimental).
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Unraveling the Electrochemical Mechanism in Tin Oxide/
MXene Nanocomposites as Highly Reversible Negative
Electrodes for Lithium-lon Batteries

Antonio Gentile, Stefanie Arnold, Chiara Ferrara, Stefano Marchionna, Yushu Tang,
Julia Maibach, Christian Kiibel, Volker Presser,* and Riccardo Ruffo*

1. Introduction

Lithium-ion batteries are constantly developing as the demands for power

and energy storage increase. One promising approach to designing high-per-
formance lithium-ion batteries is using conversion /falloying materials, such

as SnO;. This class of materials does, in fact, present excellent performance
and ease of preparation; however, it suffers from mechanical instabilities
during cycling that impair its use. One way to overcome these problems is to
prepare composites with bi-dimensional materials that stabilize them. Thus,
over the past 10 years, two-dimensional materials with excellent transport
properties (graphene, MXenes) have been developed that can be used syner-
gistically with conversion materials to exploit both advantages. In this work, a
50/50 (by mass) SnO,/Ti;C,T, nanocomposite is prepared and optimized as a
negative electrode for lithium-ion batteries. The nanocomposite delivers over
500 mAh g for 700 cycles at 0.1 A g~' and demonstrates excellent rate capa-
bility, with 340 mAh g at 8 A g7\. These results are due to the synergistic
behavior of the two components of the nanocomposite, as demonstrated by
ex situ chemical, structural, and morphological analyses. This knowledge
allows, for the first time, to formulate a reaction mechanism with lithium-ions
that provides partial reversibility of the conversion reaction with the forma-

tion of SnO.

Rechargeable lithium-ion batteries (LIBs)
are experiencing unprecedented success
primarily due to the growing market pen-
etration of electric vehicles (EVs). LIBs are
the only technology capable of powering
EVs today and will likely remain so for the
next decades.l' However, to ensure better
acceptance of the technology and to bridge
the performance gap that remains with
internal combustion engines, EV batteries
must be even more efficient, safer, and less
expensive than the current state-of-the-
art. Cutting-edge LIB cells, called genera-
tion 3a, have gravimetric and volumetric
energy densities of 250/300 mAh g* and
700 Wh L7, respectively, with charging
times of about 20 min and lifetimes of
1000 cycles (80% capacity retention).?!
However, these performances seem dif-
ficult to overcome while maintaining the
rocking chair operation principle that
characterizes LIBs, based on the reversible
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ion intercalation mechanisms at both electrodes. While it guar-
antees long lifetimes, it limits the specific energy, especially of
the graphite-based negative electrode in almost all LIBs.

Moreover, already in generation 3a, a small quantity of con-
version/alloying materials (5-7% of Si/SiO,) have been intro-
duced in the negative electrode to increase the specific capacity
without compromising the mechanical integrity. To obtain
superior performance for the next LIB generations, it is nec-
essary to increase this quantity while simultaneously finding
a way to contain the volume expansions inevitably associated
with these compounds. Among different conversion/alloying
materials, using SnO, or SnO, has several advantages, such
as the easy preparation routes and the large availability of raw
materials. For example, the use of SnO, as an anode in LIBs
dates back to 1997 when Jeff Dahn’s group demonstrated the
conversion/alloying reaction mechanism related to the inser-
tion of lithium in glassy or crystalline SnO,:I’l

xLi* +Sn0,; +xe” — x/2Li,0+Sn (1)
yli* +Sn+ye =2 Li,Sn )

The mechanism can be described as an irreversible reduc-
tion of the oxide to metallic Sn with the formation of Li,O
(Equation (1)) followed by the reversible alloying/de-alloying
reaction (Equation (2)).¥ The amount of irreversible and revers-
ible capacities depends on the oxygen content in the SnO, and
on the stoichiometry of the lithiated alloy, which in the case of
tin, can be up to Liy,Sn. The approach was promising, and Fuji
Film researchers were close to commercializing SnO,-based
electrodes able to provide 50% more capacity than carbon com-
pounds.P! Later, the Schleich Group published seminal works
on thin film crystalline Sn0O, electrodes, confirming the con-
version/alloying mechanism, and revealing the morphological
evolution of the system during cycling.l®®l It soon became clear
that the limiting factor in the commercial application of these
electrodes was the decrease of capacity during cycling due to
the mechanical instability of the alloys and the volume expan-
sion during the charge and discharge cycle, with loss of electric
contact during cycling and electrode pulverization, a process
defined as decrepitation.”) Two main routes have been explored
to overcome this issue, namely nanostructuring of electrodes
to allow expansion and contraction of the active material
and preparation of nanoscale composites, which in addition to
buffering the volumetric changes, allow optimal electron distri-
bution in the electrode bulk. In the former case, SnO; nano-
structured fibers,'!l porous structures,'>!* nanoparticles,!'*!%l
hollow nanostructures,['®] nanowires,"2% and nanotubes?!
have been prepared and characterized. Among the many com-
posites investigated, however, the most interesting results
were obtained with composites based on nanostructured car-
bons,?8] graphene,?**°l metallic structures,**! and biopoly-
mers.¥l These works showed that nanostructured composites
withstand a higher number of cycles, with performances often
exceeding the theoretical limits calculated by combining the
specific capacities of both SnO, (according to Equations (1)
and (2)) and the secondary phase (carbon, graphene, etc.). In
combination with experimental evidence previously obtained
by utilizing Méssbauer spectroscopy,®® this led to a revi-
sion of the electrochemical mechanism, attributing partial
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reversibility to the conversion reaction (Equation (1)), which has
been attributed to the oxidation reaction of freshly formed Sn
by de-lithiation with Li,O at the atomic scale. This is usually
detected in differential capacity curves as belly-shaped peaks at
potentials higher than 1 V.

Among the various two-dimensional conductive structures
that can be used to improve the mechanical properties of
conversion systems, MXenes have attracted interest in recent
years. MXenes are a novel class of 2D layered transition metal
carbides, nitrides, and/or carbonitrides with their combined
properties such as good electronic conductivity, hydrophilicity,
and flexibility.’?** In particular, the Ti;C,T, MXene phases
have been recently used to produce composites with SnO,
through different methods, such as self:assembly,* atomic
layer deposition, in situ quantum dots***] or nanoparticle
formation.[**#] These works are characterized by performances
that depend on the relative composition of the two phases,
and which are concluded in a specific capacity range between
360171 and 700 mAh g .I*¥l The discrepancies are also related
to the different cycling conditions and the different electrode
charges. Despite these differences, in the charge and discharge
profiles, there are common characteristics linked to the reac-
tion potentials, which allow, through the differential capacity
curves, to highlight the 3 main reactions, that is, the conver-
sion of the oxide, the alloying of the tin and the intercalation
in the MXene. Other common characteristics are the low Cou-
lombic efficiencies in the first cycle, generally between 6091
and 75%.%! At the same time, little information is available
regarding the charge efficiency in the subsequent cycles, which
does not exceed 98.5%.*# Despite these promising results,
the progress in using this material combination for high-
performance batteries has been stalled. This is because of the
limited understanding of the intricate interaction between the
oxide nanoparticles and the MXene and of the reaction mecha-
nism when used as an anode in LIB.

In the present study, we show the possibility of preparing
Ti;C,T,/Sn0O; nanocomposite with excellent energy storage
properties thanks to the intimate contact between the two
components. With the idea of preparing nanocomposite with
excellent reversibility properties, we limited the amount of tin
oxide to 50% of the total mass, even if this choice may limit
the specific capacity of the system. Moreover, we investigated
the reversibility of the conversion reaction, highlighting, for the
first time, the presence of amorphous SnO in the de-lithiated
electrodes and proposing a coherent mechanism to explain the
electrochemical data.

2. Results and Discussion

2.1. Materials Preparation

MXenes are suitable materials for preparing nanocomposites,
and several strategies have been reported.**! In the present
work, we prepared the desired nanocomposite following the
procedure reported in Figure la. This synthesis was chosen
both because it is capable of producing SnO, single-crys-
talline nanoparticles with dimensions on the order of a few
nanometers,*? and because it can be carried out easily in the
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Figure 1. a) Scheme of the synthesis of the nanocomposite and b) X-ray diffractogram for the MXene (red), SnO, (yellow), and the nanocomposite
(purple). Stars mark the TiC reflections; the circle marks the F-doped TiO, reflection.

presence of dispersed MXenes. The goal is to produce the nan-
oparticles directly on the surface of Ti;C,T, layers by promoting
their exfoliation during HCl evolution and thus maximizing the
interaction between the nanoparticles and the MXene layers. A
higher amount of oxide would have led to unacceptable values
of Coulombic efficiency, while a decrease in it would have made
the specific capacity of the nanocomposite of little application
interest. Aiming to characterize the nanocomposite, the two
components, Ti;C,T, and SnO,, have been carefully investi-
gated to set the starting point for the subsequent analysis.

2.2, Materials Characterization

MXene was obtained by using HF-etching in high concentra-
tions to obtain the well-known open-lamellae morphology.>*54
The obtained MXene structure is confirmed by the X-ray diffrac-
tion (Figure 1b). The collected data for the MXene are similar to
those previously reported and discussed by our group and gen-
erally compliant with diffraction data of MXenes obtained with
solution etching.®55-% The main features are the position of
the (002) reflection at 9.1° 26 related to the interlayer distance
among the Ti;C,T, layers and the blurring of the bands in the
30-50° 26 region associated with the high level of disorder due
to the presence of stacking faults and the distribution of the
interlayer distances. Characteristic reflections of TiO,,F, and
TiC, as typical impurities for such type of synthesis, are also
observed in the diffraction patterns.*>5%6! Scanning electron
micrographs in Figure 2a show that the MXene presents the
characteristic layered structure and microstructure, as already
reported when high concentrations of HF and/or fast etching
kinetic are exploited.l’**% This peculiar morphology was chosen
because it was considered favorable for the intercalation of Sn
ions during the immersion process in the tin chloride solu-
tions and thus for the nucleation of the oxide on the surface
of the lamellae. TEM investigations, reported in Figure 2b,
and Figures S1 and S2 (Supporting Information), show the
layered arrangement of the structure with extended disordered
regions with variable interlayer distances, as also evidenced

Adv. Mater. Interfaces 2023, 2202484 2202484 (3 of 13)

by XRD. The EDX maps (Figure S1, Supporting Information)
indicate the presence of Ti, C, F, and O compatible with the
nominal MXene composition with mixed —-F and —O termina-
tions. Small traces of Al are also revealed but strongly localized
and ascribable to AlF; and Al,O; surface impurities, residues
of the synthesis (Table S1, Supporting Information). O and F
terminations are homogenously distributed, indicating the
absence of clustering. From the selected area electron diffrac-
tion (SAED; Figure S2, Supporting Information) it is also pos-
sible to detect the presence of surface TiO, and/or TiO, F,,
nanoparticles, as already evidenced indirectly in our previous
study.”®) SAED also confirms the presence of a high level of 2D
disorder. From the analysis of the radial distribution function
(RDF) patterns,[®283] revealing the short-range structure, it is
possible to detect the typical Ti-C (2.14 A) and Ti-Ti (3.06 A)
distances expected for the parental MAX phase (comparison
with the simulated data in Figure S2, Supporting Information)
confirming that the etching procedure unalters the Ti;C, skel-
eton. Moreover, the obtained bond distances agree with those
derived from the X-ray absorption spectroscopy (XAS) analysis
performed on the same sample by our group.®® The additional
peaks observed at 1.33 and 1.67 A in the experimental RDF
profile are ascribed to the O/F terminations interacting with
trapped interlayer water molecules. This attribution is con-
firmed by the absence of such distances in the RDF profile of
the MAX phase. The Ti—Ti bond distance is similar to the Ti—C
distance, as already evidenced by XAS investigation, density
functional theory (DFT), and pair distribution function (PDF)
analysis.’%0465] The surface chemistry has been characterized
through XPS analysis (Figure 3). Both —F and —O terminations
are observed, confirming the energy-dispersive X-ray (EDX)
results. Titanium is observed in several oxidation states associ-
ated with different coordination with C, O, and F.5%615¢] The
presence of surface TiO, is detected, again in agreement with
previous observations.[66:67]

To compare the results of the nanocomposite with the
pristine material, it is also relevant to determine the struc-
ture, stoichiometry, and morphology of the tin oxide powders
obtained via hydrolysis of the tin chloride. The diffraction
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123

asUAI] suowo)) aaneal) ajqeatgdde ay) Aq pauiaaod aue sa[ane Y 198N Jo Sa[N1 10) AIRIQIT AUI[uE) £3[1AY UO (SUOTPUO3-puR-suuaywos Ka[im* Kreiquautuoyy:sdiy) suonipuo) pue suuap 3 208 *[£20z/c0/5z] uo Areaqry aurjug £a]i ‘sapuepees saq) 12eISIAINL] AQ $8EZ0ZZ0T TWUPE/Z00 [ 01 /10pwos Ko Kregquautjuoyy:sdiy woty papeojumo ‘0 ‘0SEL961T



RESULTS AND DISCUSSION

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

INTERFACES
www.advmatinte

MXene

Figure 2. Scanning and transmission electron micrographs of a,b) MXene; c,d) SnO,; e,f) SnO,-MX nanocomposite.

pattern collected for the tin oxide powders (Figure 1b) is com-
patible with the cassiterite structure (PDF 01-071-0652), and
the broadening of all reflections indicates that the powders are
nanostructured; indeed, the size of the coherently scattering
domains estimated from the two most intense XRD reflections
is 8 + 2 nm. This is also confirmed by the transmission elec-
tron microscopy (TEM) images (Figure 2d), revealing coherent
crystalline domains of several nanometers, which tend to aggre-
gate in secondary structures. Scanning electron micrographs
(Figure 2c) reveal spherical agglomerates with a particle size of
several hundred nanometers. The structural and morpholog-
ical features can be further observed in TEM using diffraction
(SAED) and energy dispersive X-ray spectroscopy (EDX), as rep-
resented in Figure S3 (Supporting Information), obtained on a
single spherical agglomerate with a diameter of 350—400 nm.
The diffraction pattern of such agglomerates reveals their
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crystalline nature, with diffraction cones formed by many spots
due to the random orientation of coherent crystalline domains.
The surface chemistry has been investigated using XPS anal-
ysis, as reported in Figure 3. The analysis performed on the tin
oxide powders suggests that the systems can be described as
cassiterite SnO, and not as SnO, confirming XRD and TEM
results.

The 50:50 nanocomposite, which represents the best com-
promise between higher specific capacity and reversibility
of the electrochemical process, has been characterized by
exploiting the same combination of techniques; results are
reported in Figures 1-3. The X-ray diffractograms of the SnO,-
MX nanocomposite can be rationalized as the sum of the two
components and indicates the successful synthesis of the
nanocomposite (Figure 1b). Indeed, the main reflections of
both the MXene and SnO, are still visible, indicating that the

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. X-ray photoelectron spectra of the MXene, SnO,, and the SnO,-MX nanocomposite.
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two structures are still present in the nanocomposite. At the
same time, a significant shift at lower angles is observed for
the 001 class of reflection of the MXene. In particular, the (002)
reflection is downshifted to 6.9° 26, indicating a widening of
the interlayer distance moving from 9.6 to 12.6 A. This can be
related to the intercalation of Sn ions within the layers and/
or the trapping of water molecules during the synthesis. The
reflections of TiC and TiO, impurities are still visible; the
amount of doped TiO, seems to be slightly increased for the
pure MXene. This can be attributed to the open lamellar struc-
ture, which exposes a larger surface of the MXene layers, which
are more susceptible to oxidation. Finally, it can be observed
that the reflections attributed to the SnO, in the nanocom-
posite are broader than in the pure compound suggesting the
formation of smaller particles of tin oxides when nucleating
on the MXene surface. Similar evidence comes from electron
microscopy. The nanocomposite clearly shows the presence
of the two structures, as highlighted in Figure 2e,f. The open
accordion-like structure of the MXene is present and unaltered
by the preparation of the nanocomposite. SnO, particles with
different degrees of aggregation can be observed on the MXene
blocks (large clusters) and within the lamellae (small clusters).
It is thus evident that the synthesis does not compromise
the structure of the MXene and the SnO, powder. The SAED
patterns confirm that the bond distances related to the Ti;C,
skeleton and the SnO, systems are the same as for the pris-
tine materials. The EDX maps confirm the two components’
homogeneous distribution and fine dispersion (Figure S4,
Supporting Information). The XPS data obtained for the nano-
composite reveal that no strong surface modification has been
introduced (Figure 3). The spectral region of oxygen in the
nanocomposite appears as the superimposition of the contri-
butions from the O-terminations of the MXene and the oxygen
anions in SnO,. At the same time, other elemental spectra are
unaffected after the assembling procedure.

These results thus confirm the successful preparation of the
50:50 Sn0O,-MX nanocomposite; the two components are pre-
sent and unaltered. The fine dispersion of the two components
is obtained at the nanometric level with the SnO, particles
anchored on the MXene layers’ surfaces.

2.3. Electrochemical Performance

For the sake of clarity, before discussing the electrochemical
characteristics of the nanocomposite, the behaviors of pristine
materials will be discussed (Figure S5, Supporting Informa-
tion). Charge and discharge profiles and the resulting differ-
ential capacity curves were obtained in 3-electrode cells in all
3 cases, while long cycling of the nanocomposite was per-
formed in two-electrode coin cells.

In pure SnO,, the charge/discharge profiles (Figure S5a,
Supporting Information) agree with the literature and are
related to the conversion/alloying processes widely dis-
cussed in the introduction. The first cycle cathodic capacity
is 1595 mAh g!, slightly higher than the theoretical value
obtained considering the conversion reaction and the fully
alloying to Liy4Sn (1493 mAh g, 8.4 electrons per SnO,
unit formula). The difference could be ascribed to the SEI
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formation (starting below 1.3 V), also considering that
the alloying reaction could be incomplete. The first cycle
oxidation delivers 955 mAh g, which corresponds to 5.4
electrons per unit formula, a value larger than the full de-
lithiation of Li,4Sn to Sn (782 mAh g™'). Moreover, a not neg-
ligible part of such capacity (250 mAh g™) is obtained at a
potential >1.2 V, implying the partial reversibility of the con-
version reaction and/or the reoxidation of the freshly formed
SEIL The cycling properties of the SnO,-based electrodes are
very poor, with a capacity retention of 18% after 20 cycles
(Figure S5c, Supporting Information). The specific capacity
trend evidences the decrepitation of the electrode during
oxidation, the cathodic capacity at a given cycle is practically
equal to the anodic capacity at the previous cycle. The differ-
ential capacity curves help to better analyze electrochemical
behavior (Figure S5b, Supporting Information). No reduction
processes are detected up to 1.6 V during the first lithiation,
while below this threshold, according to recent in situ char-
acterizations,®® Sn0O, reacts to SnO and Li,Sn0O;. At around
1.0 V the main peak of the conversion reaction is observed,
leading to the formation of metallic Sn and Li,O. The further
reduction peaks are attributed to the alloying between Sn and
Li, with the following formation of intermediated phases such
as LiSn, Li, ¢Sn, Liz ;Sn, and Liy,Sn (cut off at 0.01 V). During
the reoxidation, the peaks at 0.45 and 0.62 V are the footprint
of the de-alloying reaction. In comparison, a further oxidative
process (belly-shaped peak at 1.27 V) is detected, probably due
to the partial conversion of Sn to SnO,.

In pristine MXene, the charge/discharge profile (Figure S5d,
Supporting Information) shows the already observed features
first reported by Naguib et al. in 2012.[°) Monotonic variation
of the potential with the charge indicates a pseudocapacitive
behavior during lithium-ion intercalation and de-intercalation.
The specific cathodic and anodic capacities for the first cycle
are 405 and 205 mAh g7, respectively, with a charge effi-
ciency of 51%. The rate capability shows a good performance
where the material can maintain a capacity from 120 mAh g™
at 500 mA g7 with excellent capacity retention of 99% after
70 cycles (Figure S5f, Supporting Information). The pseudoca-
pacitive behavior is also seen in the differential capacity curves
(Figure S5e, Supporting Information), which show a flat shape
with little pronounced peaks after the first cycle which, instead,
is characterized by the peaks of the SEI formation, the MXene
stabilization, and the Li* intercalation.

The electrochemical characteristics of the nanocompos-
ites are reported in Figure 4. During these characterizations,
the lower cut-off voltage was increased to 0.1 V because of the
slight irreversibility of MXene reduction below this threshold,
thus maximizing the electrode lifetime. The potential pro-
files (Figure 4a) reflect the behaviors of both active materials,
showing the two main SnO, conversion/alloying processes (the
latter is not complete due to the higher cut-off voltage) with a
monotonic variation of the potential due to pseudocapacitive
intercalation in MXene. The specific capacities for the first cycle
are 1230 + 70 mAh g" and 695 * 50 mAh g, for the cathodic
and the anodic scan, respectively, with a Coulombic efficiency
of 56.5 + 3.5% (data obtained with 4 different cells). The
capacity profiles, the black curves in Figure 4b (first cycle) show
in the cathodic process three main peaks related to the SEI
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Figure 4. a) Charge—discharge profiles, b) differential capacity, c) rate capability test, and d) long-term stability test for SnO,-MX nanocomposite as

lithium-ion battery electrode.

formation, the conversion process, and the alloying of Sn with
lithium. The first two processes happen at similar potentials
and may be superimposed. During the successive oxidation,
after the main process at 0.48 V (peak), which can be identified
as the de-alloying reaction, a large amount of charge (around
300 mAh g) is obtained at a potential higher than 1.0 V. This
may be ascribed to the removing of lithium-ions from the
MZXene sheets; however, the presence of the peak at 1.22 V is not
fully in agreement with the typical pseudocapacitive behavior
of Ti;C,T,, whose profile should be less pronounced.”’®”! Since
the conversion reaction (Equation (1)) should occur during the
initial cycles, analyzing the differential capacity in the 5" cycle
reveals essential information about the mechanism. Here (red
curve in Figure 4b), during the reduction of the nanocomposite,
a clear contribution to the capacity is present at a potential
>0.75 V, with two peaks at 1.21 and 0.95 V. In this zone, the
MXene is electroactive due to the Li* intercalation in between
the lamellae; however, the presence of the well-defined peak
is an indication of a simultaneous phase transformation. The
successive reoxidation shows a pseudocapacitive zone after the
stable de-alloying reaction. In conclusion, the analysis of the
differential capacity curves of the 5™ cycle suggests the partial
reversibility of the conversion reaction.

The three-electrode set-up was used to evaluate the kinetic
performances of the nanocomposite/electrolyte interface (rate
capability test) because the overvoltage at the Li*/Li counter
electrode can affect specific capacity values at the highest cur-
rents increasing the real cut-off voltages of the working elec-
trode. In the rate capability test (Figure 4c), the nanocomposite
shows excellent properties, being able to sustain 450 mAh g!

Adv. Mater. Interfaces 2023, 2202484 2202484 (7 of 13)

at2 A g, 400 mAh glat4 A g, and 340 mAh gtat 8 A gL,
These values correspond to C-rate values of around 5, 10, and
20 C for commercial LIB negative electrodes with 400 mAh g%
This remarkable performance is probably the result of the syn-
ergistic interaction between the two materials. The long-term
stability test (Figure 4d), performed in a coin cell in the low cur-
rent regime (100 mA g'), which is normally a critical condi-
tion because secondary/degradation reactions have more time
to occur, reveals that the material needs 50 cycles to stabilize
the electrochemical performances. This effect has already been
observed in the literature due to the initial decrease in Sn grain
size formed by the conversion reaction with the loss of active
material.’2) Moreover, it has been proven that this results in a
decrease of specific capacity until the Sn particles fall below a
critical value that establishes greater reversibility in the con-
version reaction, promoting the oxidation of more Sn to SnO
by consuming Li,O (see discussion in the next section). The
tradeoff between Sn’s fragmentation and the conversion reac-
tion’s reversibility is also the key to understanding the slow
performance fluctuation observed from cycle 50 to cycle 700.
In this cycle range, where the performance can be considered
stable, an anodic capacity of 525 + 25 mAh g~! with a charge
efficiency of 98.8 £ 0.3% is observed. This represents a prom-
ising result considering the low current used during cycling
and the use of commercial, non-optimized electrolyte. The sta-
bility test at 100 mA g lasted about 7700 h (over 320 days).
Despite the long period and 700 cycles, the electrode showed no
change in specific capacity from the stable values obtained after
50 cycles (100% capacity retention). In contrast, the first cycle
capacity retention is 72%.
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2.4, Ex Situ Analysis of Cycled Electrodes

A detailed characterization of selected cycled electrodes has
been performed to identify the electrochemical behavior’s
origin and explain the electrochemical reaction’s mechanism.
Detailed chemical (XPS, EDX), structural (SAED), and mor-
phological (STEM) characterizations have been performed on

INTERFACES
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www.advmatinterfaces.de
cycled electrodes. XPS analysis has been carried out on elec-
trodes collected from cells at the open-circuit voltage (OCV)
and reduced to 1.0, 0.5, and 0.1 V. A further electrode was
obtained after reoxidation to 3.0 V. Results are reported in
Figure 5, and Figures S6 and S7 (Supporting Information). As
demonstrated by our data, both nanocomposite components
are electrochemically active. Indeed, both Ti and Sn regions

e - A
Ti2p

C-Ti-(0/0/0)

C-Ti-(O/O/F)

C-Ti-(O/F/F)

Pristine

C-Ti-(F/F/F)
TiO,F,

Norm. Intensity

470 465 460 455 450

S Binding Energy /eV

( Sn3d h

SnO, Pristine

05V

Norm. Intensity

500 495 490 485 480
Binding Energy /eV

AN

Figure 5. Ex situ Ti and Sn XPS spectra for electrodes cycled at different potentials.
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(Figure 5) changed significantly upon cycling, but the two spe-
cies behaved differently. The Ti region is characterized by dif-
ferent signals attributed to the different oxidation states and
local coordination in the MXene phase, as already discussed in
the first section. The evolution of this complex signal with lithi-
ation is essentially a shift of all the components, attributed to
the pseudocapacitive behavior of the MXene, already evidenced
by a previous study.””! Due to SEI formation, the Ti 2p inten-
sity drops significantly for low potentials but recovers in the
de-lithiated state, indicating a dynamic SEI or surface layer
that could contribute to the pseudocapacitive effect. The reoxi-
dized electrode presents a Ti spectrum similar to the pristine
compound, highlighting the reversible behavior of the MXene
components. Contrary, the Sn region presents sharp changes
with the appearance of new peaks for the electrode cycled to
1.0 V. From the OCV to this potential, a small lithiation of the
Sn0O; is expected, with the tin oxide behaving like an insertion
system for a very small fraction of Li.[°®l Below this potential,
the reduction promotes the conversion reaction to Sn and Li,0,
attested by the appearance of the peak ascribed to metallic Sn
(Figure 5).

Moreover, the contribution of Li;O in the O 1s spectral
region (Figure S6, Supporting Information) starts to appear at
low energy (528.5 eV). These contributions (Sn and LiO;) grow
in intensity for the electrode reduced to 0.5 V and reach the
highest intensities for the electrode reduced to 0.1 V. In this
state, the component associated with Sn(IV) is not visible,
suggesting the complete conversion of the tin oxide. Metallic
Sn formed during the reduction can further lithiate at 0.1V,
forming various alloys. Based on the XPS results, it is impos-
sible to distinguish among these different species as no suit-
able bulk-specific point of reference for the binding energy is
present in the system. Although XPS is not the best tool to
investigate alloying reactions, the Li 1s spectral region analysis
provides information about the lithiation process, as further
supported by STEM. A lithium peak (Figure S6, Supporting
Information) appears at 1.0 V as the effect of the insertion reac-
tion, and it shows the features of the characteristic Lit in oxides
or fluorides. However, as the alloying reaction proceeds (spec-
trum obtained at 0.1 V), a not negligible contribution is present
at lower binding energy, as observed from the clear shoulder at
54.5 V. This low energy contribution is usually associated with
the higher electronic density of lithium bonded with less elec-
tronegative atoms, such as metallic Sn.

The analysis of the XPS for the electrode cycled to 3.0 V
helps to understand the oxidation mechanism. The electrode’s
primary component in the Sn 3d spectrum cycled to 3.0 V
shifts back to higher binding energies. However, compared to
the electrode cycled to 1.0 V, a shift in binding energy toward
lower binding energies remains, indicating that the conver-
sion reaction is only partly reversible and the reoxidation does
not produce SnO,; but SnO,. Additionally, a small shoulder
at lower binding energies shows either incomplete revers-
ibility of the conversion process or incomplete de-alloying.
The signal related to Li,O in the O 1s region is not observed at
3.0 V anymore, indicating that the tin reoxidation mechanism
occurs at the expense of the lithium oxide formed during the
conversion reaction. Finally, incomplete oxidation to SnO; and
or de-alloying is also supported by the remaining Li intensity

Adv. Mater. Interfaces 2023, 2202434 2202484 (9 of 13)
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at 3.0 V (Figure S6, Supporting Information), which, however,
could also be incorporated in the SEI as LiF or other electrolyte
decomposition products. This is further supported by the Fls
and P2p regions (Figure S7, Supporting Information), where
the decomposition of the LiPF, electrolyte salt can be observed.
Traces of Na (not reported) are also observed due to the CMC
binder used to prepare the electrodes. Given the absence of
spectral variations in the Na 1s signal, we can exclude the Na
as electrochemically active in the explored conditions.

To further characterize the conversion reaction and its revers-
ibility, electrodes in the fully reduced state (0.1 V) and reoxi-
dized to 3.0 V have been analyzed through (S)TEM, EDX, and
SAED; the vacuum transfer holder was used to avoid contact
with air; results on representative portions of such electrodes
are reported in Figure 6 and Figure S8 (Supporting Informa-
tion). The fully reduced sample is unstable under the high-
energy electron beam of HR-TEM, which induces the growth
of metallic lithium. The STEM images collected for the 0.1 V
cycled sample reveal that the electrode is mechanically stable
after the alloying reaction. The elemental maps (EDX) of Sn
and Ti show the intimate contact between the two materials,
with the two elements homogeneously distributed in the cor-
responding phases. SAED results show that the external part
of the MXene lamellae is covered with LiF nanometric particles
formed as SEI. At the same time, the Sn-rich phase is compat-
ible with the crystalline Lij;3Sns alloy, a direct demonstration
of the alloying reaction. At the cut-off voltage of 0.1V, the total
composition should be Li;Sn with the equilibrium between the
Li;3Sng and the Li;Sn, alloys.”3 This is in agreement with the
phase observed by SAED, also considering that the two crystal-
line phases (Li;3Sns and Li;Sn;,) have very similar d-spacing. The
analysis of the reoxidized electrode again highlights that the
reaction does not involve a mechanical degradation of the nano-
composite, with the Ti and Sn EDX maps showing good homo-
geneity at the nanoscale level. The SAED analysis confirms
the XPS results, indicating the conversion back to SnO. The
analysis of the total diffraction data reveals that the conversion
does not entirely restore the initial configuration as, together
with Sn0O,, it is possible to detect SnO in an amorphous state.
On the contrary, the MXene component is stable and structur-
ally unaltered by the reduction and oxidation reactions.

The electrochemical performance of our material is in
line with SnO,/MXene composites obtained with similar
approaches (nanoparticles or other nanostructures on MXene
sheets), as evident from Table 1. All the materials reported have
low first-cycle charge efficiencies, require several cycles to reach
stable performance, and show excellent lifetimes in half cells
versus Li. However, as evident in the table, there is generally
little attention to either the ratio of oxide to MXene or the Cou-
lombic efficiency in subsequent cycles, which does not allow
for a proper evaluation of the durability of full cells equipped
with lithiated positive electrodes. In our case, these aspects
have been carefully evaluated, and the 50/50 composition by
mass was chosen as a compromise between increasing specific
capacity and the reversibility of the electrochemical processes.
The irreversible capacity value at the first cycle is an intrinsic
characteristic of conversion materials related to oxide reduction.
It often depends on the contact between the electrode surface
and electrolyte, thus on the separator used and the type of cell.
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Figure 6. Ex situ STEM, EDS, SAED analysis for 0.1 and 3.0 V cycled electrodes.

In our case, we observed a marked increase from the custom- 3, Conclusions

made cell to the coin cell. Methods to remedy this characteristic

include chemical, and electrochemical pre-cycling, reductions  Exploiting the possibility of preparing SnO, nanoparticles
by direct contact with lithium metal, or using sacrificial agents  in the presence of Ti;C,T, MXene, we successfully prepared
in the electrolyte. a 50/50 mass% nanocomposite electrode able to provide an

Table 1. Comparison among the performances of different SnO,/MXene composites. NR: not reported.

Sn0O, SnO, mass% Anodic specific capacity Coulombic Stable anodic specific Coulombic Number of  Charge Ref.
morphology 1st cycle [mAh g7] efficiency Tst cycle capacity [mAh g7 efficiency cycles retention®)

TLs NR 1041 % 900 NR 50 1009 [42]
NWs 70% 1700 NR 700 NR 500 100% [43]
QDs NR 960 73% 697 98.5% 700 100% [44]
QDs NR 637 61% 506 NR 160 98% [45]
NPs NR 961 60% 900 NR 1000 100% [46]
NPs NR 350 35% 350 98% 300 100% [47]
NPs 50% 695 56% 525 98.8% 700 100% This work

ATL = thin layer; NWs = nanowires, QDs = quantum dots, NPs = nanoparticles; b)Calculated after stabilization of the electrode.
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anodic capacity of 525 mAh g for hundreds of cycles at low
current over 10 months in lithium-ion battery half cell con-
figuration. The electrode also shows promising kinetic proper-
ties, sustaining at 8 A g™! currents with a specific capacity of
340 mAh gL,

Due to the scarcity of chemical, morphological and structural
data on such systems, we have used XPS and STEM to under-
stand the electrode reactions better and elucidate the electro-
chemical mechanism. The results demonstrated that during the
first cycle, the SnO; is converted to Sn first (Equation (1) in the
Introduction) and Li,O, while the formed Sn is then lithiated to
the Lij3Sng phase at a lower potential. Considering the amount
of charge involved in the conversion reaction (711 mAh g™), in
the alloying to Li;Sn (533 mAh g™), and in MXene intercala-
tion and stabilization (around 400 mAh g™!), the total amount
of charge at the first reduction of the 50-50% nanocomposite
should be around 825 mAh g.. The excess of measured charge
(417 mAh g ') could be due to the SEI formation or to the higher
extension of the alloying reaction since, at the cut-off potential
at 0.1V, a higher amount of Li; sSn may also be formed.

During the de-lithiation, the alloying reaction is mechanically
stabilized thanks to the presence of the MXene sheets and the
intimate interaction between the nanoparticles and the layered
structure. Moreover, the conversion reaction becomes partially
reversible, with the formation of amorphous SnO consuming
part of the Li;O following Equation (3):

Sn+1i,0 22 SnO+2e +2Li" 3)

Considering the amount of charge involved in Equation (3),
the alloying to Lij;3Sns and the MXene contribution
(100 mAh g), the stable capacity of the nanocomposite should
be around 545 mAh g! This value, again, is less than the
measured specific capacity of the first 25 cycles and may be
influenced by the extension of the alloy lithiation. However, it
agrees with the observed stable charge capacity during cycling
(525 mAh g™).

Considering the overall performance, our nanocomposite
material showed a high specific capacity, excellent capacity
retention, and excellent rate capability. The charge storage prop-
erties are achieved due to the presence of tin oxide, while the
reversibility and kinetics of the electrochemical reactions are
due to the synergistic interaction between tin oxide and MXene,
the latter being able to both act as a buffer for the conversion
reaction and to enhance the charge transport proprieties in the
electrode.

4. Experimental Section

MXene Preparation: MXene was prepared from the corresponding
MAX phase of Ti;AIC; by chemical etching. The MAX precursor was
obtained by spark plasma synthesis using a procedure already described
in the previous work, where a complete structural and morphological
characterization of the precursor can also be found. The etching was
done following the synthetic method used in previous work.’>7l The
etching was performed using the following route: 500 mg of Ti;AlC,
(size <50 um) was kept under stirring in a Teflon beaker containing
an aqueous solution of hydrofluoric acid (HF) 30 mass% for 5 h at
room temperature. The powder was recovered and washed by a series
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of centrifugation steps until the pH of the washing liquid was =6. The
resulting product was dried for 12 h under a vacuum at 80 °C.

Nanocomposite Preparation: The SnO,-MX nanocomposite synthesis
was carried out by modifying a synthesis protocol of SnO, nanopowders
proposed in the literature.’? The synthetic scheme is shown in Figure 1.
In a typical synthesis, 400 mg of SnCl,-5H,;0 (Sigma-Aldrich, 98% purity)
was dissolved in 40 mL of deionized water. 170 mg of MXenes (Ti;C,T,)
were soaked overnight in this solution to promote the pre-intercalation
of Sn ions into the 2D structure. The obtained solution was sonicated
for 1 h, then 4 g of urea (Sigma-Aldrich, >99% purity), 8 mL of fuming
HCI, and water were added under stirring (total velume was 160 mL).
The solution was transferred into a Teflon-lined stainless-steel autoclave
of 200 mL. The autoclave was sealed and maintained at 140 °C for 24 h.
Finally, it was cooled down to room temperature in ambient conditions.
The resulting white product was retrieved by centrifugation and washed
several times with MilliQ water and absolute ethanol to reach a pH of 7.
The powders were dried in a vacuum at 50 °C for 4 h.

To further investigate the system, tin oxide has been prepared as a
pure compound following the same procedure reported without adding
the MXene.

X-Ray Diffraction: X-ray diffraction measurements of the MXene
nanocomposites were performed with a D2 PHASER diffractometer
(Bruker AXS) with a copper X-ray source (Cu-K, A = 1.5406 A, 30 kv,
10 mA). The samples were measured in the range of 5 to 60 26 deg and
with 0.02 s per step.

Electron Microscopy: The morphology of the samples was characterized
using Zeiss Gemini scanning electron microscope (SEM) equipped
with a field emission source (FE-SEM). The electrons were accelerated
using an electric potential of 1-5 kV for image acquisition. The samples
were fixed on a steel sample holder using conductive carbon adhesive
tapes. Scanning electron micrographs were analyzed using the Image)
software.

The microstructure and elementary distribution of the samples
were characterized by a probe-corrected Themis 300 transmission
electron microscope (TEM; Thermo Fisher Scientific) equipped with a
high-angle annular dark-field (HAADF) detector and a Super-X energy
dispersive X-ray spectroscopy (EDX) detector. Selected area electron
diffraction (SAED) was used to characterize the crystal structure of the
samples. The measurements were carried out at an accelerating voltage
of 300 kV. The pristine powder sample was dispersed on a TEM grid
coated with holey carbon film. Samples of the cycled electrodes were
scratched off using tweezers and dispersed on a TEM grid. The samples
were transferred from a glove box into the TEM using a Gatan vacuum
transfer holder (model number 648).

X-Ray Photoelectron Spectroscopy (XPS): XPS measurements were
carried out using a K-Alpha spectrometer (Thermo Fisher Scientific),
equipped with a micro-focused, monochromated Al Ko X-ray source
(1486.7 eV) with 400- um spot size. The data was recorded using a pass
energy of 50 eV in the concentric hemispherical analyzer. To prevent
sample charging during the analysis, the powder samples required K-
charge compensation system using a combination of both electrons
and low-energy argon ions. Powder samples (MXene, SnO,, SnO,-MX
nanocomposite) were measured as is and deposited directly on
conductive copper tape. The electrodes were removed from the batteries
at the desired state of charge and rinsed with DMC inside a glovebox
to remove access electrolyte salts. To avoid reactions of the dried
electrodes with air and moisture, the samples were transferred under
Ar atmosphere to the spectrometer. Data acquisition and processing,
using the Thermo Avantage software, as described in reference.l The
binding energy was referenced to C-Ti component at 282 eV for the
powder samples containing MXene and to the hydrocarbon peak at
285 eV for all other samples, while the overall binding energy scale was
controlled using well-known photoelectron peaks of metallic Ag, Au, and
Cu. Data fitting followed the proposed model for MXenes described in
referencel®®! using a smart background as implemented in the Thermo
Avantage software.

Electrode Preparation: For the electrode preparation, a soft mixing
method was used to preserve the morphology of the nanocomposites.
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The 50/50_Sn0,-MX electrodes were manufactured by mixing the
active material, conductive carbon, and carboxymethyl cellulose (CMC)
in the ratio of 7:2:1. Firstly, the active material and carbon were mixed
in a mortar. Afterward, the dry powder mix was dry-mixed at 1000 rpm
for 5 min in a SpeedMixer DAC 150 SP from Hauschild. Milli Q water
was added dropwise to the mixture until the slurry achieved suitable
viscosity. This paste was again mixed at 1000 rpm for 5 min following
2500 rpm for 5 min. Finally, the CMC binder solution was added, and
the viscous electrode paste kept mixing at 800 rpm for 10 min. The slurry
was stirred for 12 h with a magnetic stirrer to obtain a homogeneous
slurry. The slurry was spread with a doctor blade onto copper current
collector foil (thickness of 9 pm, MTI) with an automatic coater (MTI
Mini Cast Coater MSK-AFA-HC100), in a wet thickness of 200 pm. The
electrode coatings were initially dried at room temperature overnight
and in a vacuum at 110°C for 12 h to remove the remaining solvent. The
electrode was dry-pressed with a rolling machine (HRO1 rolling machine,
MTI), and finally, discs of 12 mm diameter were punched, resulting in a
mass loading of the active material of =1.5 mg cm~2,

Electrochemical ~ Characterization: Custom-built polyether ether
ketone (PEEK) cells with spring-loaded titanium pistons were used for
electrochemical tests.’l After drying all cell parts at 120 °C for 14 h, the
cells were assembled inside an Ar-filled glovebox (MBraun Labmaster
130; Oz and H;O < 0.1 ppm). The cells were arranged in a three-
electrode configuration for electrochemical measurements, with the
nanocomposites used as the working electrode and lithium metal as the
counter and reference electrode. The electrolyte used was commercial
LP30 (1 m LiPFg in ethylene carbonate and dimethyl carbonate (EC/DMC
50:50 by volume, Sigma-Aldrich)). All electrode potentials are reported
versus the Li*/Li standard couple.

All electrochemical measurements were carried out in a climate
chamber (Binder) with a constant temperature of +25 + 1 °C. Rate
performance measurements were conducted at different currents, in
the potential window 0.1-3.0 V, to get more information about the half-
cell rate capability and stability at higher currents. The applied specific
currents were 0.1, 0.2, 0.5, 1.0, 2.0, 4.0, 8.0 A ¢!, and (again) 0.1 A g

The long-term stability tests were performed at 0.1 A g'. Two-
electrode coin cells (2032-type) were used for these tests because they
provide better sealing than PEEK cells, considering that the long-term
tests lasted about one year due to the relatively low current, which
provides more realistic results. All values obtained for cell capacity refer
to the respective total active mass of the nanocomposite.

The cells were tested in a climatic chamber from BINDER with a
constant temperature kept at 25 £ 1 °C, and the instruments used for
the electrochemical analyses were a multichannel Bio-Logic VMP3 and
an Arbin Battery Cycler.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Table S1. EDX result related to Figure S1 image for the MXene sample.

Element Atomic fraction® / %

C 29.8+4.7
o 13.5+3.4
F 9.9+2.5
Al 0.4+0.1
Ti 46.319.6

?random errors

%Imfew

~ *‘
A

Sidéview of
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10 nm

10 nm
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ire S1. TEM, EDX, inverse FFnaIysis for the pristine MXene.
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Figure S2. SAED and RDF for the MXene sample.
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100 nm

Element | Family | Atomic Fraction (%)
0 K 65.3+8.6
Sn L 34.7%6.0

Figure S3. SAED and EDX for the SnO, sample.
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Figure S4. SAED and EDX maps for the MX-SnQ; nanocomposite.
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Figure S6. X-ray photoelectron spectra of O and Li at different potentials.
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.,

Figure S8. EDX maps for the MX-SnO, nanocomposite electrode electrochemically reduced to 0.1 V
and re-oxidized to 3.0 V.
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Dual-Use of Seawater Batteries for Energy Storage

and Water Desalination

Stefanie Arnold, Lei Wang, and Volker Presser*

Seawater batteries are unique energy storage systems for sustainable renew-
able energy storage by directly utilizing seawater as a source for converting
electrical energy and chemical energy. This technology is a sustainable and
cost-effective alternative to lithium-ion batteries, benefitting from seawater-
abundant sodium as the charge-transfer ions. Research has significantly
improved and revised the performance of this type of battery over the last few
years. However, fundamental limitations of the technology remain to be over-
come in future studies to make this method even more viable. Disadvantages
include degradation of the anode materials or limited membrane stability

in aqueous saltwater resulting in low electrochemical performance and low
Coulombic efficiency. The use of seawater batteries exceeds the application
for energy storage. The electrochemical immobilization of ions intrinsic to
the operation of seawater batteries is also an effective mechanism for direct

of renewable, green energy goes hand-in-
hand with the digitalization of our power
distribution grid and the rigorous use of
energy storage technologies.’l Electro-
chemical energy storage (EES) plays a
crucial role in this context, from enabling
mobile computing and communication to
large-scale intermittent power storage.[*
The so-far Dbest-researched lithium-ion
batteries are known for their comparably
high energy density, long shelf life, and
high energy efficiency.’! Accordingly, they
have become an essential power source
for consumer electronics, portable devices,
and electric vehicles. However, lithium-
ion batteries mainly face two issues.

seawater desalination. The high charge/discharge efficiency and energy
recovery make seawater batteries an attractive water remediation technology.
Here, the seawater battery components and the parameters used to evaluate
their energy storage and water desalination performances are reviewed.
Approaches to overcoming stability issues and low voltage efficiency are

also introduced. Finally, an overview of potential applications, particularly in

desalination technology, is provided.

1. Introduction

The global shift toward sustainability has intensified the devel-
opment of new materials and technologies, constant improve-
ment, and creative redesign.l?l The large-scale implementation
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First, lithium is a limited resource on our
planet, which induces a future hard limita-
tion to lithium-ion battery technology pro-
liferation.® This shortage has increased
the global quest to explore alternative
lithium sources, such as hydrothermal
water, seawater, and mining water.’™’]
Second, lithium-ion batteries’ high cost
and safety issues make it hard to meet
the continuously increasing demand for
electronic devices, both portable electronic
devices and large-scale stationary devices.>'"”) The high cost
comes from the limited availability and exceeding the demand
for lithium, nickel, and cobalt (in addition to price fluctuations
due to fluctuating trade markets).') The safety concern arises
from the toxicity of cobalt and the flammable organic electro-
Iytes. Interesting energy storage systems beyond lithium attract
attention and have been explored in past years.['213]

Over the last years, several alternatives to lithium-ion bat-
teries have been researched. In particular, the pure focus
is placed on naturally occurring alkali metal ions such as
sodium and potassium, which offers the possibility of low-
cost energy storage systems.'™'6 Simultaneously, multivalent
charge carriers such as Mg?", Zn?*, AI**, and others are inves-
tigated, which theoretically transfer more than one electron,
thus offering the possibility of a higher specific capacity and
a higher energy density.7-?] Especially sodium-ion batteries
have received particular attention since 2011, as sodium is one
of the most abundant elements on earth, offering the poten-
tial for low-cost energy storage systems.[*'-?4 Sodium is abun-
dant in seawater and can be easily extracted from it. Another
advantage is that Na-ion batteries do not require cobalt, which
is still needed in Li-ion batteries. Most of the cobalt used today
to make Li-ion batteries is mined in socially and environmen-
tally challenged regions.?*2¢l Thus, developing a promising
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post-lithium energy storage technology with all its changes and
optimizations represents an approach to the UN’s Sustainable
Development Goals (SDGs) claims. For example, direct contri-
butions can be made to the areas outlined in the SDGs, which
include the following indicators and measures: sustainable
water management, sustainable consumption, production
and development of communities, climate change mitiga-
tion, sustainable use of the oceans and terrestrial ecosystems,
and affordable and clean energy. Sodium-ion-based and other
beyond-lithium technologies can capitalize on know-how and
materials available from decades of lithium-ion battery research
and development.”’] In contrast, the Na-ion battery technology
is still under development.[?®2% Researchers are working to
increase its lifespan, shorten its charging time, and make bat-
teries that deliver many watts of power.

Besides energy storage, sustainable water use is another vital
part of sustainable development in the 21st century. According
to the United Nations, =3 billion people currently have limited
access to safe drinking water.}% Two out of three humans will
face water-stressed situations worldwide by 2050.%1 The oceans
account for about 97% of the Earth’s water, which has the great
potential to be the drinking, agricultural, and industrial water
resources. This particularly applies to the emerging global
hydrogen economy, where seawater is an abundant source of
water used for hydrogen production.*?? So far, various desalina-
tion technologies have been explored, which could be divided
into thermal methods (i.e., multieffect distillation,®¥ multi-
stage flash distillation®), membrane-based processes (such as
reverse osmosis**l), and electrochemical methods (like electro-
dialysis,P® capacitive deionization, desalination batteries,®**l
desalination fuel cellsB%*), according to the mechanism.
Reverse osmosis is dominant in desalination with an energy
consumption of 3-5 kWh m™, which consumes more than 70%
of the energy of the whole seawater desalination plants %42
More energy-efficient technologies are required for large-scale
seawater desalination.

A derivative of the rechargeable sodium-ion battery (NIB)
is the rechargeable seawater battery, which could carry out
simultaneous energy storage and desalination due to its
unique configuration. Seawater, covering about two-thirds of
our planet and a sodium concentration of around 470 mw, is a
quasi-abundant resource of sodium ions.*¥ The first commer-
cial primary seawater batteries, which means cells that cannot
be recharged, were developed in 1943." The research field
was re-energized with a focus on secondary (rechargeable) sea-
water batteries in 2014.1*>%] Aqueous rechargeable sodium-ion
batteries are a promising and environmentally friendly way to
store electrochemical energy by circulating seawater as a low-
cost electrolyte; they eliminate many of the safety problems of
organic electrolytes./®l

A typical rechargeable seawater battery contains an organic
electrolyte side and an aqueous electrolyte side, separated
by the solid sodium diffusion membrane.[¥l The organic
parts resemble the typical NIB with elemental sodium as
an anode. If the seawater battery is contacted with sea-
water, the catholyte’s free and abundant sodium ions can
migrate into the anode compartment during the charging
process. They are ultimately stored as elemental sodium
metal. At the cathode side, the oxygen evolution reaction
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(OER, 40H <> O, + 2 H,0 + 4e” E=0.77 V vs SHE) produces
a theoretical cell voltage of 3.48 V.*| The sodium ions are
rereleased and transferred to the seawater during the subse-
quent discharge, and the dissolved oxygen is reduced (oxygen
reduction reaction, ORR).

Since the rechargeable seawater batteries entered the
market in 2014l most works have optimized the perfor-
mance, including the anode and cathode materials, anolyte and
catholyte, and cell architecture.” However, there is a lack of
systematic review that analyzes the relationship between the
components of rechargeable seawater batteries, their applica-
tion in desalination systems, and their performance. This may
correlate with a separation between the energy storage and
electrochemical water desalination communities; in our view,
both communities are strongly linked and situated within the
critical water/energy research nexus. The realization that bat-
teries are electrochemical ion management/ion storage devices
is a key to unlocking unseen synergy between the battery and
desalination communities.[**! Dual functionality may help
to address, at the same time, storing intermittently available
renewable energy and providing clean, potable water to resi-
dential areas and agriculture. A growing amount of desalinated
water will also significantly advance the large-scale production
of green hydrogen.

We provide a review to meet the need for crossing disci-
plines and application areas along with sustainable electro-
chemical application and exemplify the synergy and dual-use
application for the intriguing system of seawater batteries. This
review introduces the component and properties of recharge-
able seawater batteries and explores the possible reason for
the demerits. Subsequently, we summarized the adopted
approaches to overcome these drawbacks, including the mate-
rials design, cell-structure adjustment, and parameters opti-
mization. Additionally, the applications of rechargeable sea-
water batteries are presented. Finally, the challenges faced by
rechargeable seawater batteries and prospects for their further
development are discussed.

2. Rechargeable Seawater Batteries

Conventional seawater batteries enable the storage of electro-
chemical energy by combining a sodiation/desodiation anode
and an electrolysis cathode. This concept mandates an open-
cell architecture to be able to constantly supply fresh seawater
as the catholyte during the charge—discharge process. Based on
the evaluation and continuous improvement of the cell parts,
the electrochemical performance such as the stability, power,
voltage efficiency, Coulombic efficiency, and other parameters
of the resulting cell is then evaluated and reflects the current
state of the art.

2.1. Rechargeable Seawater Battery Design and Components
To combine the individual components of a seawater battery
into a functioning and efficient cell, it is necessary first to opti-

mize and examine all the individual elements. The essential
components of the seawater battery are electrode materials
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(cathode and anode), electrolyte (anolyte, catholyte), current col-
lector, ceramic solid electrolyte, electrocatalyst, and the general
cell type. The following sections explain the requirements for
the individual components, what needs to be considered and
optimized, and the current research state.

2.1.1. Anode

A seawater battery basically consists of an anode in an organic
electrolyte and a seawater cathode with a current collector. This
design allows its use both as an energy storage system and for
water desalination (Figure 1). A high-performance seawater bat-
tery needs an optimized anode compartment, including electro-
lyte and electrode material.**#*-5U The cell’s anode in the past
consisted of an organic electrolyte and an electrode material
used as a negative electrode. In addition to the ability to uptake

www.small-journal.com

ions reversibly, anode materials and the associated anode com-
partments must fulfill several criteria. Apart from avoiding side
reactions leading to cell swelling and failure, the anode mate-
rial must combine good conductivity, a suitable electrochemical
stability window at a low voltage range, and low cost and tox-
icity.’?l Elemental sodium is highly abundant and frequently
used as an electrode material, with a very high theoretical
capacity of 1166 mAh g1.14353-5¢] However, uncontrolled growth
of sodium dendrites hinders safe battery operation, ruptures
separators, and shortens the device lifetime while still exhib-
iting low Coulombic efficiency and battery performance.’’-¢!
Finally, light metals or alloy materials such as magnesium or
aluminum promise access to a high theoretical specific capacity
(Mg: 2200 mAh g7!, Al: 2980 mAh g™) and can be considered
as possible electrodes as well.[6263]

The wealth of materials developed initially for high-perfor-
mance electrodes of sodium-ion batteries can be capitalized on.
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Figure 1. The operation principle of seawater battery A) for energy storage and B) for water desalination.
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Figure 2. Overview of anode materials for sodium-ion batteries. A) Representation of the theoretical capacities of different anode materials and respective
binder use in sodium-ion batteries. Adapted with permission.?™l Copyright 2017, Royal Society of Chemistry. B) Schematic representation of varying reaction
mechanisms observed in electrode materials. Adapted with permission.?'J Copyright 2009, Royal Society of Chemistry. Abbreviation: PTFE = polytetrafluoro-
ethylene, PVdF = polyvinylidene difluoride; CMC = carboxymethyl cellulose, PAA = polyacrylic acid, Na,DBQ = disodium salt of 2,5-dihydroxy-1,4-benzoquinone.

Figure 2 schematically presents different reaction mechanisms
of electrode materials and the expected theoretical capacities
of these materials in sodium-ion batteries. Different types of
anode materials interact with sodium in specific ways, including
intercalation or conversion and alloying reactions. A com-
monly used intercalation material such as hard carbons can be
adopted from its use in NIBs.510*%8] Other cation intercalation
materials are TiO,, LigTisOy, or Na,Ti;0, the associated
theoretical capacities of 335, 99 175,/ and 177 mAh g /!
respectively. Nevertheless, these values are moderate compared
to large charge transfer capacities associated with processes
such as alloying and conversion reactions.

Alloying materials form Na-rich intermetallic compounds
through alloying reactions and promise high-capacity mate-
rials due to their specific reaction mechanism."?l However,
these materials have a significant volume expansion during
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sodiation and desodiation, potentially leading to capacity
fading.*7¥ The strong forces can break the electrode and
damage the electrode material. Some approaches are already
known to prevent this rapid loss of capacity. For example, the
volume change can be buffered, and composites can main-
tain the conductive path in the electrode with carbon or other
layer-like structures. Successful applications in seawater
batteries include Sn—CP in an ionic liquid electrolyte or red
phosphorous.*]

Conversion-type materials accomplish reversible charge
storage via a phase transformation."® The solid-state reactions
result in new compounds with new properties. Conversion mate-
rials also exhibit a relatively large voltage hysteresis, providing
low energy efficiency during charge/discharge cycling.”””®l Con-
version materials also suffer from a significant volume change
during cycling.””! As already reported material in a seawater
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battery, Sb,S; is a model material with a multistep conversion
and alloying charge storage process.® In a seawater full-cell, the
synthesized antimony sulfide nanoparticle aggregates provided
a specific capacity of 470-485 mAh g™ at a discharge voltage
of about 1.9 V after 50-70 charging and discharging cycles
(corresponding Coulombic efficiency: 83-88%).81 By contrast,
the initial discharge capacity was relatively low.!l

Comparing the specific capacities by using alloying or
conversion-based materials in contrast to intercalation anode
materials, one obtains values about 4-5 times as high. Typical
carbon materials in seawater batteries provide a capacity of
about 100-200 mAh g‘l, which is much smaller than alternative
systems, such as red phosphorus (900 mAh g%; Table 1).14

2.1.2. Cathode

The unique design of seawater batteries and the underlying
electrochemical processes make it impossible to use common
battery electrode materials found in sodium-ion batteries. Also,
the wettability of the cathode current collector and seawater
catholyte must be considered to improve the battery perfor-
mance (voltage efficiency).®? Since an electrocatalytic process
is used, the cathode employs only seawater and a current col-
lector. Referring to standard seawater data, the amount of salt
in one liter of water reaches about 35 g.**l In addition to the
main component of sodium chloride, many other cations and
anions are found in standard seawater, such as magnesium,
calcium, potassium, sulfates, bicarbonates, and fluorides
(Figure 3A).3% The composition of seawater varies from place
to place, depth to depth, and time to time, depending on the
respective climate, conditions, and environment. Since there
is no typical solid electrode in this system, a current collector
is still required at this point. Electrons released from the anode
part during deintercalation/dealloying are carried away via
the current collector. The current collector also carries the
cathode reactions (oxygen evolution reactions and oxygen
reduction reactions) and is required for the associated charge
transport. Compared to organic batteries with solid cathodes,
the current collector requires special properties like the stability
in saltwater, which is indispensable for their use in seawater
batteries.’** Besides high electronic conductivity and electro-
chemical and mechanical stability, other criteria such as large
surface area, uniformly distributed transport area, and a low
mass are also considered.

Copper and aluminum foils are typical current collectors
in alkali metal batteries. Depending on the potential, it can be
decided which current collector can be used without forming
alloys and other byproducts by also considering the cost-
effectiveness. Since these metals are usually not stable in the
presence of NaCl and after application of a potential, carbon-
based collectors are the most common in seawater batteries.[*’!
A seawater battery current collector offers sites for the cathode
reactions and ensures the charge transport. This mandates
a large interface surface area, good electrochemical stability,
and high electrical conductivity. An attractive current collector
material should also be cost-effective and, ideally, based on an
environmentally friendly material. These requirements are, in
large parts, met by carbon-based current collectors. Carbons
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are abundantly available and offer high corrosion resistance
in seawater, predestined for use in the former primary sea-
water batteries with the ORR and HER (hydrogen evolution
reaction).®>8¢ Yet, the limited mechanical stability of carbon
provides a limitation to its application.l¥]

There are different carbon materials explored on the cathode
side.®”l Carbon felts, which did not exhibit the previously
explored weaknesses of carbon current collectors, showed
mechanical stability, high flexibility, and conductivity.[#34
Figure 3B-D shows scanning electron images of carbons com-
monly used as cathodes. Senthilkumar et al. investigated the
cathode side porous carbon with defects and oxygen functional
obtained from bio-organic waste (grapefruit peels).] The
resulting materials provided efficient OER/ORR activities, a
discharge capacity of 191-196 mAh g™!, and 96-98% Coulombic
efficiency over 100 cycles of the full-cell.

Zhang et al. used an electrolytic carbon sponge with an
open design and a highly interconnected and macroporous
framework.® The bifunctional electrocatalytic OER and ORR
activities yielded a low charge—discharge voltage gap, high
voltage efficiency, high-power density, and long-term cycling sta-
bility.®™ In another work by Park et al., activated carbon cloth
was used as a current collector on the cathode side and com-
pared to the performance of a low surface area carbon felt.*¥ In
addition to the OER/ORR electrolytic activity, the carbon cloth
electrode provides electrical double-layer formation. The hybrid
electrochemical process improved the voltage/energy efficiency
(86%) and power performance (16 mA cm™?) of high surface area
carbon cloth as the current collector for seawater batteries.[*4

2.1.3. Ceramic Membranes

A sodium-ion-conducting membrane separates the anode and
cathode compartments of seawater batteries. Such membrane
materials are commonly employed as solid electrolytes in
solid-state batteries.® The stability of the membrane against
different types of liquid electrolytes has to be preserved to guar-
antee stability in organic and aqueous solutions. Essential for
the application in an electrochemical system is applying a high
current and stability in a relatively wide electrochemical poten-
tial window for the highest possible capacity without degrading
parts of the cell®% In general, the solid electrolytes in sea-
water batteries also need to provide high sodium-ion conduc-
tivity, robust mechanical property, and ultralow porosity to
avoid the penetration of electrolytes.

There are three main types of solid electrolytes that have the
possibility of selective Na ion transport: ceramics, polymers,
and inorganic composite.”¥ Given the mechanical stability
and effective separation of the organic/aqueous sides, inorganic
compounds and ceramic membranes are commonly used as
solid electrolytes in seawater batteries. The most often used
membrane materials are the inorganic f”-Al;0O; or sodium
superionic conductor (NASICON) because of the high ion
mobility and chemical stability."*#] A general issue of ceramic
membranes is their mechanical brittleness, which imposes spe-
cific considerations onto seawater battery design and scalability.

f7-Al,0; is a layered fast ionic conductor closely related to
the widely studied class of (-Al,O; (Figure 4A). It consists of
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Table 1. Comparison and summary of different parameters seawater battery in the state-of-the-art literature. CC: current collector.

Anode Cathode/cathode  Solid electrolyte Liquid electrolyte Mechanism Cell setup Capacity Coulombic Refs.
current collector efficiency/voltage
efficiency
Prepatterned Cu/ Seawater NASICON 1M NaOTfin DME - 2465-type coin n.a. 98% [127]
Al current collector carbon felt (NasZr,Si;POy) cells
(anode-free)
Sodium with nickel Seawater NASICON 1T m NaCF3S0, OER/ORR  Seawater test n.a. 98.6-98.7% ]
mesh Ag foil (NasZr,Si;POyy) in TEGDME cells (421Energy 90.3%
Co., Ltd)
Hard carbon:Super-P Seawater 1 mm thick Tm NaCF350, OER/ORR  Seawater cell =10 mAh g 91% [88]
carbon black:PVdF carbon paper [7-ALO; in TEGDME in water was from =120 mAh g
811 3 mm thick (421Energy Co Ltd) at 0.05 mA cm™?
NASICON
(Na;Zr;Si,POy)
Activated carbon fiber  Simulated seawater PE separator Tm NaCF;SO, OER/ORR Coin cells 20 mAh g~ n.a. [194]
coated with Na metal carbon felt NASICON in TEGDME 0.6 mA
Pt wire (Na3Zr;Si;POys) (0.3 mA cm™)
Ag/AgCl Ref
Na metal attached Air cathode S-rGO- NASICON 1M NaCF;SO, OER/ORR Pouch cells n.a. n.a. mz]
to Ni taps CNT-Co powder (Na3Zr;Si;POy) in TEGDME

coating with PVdF PE separator
on carbon felt
electrocatalyst

Hard carbon:Super-P Ti mesh 0.8 mm-thick 1 m NaCF3SO, OER/ORR - 296 mAh g™ 98% [129]
carbon black:PVdF carbon NASICON in TEGDME 0.025 mA cm 2
8:1:1 Carbon paper (Na3Zr;Si;,POyy)
On Cu foil
Na metal on Seawater NASICON Tm NaCF;SO, Seawater battery 37 mAh g Na-BP-DME [52]
stainless-steel CC membrane in TEGDME coin cells 0.5 mA cm? 99.5% over
10 cycles
Al, Mg, and Zn NiHCF - Seawater - Two electrode 57 mAh g7 n.a. [55]
crystals:carbon cells At1Ag!

black:PvdF 7:2:1
on carbon cloth

Na foil and Na/carbon Seawater NASICON 1 m NaCF;50; Coin cell 40 mAh g 98% [218]
composite on PAN- carbon felt (Na3Zr,Si;POy;) in TEGDME seawater battery At1mA
based carbon cloths
Na metal or Seawater 0.8 mm thick 1M NaCF;50, OER/ORR 190 mAh g ~96-98% [87]
hard carbon Ti mesh and a sheet NASICON in TEGDME hard carbon
Ni tap CC of carbon paper (Na3Zr,SizPOy) 0.05 mA cm™
Using Na metal Seawater PE 1M NaCF;S0, OER/ORR  2465-coin-cell n.a. n.a. [56]
heat-treated carbon Hong-type in TEGDME seawater battery
felt NASICON (Nay,,
ZrySiyP3, 0O, x=2)
Pristine or Seawater 1 mm thick 1m NaOTF-DME Modified n.a. 95% [219]
graphene-coated Cu carbon felt NASICON 2465-type coin
(Nay., Zr;Si,Ps. cell flow cell
Oz, x=2)
Seawater NASICON 1 m solution of NaClO, n.a. ~325mAh g 'Sn  55% 1'cycle  [75]
Sn-C:Super-P carbon carbon paper (Na3Zr,Si;POyy) in EC/DEC 312 mAh g’ Sn 91%
black:PVdF And sodium 0.05 mA cm™
811 bis(trifluoromethanesulfonyl)

imide (NaTFSI) and N-butyl-N-
methyl-pyrrolidiniumbis (trifluo
romethanesulfonyl)imide
(Pyr14TFSI)

Sodium metal/carbon  Pyridinic-N catalyst, 1 mm thick 1 m NaCF;S0, OER/ORR  Coin cell anode n.a. n.a. [169]
cloth composite in a carbon cloth CC NASICON in DME Seawater flow

(NasZr,Si;POy3) battery tester
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Anode Cathode/cathode  Solid electrolyte Liquid electrolyte Mechanism Cell setup Capacity Coulombic Refs.
current collector efficiency/voltage
efficiency
Na metal or CMO nanoparticles: NASICON 1w NaCF;50, OER/ORR Pouch cell 190 mAh g~ hard >96% [68]
hard carbon:carbon carbon black (Nay,, Zr;Si,Ps. in TEGDME seawater carbon energy
black:Super-P:PVdF Super-P:PVdF 8:1:1 O, x=2) 0.01 mA cm? 85%
8:1:1 Ni taps CC Air—electrode
CMO catalyst
Na metal foil Carbon felt catalyst 0.8 mm thick 1m NaCF3;SO; OER/ORR Coin cell n.a. n.a. [54]
and CC NASICON in TEGDME
(Nay,, Zr;Si,Ps3.
O, x=12)
Hard carbon:Super-P Seawater NASICON 1m NaClOy Flowing-seawater 118 mAh g~ n.a. [67]
carbon black:PVdF carbon paper (Na3Zr;Si;POy;) in EC/PC cell 125 mAh g
8101 1M NaCF;50; 0.05 mA cm?).
in TEGDME
Na metal at Ni mesh 90 wt% PNC- 0.8 mm thick 1M NaCF;S0; i OER/ORR  Pouch cell of n.a. n.a. [166]
electrocatalyst:PVdF NASICON n TEGDME seawater batteries
9] (NasZr,Si,PO,,)
carbon felt CC
Sodium metal P2-type Celgard Tm NaCF;SO, OER/ORR Coin cell 183 mAhglat 85% Coulombic [66]
or hard carbon Nag sCog sMng 50, NASICON in TEGDME Flow cell tester 0.1 mA efficiency 80%
layered voltage efficiency
electrocatalyst:SP-
carbon:PVdF
81
carbon felt CC
Hard carbon: Seawater NASICON 0.1 m NaFSI-0.6 m OER/ORR Coin cell 290 mA h g™ ILE-EC98%  [124]
SuperC45: CMC Carbon felt (Na3Zr;SiPOy;) Pyr3FSI1-0.3 m hard carbon  energy efficiency
811 10 C (=300 mA (80.5%)
On Cu foil Pyr;;TFSI and 0.1 m g 76.3% for the LE
NaFSI-0.6 m Pyr;;FSI-0.3 m
Pyry3TFSI with 5
wt% EC
1M NaCF,50;
in TEGDME
Sodium Seawater 0.8 mm thick 1M NaCF;SO, OER/ORR Pouch cell 56 mAh g 95% to 98% [65]
or NiHCF:SuperP:PVdF NASICON in TEGDME 20mAhg!
hard 811
carbon:SuperP:PVdF
&1
Ni mesh
Sodium anode Seawater PE 1w NaCF350; OER/ORR Coin cell 16.2mAcm?  energy efficiency  [64]
Hard carbon activated carbon 1 mm thick in TEGDME of 78% ACC-
Ti mesh cloth (ACC) and NASICON seawater battery
carbon felt (CF;  (Nay,Zr;5i,P3,0y,, CF-seawater
PAN-based, CNF) x=2) battery (60%)
Na metal Natural seawater 0.8 mm thick 1 m NaClO, dissolved OER/ORR  Seawater flow 470-485 83-88% [81]
or a-5b,S; electrode air electrode NASICON in a mixture of EC/DEC (1:1) cells (421Energy mAh g’
(Naq,, Zr3Si,P3,042, with 5 wt% FEC Co., Ltd) 0.05 mA cm 2
x=12)
Red phosphorus: Natural seawater NASICON 1 m NaClOy OER/ORR Coin cell 900 mA h g™ >92% [49]
SuperP:polyacrylic carbon felt (Na3Zr;Si;POyy) in EC:DEC + 5%FEC composite
acid 7:1:2 200mA g
Al foil CC composite
Or Na
Na metal Natural seawater PE 1w NaCF;S0; OER/ORR Coin cell n.a. n.a. [53]
Stainless steel Activated NASICON in TEGDME
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Anode Cathode/cathode  Solid electrolyte Liquid electrolyte Mechanism Cell setup Capacity Coulombic Refs.
current collector efficiency/voltage
efficiency
Liquid anedes 0.47 m NaCl NASICON LE: 1Tm NaPFg OER/ORR 2465-type 7.5 mAh cm™? n.a. [124)
(Na-BPs, Na-PYRs, and carbon fabric (Na3Zr,Si;POy;) in DEGDME seawater coin 0.5 mA cm~?

Na-BP-PYRs) and the
red phosphorus
Semiliquid anodes
(P/C@Na-BP-PYRs
and the P/C@LE)

cells seawater
flow cell testers

alumina blocks arranged in a spinel structure in between which
the mobile sodium cations are postured in conductor planes.
’-Al,05 is characterized by a higher proportion of sodium ions
than other compounds in this class, which can be explained by
the structural arrangement of the conduction planes, which com-
prises a network of sodium ions in the stoichiometric compound.

2.5%

Seawater: 97.5%

Freshwater:

Kim et al. compared f"-Al,O0; with a type of NASICON
in a rechargeable seawater battery using a hard carbon
anode and seawater as the catholyte.®® It has been shown
that protonated H;O" species in f§ "-Al;03 are allowed to
pass through the conduction band into the anode compart-
ment of the seawater battery, which in the end leads to not

Chiloride

Sodium

Sulfate

Calcium

Potassium

1000 10000

Content (mg/L)

Figure 3. A) Main components and distribution of different ions in natural seawater. Scanning electron images of carbonaceous materials used as
cathode current collector in seawater battery B) carbon felt, Reproduced with permission.®’] Copyright 2018, Elsevier, and C) carbon sponge. Repro-
duced with permission.[*l Copyright 2019, Elsevier, and D) carbon cloth. Reproduced with permission.l Copyright 2019, Elsevier.
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Figure 4. A) The structure of §-Al,05 and f”-Al,0;. Reproduced with permission.[?'®l Copyright 2020, Elsevier. B) The structure of NasZr,Si,PO;,. Repro-
duced with permission.?""l Copyright 2016, American Chemical Society. C) The performance of rechargeable seawater batteries with §”-Al,O; (left) and
NASICON (right) as the solid membrane. Reproduced with permission.l®®l Copyright 2016, Elsevier. D) Structural changes of 5”-Al,0; and NASICON
membranes during stability testing. Reproduced with persmission.*®l Copyright 2016, Elsevier.

satisfactory matched performance. NASICON-structured
materials are desirable because they exhibit high structural
stability and fast ionic conductivity (107 S cm™) because of
their suitable tunnel size for sodium-ion migration in a 3D
framework (Figure 4B).

In general, there are mainly two different NASICON types
found for seawater batteries. The Hong-type NASICON (Na,,..
Z1,S8i,P;.,0y;) offers the advantage compared to the von Alpen-
type (Nay..Z12.351,P3.,015.3) NASICON that it can be pro-
duced at lower temperatures (1250 °C), even compared to
B-ALO; (21600 °C B-Al,0;, 21300 °C Alpen-type NASICON),
and still achieves very high densification."®%] In some works,
the density (<78%) of the synthesized NASICON membranes
only insufficiently prevents water from penetrating the mem-
brane. For this reason, the remaining open pore channels
are filled with epoxy resin.”®% A recent report by Go et al.
reported that a vA-NASICON (Naj,Zr1; 5551, 3P70) has even
better and more suitable properties compared to the Hong-
type NASICON."”l Due to the changed composition and the
microstructure, higher ionic conductivity and a lower grain
boundary resistance can be obtained. In addition to the higher
bend strength, an improved voltage efficiency and higher
power output for use in a seawater battery could be demon-
strated in this way.[?]

NASICON structures are known for their use as materials
in sodium-ion batteries, both as electrode material and solid

Small 2022, 2107913 2107913 (9 of 26)
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electrolytes. Goodenough and Hing discovered this electrode
material and showed the formula Na MMA(XO,), where M
and MA represent metals and X are silicon, phosphorus, or
sulfur.%®%l Due to the diverse use and the different structure
of NASICON structures, a unique and targeted design is pos-
sible. Their open framework allows them to intercalate up to
four sodium ions, making them a promising electrode mate-
rial in sodium-ion batteries.2) With their fast ionic diffusion,
relatively high structural facile production/synthesis, stability
in different solvents, and rich structural diversity, they are also
attractive for seawater batteries. The catholyte, seawater, pro-
vides an ample supply of sodium ions to be transported across
the NASICON membrane. Corrosion is inevitable even for
NASICON, which provides much higher stability than ”-Al,04
membranes (Figure 4C,D).

In the work of Kim et al., NASICON membranes were
immersed in seawater for several days.®8 A slight change in
the crystalline structure was observed due to changes in inten-
sity ratios in the subsequent X-ray analysis, which was also
reported in other publications.®*1% A proposed mechanism
can be attributed to a topotactic ion exchange between Na* and
H;0" ions at the surface of the NASICON grains.l'*1% Many
factors influence this behavior, such as the applied current den-
sity, which at high rates (2 mA cm™?) causes structural degrada-
tion with irreversible phase deformation and Na* extraction.l*
However, further detailed investigations need to be carried out

© 2022 The Authors. Small published by Wiley-VCH GmbH
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in the future to better understand this process (and membrane
degeneration in general).

2.1.4. Liquid Electrolyte

Besides the solid electrolyte (membrane), a thorough selection
of the liquid electrolyte is of defining importance. In sodium-
ion batteries, an inorganic conductive salt dissolved in organic
solvents is mainly used to guarantee ionic conductivity between
the electrodes. The key points that apply here, such as a wide
electrochemical stability window, thermal stability, or a low
electronic conductivity, can only address the needs of the sea-
water battery to a minimal extent. However, this type of elec-
trolyte shows relatively low stability at low potentials, so the
Coulombic efficiency is generally low in the first cycles. The
solid electrolyte interphase (SEI), the protective cover layer at
the electrode surface, is also formed due to electrolyte decom-
position.%] The ideal liquid electrolyte would combine high
ion mobility, high electrochemical stability, low cost, natural
abundance, and low environmental impact.

The electrolyte stability and SEI formation are essential in
seawater batteries’ operation and stability. The SEI is a pas-
sivating and isolating boundary layer that, ideally, protects
the active material from direct contact with the electrolyte.l'%?l
The SEI prevents continuous and degradative reactions
between the electrolyte and the electrode material depending
on the applied potential and type of electrode material .l
The SEI is formed during the first cycle because of the
(initial) instability stability of organic electrolytes at low
potentials.%7] Applying organic electrolytes leads to forming
a solid and dense SEI at the anode and protects the electrolyte
from further decomposition.'®l An ideal SEI should have a
low electronic but high alkali-ion conductivity, an appropriate
thickness, good flexibility, and uniform morphology.[1°%1
If this layer is too thick, the cell’s capacity will decrease. How-
ever, especially in the early stage of seawater battery research,
an electrolyte adapted from the NIB was often used in the
anode compartment; that was later revised and replaced
because its properties could not lead to high performance in
seawater batteries.

An organic electrolyte that has been one of the most suc-
cessful in seawater batteries is a 1 M sodium trifluoromethane-
sulfonate (NaCF3;S03) solution in tetraethylene glycol dimethyl
ether (TEGDME)PP36+11L112] gince the SEI layer seems beneficial
with the TEGDME-based electrolyte.’”] A disadvantage for the
anode section is the occurrence of side reactions with resulting
gas evolution in this compartment during cycling. This causes
a swelling of this cell section; therefore, the battery cell cannot
run for a long time and in stable conditions but rather breaks
down relatively quickly!"® It is not an easy task to solve this
problem due to the high reactivity of the commonly used
metallic sodium anode. Thereby, achieving long performance
stability remains a tall challenge. Lee et al. developed an alter-
native system using sodium-biphenyl-dimethoxyethane (Na-BP-
DME) as a redox-active.*? This approach allows the chemical
and electrochemical stability of the anode side to be optimized,
which ultimately represents a decisive advantage for practical
applications. Compared with the conventional, nonaqueous
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liquid electrolyte (NaTE-TEGDME), the Na-BP-DME anolyte
showed enhanced chemical and electrochemical stability with
better cycling stability and cost-effectiveness.

2.1.5. Electrocatalyst: Oxygen Evolution Reaction
and Oxygen Reduction Reaction

Charging and discharging a seawater battery combines the con-
currence of sodium-ion reactions (much common to NIBs) at
the anode and an electrocatalytic reaction involving seawater at
the cathode/catholyte side.[*8!1*] Due to the usually very open-
structured design of the cathode in the seawater battery, this
part is continuously exposed to the renewed inflow of oxygen
from the environment. The battery cell takes advantage of this
and uses this abundant gas directly to discharge as electricity.
Due to the excess of (dissolved) oxygen, it actively participates
in the redox reaction of the seawater catholyte, which leads to
the well-known OER/ORR shown in Equations (1)—(3)

40H™ © 0O, +2H,0+ 4e (ORR <> OER) {1)
4Na" +4e <> 4Na (2)
4Na + O, + 2H,0 <> 4NaOH pH dependent (3)

The facile reduction of oxygen dissolved in seawater car-
ries the ORR process. During discharging, the stored chem-
ical energy is converted to electricity, and charge-compen-
sation is accomplished by transferring sodium ions from
the anode compartment across the membrane (back) into
the seawater. This two-electron reduction pathway process
(O, + H,0 + 2¢- — HO, + OH") is kinetically advantageous
but will cause a lower theoretical cell voltage of seawater bat-
teries from 3.48 to 2.9 V with the pH of seawater at 8. This
can be avoided by using the selective four-electron reduction
pathway (O, + 2H,0 + 4e~ — 40H") electrocatalysts, which
lead to a thermodynamically favored process (pH = 8) with
more charge carriers.[’l This reaction plays a crucial role in the
process, strongly linked to the resulting cell performance. An
electrocatalyst can be used as a critical component to enhance
the reaction kinetics, and the cathode current collector can be
carefully chosen.

To develop an optimal catalyst for this complex system, the
following criteria must be fulfilled: 1) high catalytic activity, (2)
high pore volume with a large specific surface area, balancing
ion transport, and electrode kinetics, 3) high density of acces-
sible, active sites with a homogenous distribution to enable a
low OER and high ORR potential, 4) (electro)chemical and
mechanical stability to enable device longevity, 5) high and
volumetric activity, and 6) cost-efficiency associated with avail-
able resources.*’l Electrocatalysts used in seawater batteries can
be divided into nonprecious metal oxide-based electrocatalysts
(Co,Mn; 0,581 CoyV,0g 5)), carbon-based electrocatalysts
(mostly doped carbon black, nanotubes, porous carbon, gra-
phene, and nanofibers),"*1% and hybrid or composite electro-
catalysts (graphene—carbon nanotube-cobalt hybrid)™? as an
alternative to the usual precious-metal-based electrocatalysts
(iridium oxide, ruthenium oxide, and Pt/C). Catalysts such as
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iridium oxide and ruthenium oxide are well-known for pro-
viding an attractive OER performance.[2%121l Most commonly,
Pt/C catalysts are being used as an accelerator for the ORR.['?
However, using such noble metal catalysts does not align with
the cost sensitivity intrinsic to large-scale applications.[22]

2.1.6. Cell Design

Since operation with only one electrode compartment is not
energy-efficient, operation in the aqueous medium for the
anode and cathode sides is not promising. One of the reasons
for this is that most high-capacity materials are not stable in
aqueous media, and the potential window is limited to the stable
range of water (1.2 V). The main seawater battery design can
be divided into an organic anode compartment and a seawater
cathode compartment. Larger systems are also being designed
and successfully used for applications beyond energy storage.
These systems are mostly built as dual-use systems; while water
is desalinated during the charging process, the charge is stored
during subsequent discharging. Therefore, at least one addi-
tional compartment is responsible for the desalination, besides
the sodium collection compartment and another compartment.
This extra compartment, which consists of the seawater and a
current collector, is used in this additional application in the
work of Bae et al. as a carbon capture compartment.'?3 In this
hybrid system, silver was used to form AgCl particles during
the charging of the system and the resulting oxidation on the
Ag electrode. For this purpose, Na-ions are brought into
the anode compartment in the same step as already done in
the well-known seawater battery. In addition, the water is desal-
inated. In the subsequent discharge process, the Na metal in
the Na-compartment is oxidized to ions and made available
to the carbon capture side. At the same time, the ORR takes
place, generating electrical energy. The presence of Ca’* in the
seawater and the relaxed OH™ leads to the formation of CaCO,
from the CO, gas.['?’]

Seawater battery design also capitalizes on established concepts
and components from other energy storage segments (lithium-
ion and sodium-ion batteries). So far, a modified coin cell, shown
in Figure 5A, has been used in most cases, mostly with a direct
connection to a flow-type cell tester. The pouch cell is also being
used more and more. Recently, new optimization attempts have
emerged that employ a rectangular cell produces an improved
charge—discharge performance (comparison illustrated in
Figure 5B). With improved conductivity and efficiency in stacking,
this cell should show enhanced competitive performance with
other already published commercial battery systems.['>]

2.2. Criteria Evaluating the Performance of Seawater Battery

The individual parts of the seawater battery are combined in a
complex structure and are fully functional, which optimally
results in an environmentally friendly battery cell with good per-
formance. The following sections outline the criteria for seawater
battery performance. An illustrative graph is given in Figure 6
showing the actual performance of the seawater battery as well as
the future design goals considering different key points

Small 2022, 2107913 2107913 (11 of 26)

154

www.small-journal.com

2.2.1. Capacity

The capacity describes the charge storage capacity of an elec-
trochemical energy storage device. The capacity indicates
the amount of electrical charge Q that a battery can supply or
store. Capacity is usually expressed in ampere-hours (Ah), and
it is commonly normalized to mass (Ah g™) or volume (Ah
cm™), thus forming the basis for the battery field naturalized
nomenclature of mAh g™, This index is applied to describe
the performance of alkaline metal batteries, as well as likewise
for seawater batteries. The capacity also depends on the type/
amount of active material, discharge current, discharge voltage,
and temperaturel'?® and can be used to calculate how long a
given current or how long a specific current, or how much cur-
rent can be extracted over a specific time. The limit of electro-
chemical charge storage is the theoretical capacity of a material
given by Faraday’s law of electrolysis.l?] The theoretical capacity
cannot be reached in practical applications due to polarization
effects or losses due to side reactions or material defects. The
overall capacity of the cell can only be as good as the weakest
component of a battery. Hence, anode and cathode must pro-
vide the same capacity, resulting in a balanced and perfectly
composed interaction. While a high capacity is desired, other
criteria and parameters are also critical. Typical values of the
capacities, which are reached in the state-of-the-art seawater bat-
teries, range from 10 mAh g7 (87-Al,0; membrane and hard
carbon anode®)) to 900 mAh g ! (NASICON membrane and red
phosphorus anode*)), depending on the used electrode mate-
rial, based on the reaction mechanism and the applied current.

2.2.2. Efficiency

Efficiency is a critical evaluation criterion that describes a par-
ticular system’s performance, especially for electrochemical
systems. Three parameters (Coulombic efficiency, energy effi-
ciency, and voltage efficiency) are typically used in this context.

The Coulombic efficiency (CE) is the ratio of the amount
of charge (Q) flowing through the cell during discharging and
charging and will be expressed as a percentage. Optimally, the
standard potential of the cell at the start of charging should cor-
respond to the lower end-of-charge voltage at the subsequent
discharge. The Coulombic efficiency is based on losses such as
SEI formation and aging effects. Past works show a Coulombic
efficiency in the range of 76-98%,11111127) whereas commercial
lithium-ion batteries typically show values above 99%.

Two more efficiency values are to be considered. First, the
voltage efficiency (VE) represents the voltage ratio between
charging and discharging, considering the internal resistance
and different polarizations. Second, the energy efficiency (EE)
is a derivative of the Coulombic efliciency and the voltage
efficiency (EE = CE x VE).I'”®l Several conditions, such as the
temperature, electrolyte conductivity, specific current, and the
selection of the membrane/separator, influence the values of
the efficiencies. In general, the efficiency of the seawater bat-
tery can be evaluated with all these three factors. Commonly,
the Coulomb efficiency is taken as a comparative value to
determine the capacity loss cycle by cycle, which is an essential
parameter for predicting the remaining battery life.
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Figure 5. State-of-the-art seawater battery cell set up. A) Schematic diagram of the seawater battery (top) and the integrated cell components of the
coin-type cell (bottom) and assembled coin-type cell with flow-cell tester adapted and modified with permission from.[*?l Copyright 2018, Elsevier
Note: (1) PD2450 rechargeable Li-ion battery, Routejade. (2) LG325134115 Li-ion polymer battery, LG chem. B) Scheme of the operating mechanism of
a lithium-ion battery compared to a seawater battery and the corresponding unit cell adapted and modified with permission from.'” Copyright 2020,
John Wiley and Sons. CC = current collector.

2.2.3. Stability and Performance Longevity lifetime and stability are critical parameters for evaluating
seawater batteries. In addition to all the other factors involved in

In addition to the efficiency and capacity, which mainly char-  the aging of battery cells and several side reactions, the stability
acterize the instantaneous consumption of a state, the cell's  of the solid electrolyte in the aqueous medium (NaCl solution)
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Figure 6. Parameters of designing a good performing seawater battery.

is a limiting factor. The cycle numbers typically reported for
seawater batteries are 20-100 cyclesP?>5°687129] with satisfying
capacity retention. Therefore, the aim is to reduce these lim-
iting factors as far as possible to create batteries that are as
long-lasting and stable as possible.

2.2.4. Safety and Environmental Friendliness

Seawater batteries present a particular issue as many device
types employ both metallic sodium and water. A dangerous
and unsafe action can also happen, for example, by forming Na
dendrites, which can then cause a short circuit in the cell and
trigger a simple ignition of the battery.'!3]

An equally important aspect is the environmental friendli-
ness of seawater batteries. There is the environmental hazard of
some materials used as electrodes or even organic electrolytes.
As common in the battery industry, polyvinylidene fluoride
(PVAF) with N-methyl pyrrolidone (NMP) as its respective sol-
vent is often used to prepare the electrode coating.F>130-132
The environmental concerns of NMP are aggravated by health
concerns, such as cancerogeneity and the cause of respira-
tory difficulties, and excessive mortality mandate to explore
safer and greener alternatives.*’ As electrolytes are often
adopted from the NIB community, the safety risks also apply
to seawater batteries. So, the physical hazards associated with
conventional NaClO, and carbonate-based electrolytes are well
documented.'3*135] Sometimes, this can result in elevated tem-
perature, large combustion enthalpy, and high flammability.l3]

It is also necessary to consider recycling after the cell has
reached the end of its battery life. So far, no work proposes or
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applies the recycling of seawater battery components. While the
metallic components may be straightforward to recycle and repur-
pose, issues arise with ceramic ion-exchange membranes. How-
ever, the ceramic membranes may well be the most cost-intense
component; therefore, their recyclability may be highly desirable.

2.3. Limitations and Advantages of Present-Day
Seawater Batteries

Due to the growing electrification and increased demand for
renewable energy storage systems, exploring alternatives and
substitutes to existing primary power sources is necessary.
These include, among other things, that the lithium-ion bat-
teries must consider increased prices due to the exhausted
resources of Li and the concerns about geopolitical and envi-
ronmental aspects. Additionally, the typical metal-ions batteries,
like lithium-ion and sodium-ion batteries, the cathode accounts
for 30% to 35% of the total costs (Figure 7A).*

Using natural seawater as the catholyte is highly cost attrac-
tive, abundantly available, and rich in sodium ions. Seawater can
be circulated along the aqueous components to mitigate possible
heat-buildup in large-scale modules.*¥] So far, it is not common
in the seawater battery community to present the material’s rate
stability, and only a few works provide such data.b!l

2.3.1. Issues at the Anode

On the anode side, if this is not an elementary anode, there
are often simply degradation problems compared to those in
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Figure 7. A) Comparison of cost contribution of each component for lithium- and sodium-ion battery system in percent. Reproduced with permis-
sion.*] Copyright 2014, John Wiley and Sons. B) Scanning electron images of the polished surfaces of the Hong-type NASICON ceramic samples
immersed in seawater at 80 °C for 0 d, 2d, 5 d, and 15 d. Reproduced with persmission.['>l Copyright 2017, American Chemical Society.

a NIB.[6] One problem is the proper selection of the binder.
Many systems have been adopted directly from the lithium-ion
battery community without considering a seawater battery’s
unique (electro)chemical setting. The choice of the binder
significantly influences the battery life, costs, and the avoid-
ance of toxic organic solvents.'¥’] PVAF is a standard binder
in lithium-ion batteries. Due to the low number of functional
groups, it has the advantage of low reactivity, good adhesion
properties, and electrochemical stability.**¥] Still, PVAF binder
can also cause system instability as other side reactions may
occur. For example, using fluorinated binders leads to reduc-
tions that influence the cell reaction and reduce the capacity
and performance of the cell.’**] Sodium in the presence of the
PVAF binder may also destabilize the cell.*l The decomposi-
tion of PVAF weakens the electrode, so individual particles may
become detached and act as insulators. This results in lower
efficiency and high capacitance loss.'*1% The formation of
SEI also has a significant influence on the cell’s performance.
PVdF, for example, has a significantly lower cycle performance
as it continuously reduces carbonate solvents, resulting in a
(too) thick or unstable SEI layer.[*?]

A further problem known from sodium-ion batteries relates
to using elemental sodium as an electrode. During electro-
chemical cycling, dendrites can occur, and uncontrolled growth
of tree-like Na dendrites hinders safe battery operation and
shortens lifetime while still exhibiting low Coulombic effi-
ciency.P”-®!l Therefore, limiting or avoiding the growth of
sodium dendrites is crucial. The future of seawater battery
electrode materials may well be with anode systems that do not
require binders or elemental sodium, such as the redox-medi-
ated red-phosphorous semiliquid anode system.[*

2.3.2. Stability of the Membrane and Cathode in Saltwater

The selective sodium permeable membrane’s stability is
highly important for seawater batteries. Like the rarely used
p7-Al,0; membrane, NASICON also shows signs of aging
after a certain period (Figure 7B), whereby different stresses
build up inside the NASICON ceramic during the structural
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degradation process and increased compressive stress can
be observed. Likewise, investigations by Jung et al. have
described the local compaction of NaCl at the surface,
which can be related to a reaction of the chloride ions with
the sodium species from the NASICON structure.'"*] These
exposed sodium sites get occupied by H30" ions in a subse-
quent reaction, which leads to volume changes and intense
precipitation of NaCl.

Comparing the energy densities of different energy storage
systems, the seawater battery with an energy density of mostly
<150 Wh kg 1% has been relatively moderate. In comparison,
considering a commercial lithium-ion battery, a conven-
tional battery can deliver up to four times the energy density
(250-590 Wh kg™}).[61%] The reasons are complex but can be
due to the low capacity, achieved mainly by limitations in the
anode and cathode selection and the low working voltage. At
least one compartment must continuously be operated in the
aqueous medium. However, optimizing the cathode materials
remains challenging since they have to be stable in the aqueous
medium and resistant to side reactions concerning the OER
and ORR.

Despite this knowledge and further studies on undesired
side-reactions in OER/ORR on the cathode side, there is still a
lack of a more profound understanding of performance failure,
especially performance degradation. From the transfer from
fuel cells, it could be assumed that the primary carbon material
used as a cathode current collector can be oxidized by a corro-
sion reaction and thus rendered unusable/less efficient.¥~1>4
Another issue is scaling via the possible precipitation of CaCO;
in primary seawater batteries.>15¢ This process may occur
during the cell discharging via the ORR process in seawater.”?

Activated carbon can be an environmentally friendly
and (electro)chemically stable choice for the current col-
lector at the cathode side. Past works show that it provides
an increased voltage gap (0.6 to 1.42 V) and limited energy
efficiency (64-83%).1°*l The gradual increase in overvoltage
and the recovery of voltage efficiency after replacement of the
cathode suggests that the cathode is the leading cause of cell
performance degradation and that there may be several degra-
dation processes.[*¥ On the one hand, oxidation of the carbon
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current collector surface probably occurs, leading to a gradual
build-up of the impedance. On the other hand, structural
damage to the cathode occurs after a critical running time of
the cell.

2.4. Approaches to Improve Present-Day Seawater
Battery Technology

2.4.1. Voltage Efficiency: Enhancing the Kinetics of ORR/OER

Increasing Concentration of Dissolved Oxygen: Since seawater
batteries use seawater as catholyte, fresh reactants (water and
oxygen) must be continuously supplied to the cathode current
collector during cell operation.®’ If this is not the case, few
to no reactants will be available, reactions will be slower and
weaker, and the cell efficiency will be low. The concentration of
dissolved oxygen in the catholyte can be increased to counteract
this limiting factor by flowing seawater continuously through
the cell compartment. Han et al. have compared the values
of efficiency and overpotential with and without a continuous
electrolyte flow. Without flowing the seawater, the charge and
discharge voltage of the cell is slowly saturated with a voltage
gap of 1.1 V between charging and discharging. By contrast,
when the seawater is flowing, that difference decreases to 0.7 V.
Thus, it also appears essential to have a continuous flow of sea-
water catholyte. This may partly be due to the facilitated diffu-
sion of the reaction to the cathode current collector, resulting
in reduced concentration polarization during the charge and
discharge cycle.

Synthesis of a New Catalytical Electrode with High Catalytical
Activity: To increase the efficiency, one can use a suitable
bifunctional oxygen evolution reaction/oxygen reduction reac-
tion electrocatalyst at the cathode. This approach could effec-
tively reduce the side reactions (like other reactions of Cl, with
the water) to OER/ORR at high overvoltages.[® These side reac-
tions depend on the applied current, the pH, and the local CI~
concentration at the air cathode.[°® The large overpotentials that
often occur in the charge and discharge cycles result from slow
OER and ORR reaction kinetics. This yields a significant differ-
ence between the discharging and charging voltage profiles; the
low voltage efficiency is accompanied by a low energy storage
ability and insufficient cycling stability.['5-159)

These problems can be (partially) overcome with effective
electrocatalyst systems, which allow the reaction to proceed
faster. Mainly elements taken from general catalyst research,
such as Pt, Ru, Pd, Au, and Ir, are used. Due to their compara-
tively high costs and scarce availability, they have not yet estab-
lished themselves in large-scale industrial use [#-154157.159-161]
Many studies have explored nonprecious metal oxides or
heteroatom(s)-incorporated carbonaceous materials. Mixed
spinel-type transition metal oxides based on Ni, Co, and/or Mn
are promising. For example, Abirami et al. used cobalt man-
ganese oxide with a spinel structure (Co,Mn, ,0,, CMO) as a
seawater battery electrocatalyst without noble elements.[® This
catalyst accelerated the cathode reactions (OER/ORR) because
of the large specific surface area with many electrocatalytically
active sites by reducing the voltage gap and enhancing the
voltage efficiency to a value of 85%.(6%!
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Further approaches are proposed to eliminate the efficiency
problems by synthesizing completely new catalytic electrodes
with high catalytic activity. For example, Liu et al. showed Mg-
ion-based seawater batteries.'®?l The porous heterostructure
of the synthesized CoP/Co,P provided a large specific surface
area, abundant active interfaces, and enhanced active sites with
accelerated charge transfer'?) This enabled a high hydrogen
evolution reaction activity, enhanced performance with good
efficiency, and promising stability for Mg seawater batteries.*?]

Shin et al. proposed a new electrocatalyst that optimizes the
kinetic of the seawater cathode OER/ORR process.I"®! Co;V,04
with large active sites enabled an increased voltage efficiency
of =76% by lowering the charge voltage from 3.88 to 3.76 V
and increasing the discharge voltage from 2.80 to 2.87 V
(compared to a cell without catalyst).'""”] The resulting seawater
battery provided promising cycling stability with voltage gaps of
=0.95 V.13
Modifying the Carbon Current Collector at the Cathode Side: Side
effects of carbon corrosion and scaling via CaCOj; plague the
cathode during the charging process. Preventing irrevers-
ible carbon corrosion at the cathode enables a higher voltage
efficiency and better cycling stability.?¥ This can be accom-
plished by using more corrosion-resistive carbons and catalyst
materials.18*1%4 For example, Tao et al. reported that inducing
various defects and the resulting shift of charge in the subse-
quent electrochemical characterization makes it possible to
increase the activity for electrocatalytic reactions (ORR, OER,
and HER).[1%]

The carbon current collector can also be modified by heter-
oatom doping. This can be explored to improve electrocatalytic
activity. For example, Jeoung et al. fabricated PNCs (high sur-
face area, nitrogen-doped carbon) and efficiently adjusted the
porosity of PNCs by varying the transformation conditions.[¢!
The mesoporosity was crucial for controlling the electrocata-
Iytic activity and the seawater battery performance. This distinct
improvement made it possible also to obtain improved electro-
chemical properties (stable voltage gaps of <0.53 V at 0.01 mA
cm™ over 20 cycles),'%l thus highlighting the use of PNCs as a
promising metal-free catalyst in the seawater battery.

Another effective method to improve the efficiency from
several points of view was proposed by Suh et al., who used
hydrophilic carbon electrodes on the one hand and a 3D hybrid
(S-rGO-CNT-Co)."? The uniform distribution of Co/CoO, nan-
oparticles on the porous 3D graphene creates many active sites,
resulting in good cycling stability and rate properties. The addi-
tional CNTs, with their high conductivity and stability, prevent
rapid cell degradation due to electrode decomposition.
Hybridizing Catalytic Reaction: The optimized performance
can also be enabled by hybridizing the catalytic reaction with
other electrochemical processes or using other electrochemical
processes as a substitute. No less attractive and effective is
an approach in which the catalytic reaction is combined with
another electrochemical process. Park et al. combined ion elec-
trosorption via the formation of an electrical double-layer with
the OER/ORR electrolytic activities in activated carbon cloth
seawater batteries.[* This lowered the voltage gap to 0.49 V,
increased the voltage efficiency to 86%, and yielded increased
power performance.® Kim et al. introduced a silver foil as a
chloride ion capturing.'"! Silver’s reversible Ag/AgCl reaction
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with the Cl-ions released from the seawater catholyte at 2.93 V
versus Na*/Na (in the charge and discharge cycle, respectively)
bypasses the typical OER/ORR reaction. This process signifi-
cantly reduced the voltage gap and increased the voltage effi-
ciency to about 90%. 1

2.4.2. Stability

Eliminating Side Reactions: The problem of side reactions with
a particular binder system and sodium is known from present-
day NIB research and occurs in seawater batteries.”’] As a prom-
ising binder, sodium alginate is very stable, environmentally
friendly, and supports the formation of a stable SEL'"l The car-
boxymethyl cellulose binder, for example, is an environmentally
friendly and green material. It is soluble in water, which allows
the processing of aqueous pastes. However, due to the solubility
in water, only an application in the anode compartment is pos-
sible since the electrode on the seawater side would dissolve oth-
erwise. It is mainly used in anodes that have a high capacity.'"!

Using elemental sodium as electrode material leads to a high
capacity. Still, the cell voltage is limited by the (electro)chemical
stability window of water['?21%8] Some approaches to overcome
this problem have been proposed in past works. For example,
Tu et al. proposed a method with enhanced ORR/OER activi-
ties of seawater batteries using a cathode made from nitrogen-
doped carbon cloth.'*¥l Abirami et al. presented work that used
next to the CMO cathode catalyst also a hard carbon electrode
as a sodium-free anode; their cell provided a discharge capacity
of around 190 mAh g7Y.14 carbon With an average voltage of about
2.7 V during 100 cycles (corresponding with an energy efficiency
of 74-79%).18! Kim et al. proposed a hard carbon anode separated
by a ceramic membrane from a carbon paper as a current col-
lector for the seawater cathode side.®® The discharge capacity of
the resulting seawater battery was 120 mAh g after the first cycle,
with a resulting Coulombic efficiency of 91% after 20 cycles.®

Many attempts have been made to counteract the rapid
and uncontrolled growth of the Na dendrites. For example,
approaches from Li-ion battery chemistry have been adopted,
such as adjusting the charge/discharge rate at the current
collector, increasing surface tension to suppress the dendrite
formation mechanically, or modifying the electrolyte concentra-
tion.[MOL8LI0-177] Other works explored using a NaPFg/glyme
electrolyte, an artificial Al;O; SEI layer, various inorganic elec-
trolytes, or sodiated carbon as a nucleation layer.7#'8¢] Using a
low current density may further delay dendrite formation and
increase the critical nucleation radius.7"'%-18 Kim et al. pro-
posed controlling the growth of sodium dendrites rather than
avoiding their occurrence altogether.'®] Thereby, enhanced per-
formance stability resulted from a low number of sodium den-
drite cores formed on the homogenous surface of a graphene-
coated copper current collector.!®]

Optimizing of the Anode Compartment: The liquid electrolyte is
of critical importance at the anode because it reduces the inter-
facial resistance between the anode and the ceramic membrane
(which serves as the solid electrolyte); this is important to ena-
bling stable cell performance and efficiency.™ An electrolyte
adopted from the NIB was often used in the anode compartment.
Still, some studies showed that an ethylene carbonate/propylene
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carbonate(EC/PC) electrolyte could not provide sufficient cycling
stability.**97124 For example, Kim et al. showed for the EC/PC-
based electrolyte the formation of a poorly conductive, thick SEI
layer and the degradation of the PVAF.”! Successful and high-
performance electrolytes based on TEGDME have been devel-
oped, which show good cycle performance over 100 cycles and are
successtully used in almost every present-day seawater battery.

The areal/absolute capacity of some anode electrode mate-
rials can be increased by employing a semisolid anolyte, which
includes two redox mediators.™ One of these mentioned
anolytes would be, for example, sodium biphenyl, which has
been successfully used in combination with a semiliquid nega-
tive electrode of red phosphorus for the realization of metal-
free Na-seawater batteries. Remarkably, using the semiliquid
electrode as a static anode, high area capacities of about 11
mAh cm™ in Na half cells and 15 mAh cm™ in Na seawater
cells could be achieved at room temperature.l' For sodium
metal batteries, sodium biphenyl is an attractive and cost-
efficient anolyte system, which prevents hydrogen evolution
and suppresses sodium dendrite growth, thus increasing the
capacity and providing performance stability.""! Tonic liquids
(ILs) may be a future choice for high-performance seawater bat-
teries. For example, NaFSI salt in two ionic liquids (Pyr;3FSI
and Pyr;;TFSI)) showed a very high (electro)chemical and
thermal stability in combination with the well-known low vapor
pressure of ILLPU This was accomplished despite the small
amount (5 mass%) of organic solvent (EC) added to facilitate
and enable the formation of a stable SEI on the hard carbon
anode. In contrast to the typical liquid electrolytes (i.e., organic
solvents), ILs show a lower cell polarization resulting in higher
energy efficiency.’!l Kim et al. used this electrode and anolyte
to obtain a capacity of 290 mAh g7 Y...4 carbon With a Coulombic
efficiency of 98% during 600 charge/discharge cycles at rates
up 5.0C, and associated energy efficiency up to 80%.1°Y

3. Dual-Use Application: Seawater Batteries
for Energy Storage and Desalination

3.1. Energy Storage
3.1.1. Wearable Devices

Marine wearable devices like life jackets and wetsuits are usu-
ally equipped with lights to illuminate and locate drowning
persons. Since the seawater battery utilizes the seawater as the
catholyte, it is very suitable for marine wearable devices” power
supply. Cho et al. put forward a novel design for marine life
jackets.'”?] It takes advantage of the properties of seawater bat-
teries that generate electricity once the cathode current collector
contacts the seawater. Therefore, when people fall into the
water wearing the life jacket, the batteries will be activated and
charge the in-built global positioning system.[*]

3.1.2. Marine Fundamental Facilities
Marine primary public facilities on the ocean, such as light

buoys and water-quality monitoring stations, are commonly
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Figure 8. A) The conceptual diagram and B) optical photograph of seawater battery-based wireless buoy system. Reproduced under the terms of
the Creative Commons Attribution 4.0 License "l Copyright 2021, the Author(s), Published by IEEE. C) Scheme image of unassisted solar-charging
rechargeable seawater battery with NiFeO,/BiVO, PE combined with PSC or ¢-Si PVs and D) the mechanism image of it with three pieces of PSC as

the example. Reproduced with permission.'%l Copyright 2019, Elsevier.

powered by solar batteries assigned with energy storage sys-
tems like lithium-ion batteries or lead-acid batteries. Once
these batteries have some leakage, the toxic component in the
batteries will be released into the sea. Therefore, power with
a long lifespan, low cost, and low/no environmental pollution
are required. Recently, Kim et al. designed a wireless marine
buoy system based on rechargeable seawater batteries.I" The
system comprised seawater batteries (energy storage), light-
emitting diodes light, the main circuit module, an uninterrupt-
ible power supply, a wireless communication circuit module,
and photovoltaic batteries (self-powered energy resource), as
shown in Figure 8A,B. The state-of-charge (SOC) is monitored
by Coulomb counting, and variance measurements detect the
state-of-health. Through wireless communication, the position
of marine buoys and the SOC information of the batteries can
be obtained on a mobile phone.

3.1.3. Large-Scale Energy Storage

Apart from the small devices, rechargeable seawater batteries are
also expected to serve as the energy storage systems for the solar,
wind, or tidal power station installed near the ocean. Recently,
Kim et al. designed a combined photoelectrode (PE)— photovoltaic
(PV) device to accomplish the solar energy-driven rechargeable
seawater batteries.'¥ In the cell, NiFeO,/H, 1% Mo:BiVO,, and

Small 2022, 2107913 2107913 (17 of 26)

160

a series-connection of crystalline silicon solar cells or lead halide
perovskite solar cells were applied as the cathode, and the other
components were adopted from conventional rechargeable sea-
water batteries (Figure 8C). Oxygen and hydrogen are obtained
during the charging process on the cathode side, while on the
anode side, the sodium ions precipitate as metallic sodium, as
shown in Figure 8D. This setup provides an avenue to apply
rechargeable seawater batteries independently as marine facili-
ties’ power supply without extra power.

3.2. Desalination and Water Purification
3.2.1. Cell Configurations and Performance Metrics

Due to the unique structure, containing both aqueous (seawater)
electrolyte and organic electrolyte, it is easy to implement
simultaneous water desalination and energy storage if the
system of rechargeable seawater batteries is modified.

In 2018, Zhang et al. proposed a rechargeable seawater
battery desalination system.*?l Unlike conventional seawater
batteries, the system used stilled water as the catholyte and sea-
water as the feed water. Oxygen evolution reactions occur at the
cathode part during the charging process, producing protons;
sodium ions insert into the hard carbon anode. To keep the
charge balance, CI~ and Na* in the seawater (middle channel)

© 2022 The Authors. Small published by Wiley-VCH GmbH
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will migrate through the anion exchange membrane (AEM)
and the NASICON membrane, respectively. Thereby, HCI
and desalinated water are produced during the charging pro-
cess, and during the discharging process, the sodium anode is
regenerated, and NaOH is formed (Figure 9A). Due to the high
resistance partially caused by the AEM, there is a high overpo-
tential for OER, resulting in the competition between OER and
chloride evolution reactions (2Cl~ — 2e~ — Cl,, E® = -1.36 V vs

www.small-journal.com

SHE). Thereby, the partial migrated Cl~ could also be removed
by CER.I After 10 cycles, the total ion concentration decreases
from 34.9 to 31.9 g L7}, with an average Coulombic efficiency
of 92% and an energy efficiency of 76%. The relatively low-effi-
ciency values could be due to the irreversible intercalation of
Na* in the hard carbon™? or the energy dissipation caused by
sluggish ORR and OER reaction kinetics and the high resist-
ance of the cell.1?4
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Figure 9. Schemes of different device technologies. A) Rechargeable seawater batteries desalination system with charging and discharging process,
redesigned according to Figure 1 of ref. [132]. B) hybrid of desalination and carbon capture system based on rechargeable seawater batteries. Repro-
duced with permission.[?3 Copyright 2019, Elsevier. C) Compartmentalized rechargeable seawater batteries desalination system. Reproduced with
permission."®l Copyright 2020, Elsevier. D) Desalination mechanism in bielectrolyte desalination cell. Reproduced with permission.’®l Copyright 2021,
Royal Society of Chemistry. The schematic diagram E) of disinfection—dechlorination battery (left side), conventional electrochlorination and dechlo-
rination of ballast water (right upper corner), and the disinfection—dechlorination battery used in a humidifier (right bottom corner). Reproduced with
permission.l'*®l Copyright 2021, American Chemical Society.
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Following works modified the basic rechargeable seawater
desalination system mentioned before to optimize the system or
add more functionalities. For instance, Bae et al. combined the
seawater battery system with a CO, capture system (Figure 9B).1'%*]
This system contains the desalination compartment and the
carbon dioxide capture compartment. Silver was used as a CI™-
capture electrode instead of an OER catalytic electrode to compose
the desalination parts with NASICON and Na metal, unlike the
typical seawater battery system. This effectively reduces the over
potential and improves the voltage efficiency during the charging
time caused by the sluggish kinetics of OER.[*l After the desali-
nation process (system charging), the system is discharged with
Na metal and porous carbon paper as the electrodes, where OH~
is generated and CO, is captured by the metal hydroxides, like
NaOH, Mg(OH),, and Ca(OH),. Consequently, CaCO; or MgCO;
are simultaneously generated as a by-product.

Arnold et al. used carbon cloth as the alternative to OER, for
its low price compared to Ag (Figure 9D).°°l With antimony/C
as the anode, the initial capacity of the cell was 714 mAh g!
and the average desalination capacity was 294 mgy, g s, with
a charge efficiency of around 74%. In 2020, Kim et al. improved
the previous architecture of seawater batteries.'” The cell con-
tains independent desalination and salination parts (Figure 9C).
This avoids disassembling cells between the charging and dis-
charging process, which reduces the energy losses and enables a
higher nominal cell potential of 3.46 V (pH 8.4) and a theoretical
energy density of 4010 kWh kg'. After galvanostatic charging
for 20 mAh, 77% of the salts are removed from the seawater.

Apart from desalinating water, rechargeable seawater bat-
teries also can disinfect the water if a higher voltage is applied.
Recently, Park et al. proposed a disinfection-dechlorination bat-
tery with a NASICON ceramic membrane, depicted on the left
part of Figure 9E.'*] During the charging process, the Na™ moves
through the NASICON membrane and deposits on the anode; CI~
or OH™ partake at a redox reaction at the cathode (Equations (4)—
(7)). The produced HOCI, ClO™, and Cl, could kill microbes in the
water. The residual chloride base product will be oxidized into Cl~
during the discharging process. After charging the cell for 3 h,
the reduction rate of microorganism, Escherichia coli (MG1655),
reaches 10096, while 8 h is required to 100% remove another
microorganism, Enterococcus aquimarinus (DSM17690). This new
system avoids the extra dechlorination process of standard disin-
fection technologies based on chloride disinfectant.”! However,
the competitive OER reactions would reduce the energy efficiency
of this system, which may be addressed by applying selective cata-
lysts for chloride evolution reactions.'””] In addition, the authors
also put forward two typical applications; one is in the ballast
water treatment, and the other is to disinfect microorganisms in
humidifiers, which are illustrated in the upper right corner and
bottom right corner of Figure 9E

2H,0 > O, +4H" +4e E, =349 V vs Na/Na"(pH=83) (4
Cl" +H,0 > ClO™ +2H" +2¢” E, =3.94 V vs Na/Na®(pH =8.3) (5)
Cl” +H,0 <> HOCl+ H" +2¢” E, = 3.95 V vs Na/Na*(pH=8.3) (6)

2CI" «>Cl,+2e E,=4.07 Vvs Na/Na'(pH =8.3) @)
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3.2.2. Desalination Performance and Energy Consumption

Seawater batteries provide a high desalination capacity compared
to other electrochemical desalination technologies. This ben-
eficial performance results from the extended voltage window
and the possibility of using materials with higher capacity as
anodes, such as Na metal (theoretical capacity, 1165 mAh g™) %]
red phosphorus (theoretical capacity, 2596 mAh g7).["24
Therefore, seawater batteries could remove 70-80% of salts
from seawater, among which Na* and Cl~ dominate due to the
selectivity of the NASICON membrane (Table 2).

Limited by the water-splitting voltage window, a relatively low
voltage (generally <1.2 V) is applied in other electrochemical tech-
nologies, such as capacitive deionization,””) and desalination bat-
teries.'® Consequently, materials with suitable potential range
but relatively low capacity like carbon (5-30 Mgy.c1 € lelectrode)s
some intercalation materials (50-100 mg g™), and some conver-
sion materials (100-150 mg g'), are employed as the electrode,
as shown in Table 2. Compared with the salt rejection rates
of current seawater desalination technologies, such as reverse
osmosis (RO) (299%),1%l multiple-effect distillation (MED)
(almost 100%4),?%°1 seawater batteries technology is not suitable
to produce potable water, which requires the total dissolved
solid lower than 500 mg L7, independently from the sea-
water. This is because seawater battery desalination generally
removes sodium ions due to the selectivity of the NASICON
membrane. However, it adapts desalinating the water with
the salinity from low to hypersaline. Thereby, this technology
could combine with some filtration technologies playing the
role of pretreatment and the 2nd pass treatment to desalinate
seawater; this technology could also replace some units or be
added additionally in the current seawater desalination plants
to reduce the energy consumption.

The energy consumption of seawater batteries must also be
considered when assessing its application potential. The energy
consumption of seawater batteries desalination depends on the
amount of removed salt. The removal of 9% of all salt ions cor-
responded with an energy consumption of 4.7 kWh m=.1%? The
energy consumption increased to 53.9 kWh m™ when the salt
removal increased to =75%.1°°Y Table 3 shows the energy con-
sumption of some industrial plants with various desalination
technologies. As can be seen, the energy consumption of RO
is =3-5 kWh m~3,?"2] varying from the operation parameters,
which is less than that of MED (5-58 kWh m~%)2%% and elec-
trodialysis (ED; 3-20 kWh m™®). These industrial plants also
employ energy recovery devices to reduce the total energy
consumption. Considering the energy recovery of seawater bat-
teries desalination technologies (i.e., discharging process), the
energy consumption could reduce to around 5 kWh m with
the energy recovery reaching 90% by declining the voltage gap
during the cycling.['*1]

Recently, Ligaray et al. used reverse osmosis models to
evaluate the energy consumption of a new system where a sea-
water battery is applied to be the energy recovery component
or the substitute of the first RO in the conventional RO design
with the energy recovery devices after the first filtration for
the energy recovery of 50% (Figure 10A).21 Their modeling
assumed the Coulombic efficiency of seawater batteries to be
100%. Consequently, compared with the standard RO system
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Table 2. Desalination performance of seawater-battery-based system, carbon materials, and Faradaic materials used for desalination.

Electrodes Feedwater salinity Feedwater Desalination Desalination  Charge efficiency Energy Refs.
[mg L] volume [mL] capacity [mg g7] [%4] consumption

Seawater- battery ~ Sodium metal//carbon felt 33 460 34 77% - =70% for CI- 37 kT ion™! [194]

based system =80% for Na*
Sodium metal//silver foil 34 000 - 97% for Na* - - - [123]

9% for CI~
Hard carbon//Pt/C 34910 10 9% after - - 47 Wh L [132]
10 cycles
Antimony/C/[carbon cloth 35100 - - 294 74 16 kT ion™ [90]
Sodium metal coated on 12182.5 3.4 73% - - - [220]
carbon cloth//carbon cloth
Carbon materials ~ Carbon cloth//carbon cloth 58 400 - - 30 =90 20 kT ion™ [227]
Activated carbon// activated 292.5 - - 13 86 - [222]
carbon
Activated carbon//activated 35100 - - 12 63 - [223]
carbon
Electrodes Feed water Volume of the Desalination Desalination  Charge efficiency Energy Refs.
salinityfmg L] feed water [mL] capacity [mg g] [%%] consumption

Faradaic materials Nap 44MnO; [/BiOCI 760 50 - 69 97.7 - [224]
Na,_,Mn:Oso//Ag/AgCl 34 800 =03 25% - - 0.3 Wh L™ 38]
VS;-CNT//carbon cloth 35100 - 15 >85 29 kT ion! [225]
NaNiHCF//NaFeHCF 34 465 0.6 409 for Na* 60 - 0.3 Wh L [226]
lodide//[ activated carbon 35100 - - 69 64 1.6 Wh L [204]
Bi/C// activated carbon 1000 50 - 13 - - [227]

for seawater desalination, which contains the ultrafiltration
(UF), RO, and brackish water reverse osmosis (BWRO), using
seawater batteries as the additional energy storage devices could
save about 104 kWh m™ energy by reducing the salt concentra-
tion from 61200 mg L' to less than 20 000 mg L% Applying
seawater batteries instead of the first RO step (UF-SWB system,
UF + SWB + BWRO), the seawater batteries could save
49-50 kWh m™; utilizing nanofiltration (NF) + seawater bat-
teries (NF-SWB system, UF + NF + SWB + BWRO) together
as the alternative of first RO, the seawater batteries can save
24 kWh m~ and 1.1 kWh m~ pump energy could be reduced.
The net specific energy consumption (SEC) of the UF-SWB

system and NF-SWB system are 1.35 and 2.1 kWh m~3, respec-
tively; these values are below what is needed for the net SEC of
a standard 2nd-pass-RO system (2.8 kWh m™).

The energy consumption of the seawater battery system is
relatively high compared with desalination batteries based on
the intercalation materials®®l or redox electrolytesi?™ (Table 2);
this could be due to the high overpotential of the seawater bat-
tery system and the high resistance of NASICON membrane.[*]
Another potential issue of the seawater battery system is the
relatively low desalination rate (generally < 1 mg em™ h™!), com-
pared with other electrochemical technologies, for instance,
flow electrode capacitive deionization (2—40 mg cm™ h™1)[205-211]

Table 3. Comparison the performance of current industrial desalination technologies and seawater batteries.

TDS? of feed water ~ TDS of product water ~ Water recovery [%] Specific energy consumption Scale Refs.
[mg L] [mg L7 kWh m™]
Reverse osmosis 40 070 183 46 4.8 Industrial application [228]
16 800 m? day™'
35000 174-214 30-50 1.85-2.04 Modeling [229]
Electrodialysis 35000 <500 50-60 16.21 Pilot test [230]
30 m* day™’
35000 450 41 6.6 Laboratory-scale [237)
experiments
Multieffect distillation - - - <5 Industrial application [200]
(10 000 t day™)
Seawater batteries? 33700 <200 - 135 Modeling [207)

ATDS the abbreviation of total disselved solid; ®'The results are modeled by RO analysis software where seawater batteries replace RO in the typical RO system.
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Figure 10. A) Proposed designs for rechargeable seawater battery desalination with various feed water. Reproduced with permission.2°l Copyright
2020, Elsevier. B) Average salt removal rate of different electrochemical desalination technologies. Data adapted from refs. [40,194,201,205-210,212].
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and desalination batteries (1-10 mg cm™2 h™) 204212l a5 shown
in Figure 10B. This could be due to the relatively low ion dif-
fusion rate of the NASICON membrane® and the sluggish
kinetics rate of ORR and OER.[**] However, it should note that
the salt removal rate also has a strong relationship with the
operation parameters, like the voltage, current, and concentra-
tion of the feed water.?!%)

4, Conclusions

Since expanding the rechargeable battery industry is indis-
pensable when considering the growing demand for portable
electronic devices and sizeable stationary energy storage sys-
tems, the seawater battery offers a promising alternative. So
far, mainly used lithium-ion battery technology cannot be used
as the sole power due to the exploitation of raw materials, the
resulting prices increase, and other concerns about geopolitical
and environmental aspects. Therefore, the seawater battery,
which uses a very environmentally friendly and resource-saving
raw material, namely natural seawater, as an almost inexhaust-
ible ion source, provides the possibility of more environmen-
tally friendly energy storage.

Simultaneously energy storage and desalination encourage
seawater desalination batteries to be a good choice for replacing
some seawater reverse osmosis components. Additionally,
attributed to the high selectivity of the NASICON membrane,
using seawater batteries to desalinate the water also means
extracting sodium ions from seawater. In addition, using other
ion-selective membranes would enable elemental harvesting
within the context of lithium extraction. Alternatively, nonse-
lective membranes would boost the performance in seawater
because cations beyond sodium would be removed. Finally, the
advantages of seawater batteries provide a perspective toward
sustainable, environmentally friendly, performance-oriented,
and cost-efficient applications at the energy/water nexus.

Seawater battery development has yet to overcome techno-
logical challenges. A shortened lifetime, prevented safe battery
operation, low Coulombic/energy efficiency, and low stability
result from the partial instability of the individual cell com-
ponents such as the solid electrolyte membrane or the anode
electrode, as well as side reactions and nonoptimized cell com-
ponents. Extending seawater batteries for desalination from the
laboratory scale to pilot plants also requires optimized system
design and benchmarking in real-water applications. The low
desalination rate and high voltage gap are significant obstacles.
However, these challenges can be addressed by advances in
materials science, battery chemistry, and process engineering.
In addition, the successful use and application of present-day
seawater batteries make us optimistic about the more wide-
spread application of this technology and the positive impact on
sustainable devices at the energy/water research nexus.
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Capacitive deionization (CDI) is based on ion electrosorption and has emerged as a promising desalination
technology, for example, to obtain drinking water from brackish water. As a next-generation technology,
battery desalination uses faradaic processes and, thereby, enables higher desalination capacities and
remediation of feed water with high molar strength such as seawater. However, the full use of a large
capacity of charge transfer processes is limited by the voltage window of water and the need to use
electrode materials non-reactive towards the water. Using our multi-channel bi-electrolyte cell, we now
introduce for the first time an alloying electrode for sodium removal in the context of water desalination.
Separated by a ceramic sodium superionic conductor (NASICON) membrane, the antimony/carbon
composite electrode accomplished sodium removal while chlorine removal is enabled via ion
electrosorption with nanoporous carbon (activated carbon cloth). In a sodium-ion battery half-cell setup,
the antimony/carbon composite electrode reaches an initial capacity of 714 mA h g~ at a specific

Received 7th October 2020 t of 200 mA -1
Accepted 24th November 2020 current o mA g

, which shows a slow but continucus degrading over the course of 80 cycles

(426 mA h g~t in 80™ cycle). Our hybrid CDI cell provides a desalination capacity of an average of 294

DOI: 10.1039/d0ta09806j

rscli/materials-a

1 Introduction

In the 21* century, due to the ever-increasing population and
correspondingly the deterioration of the environment, obtain-
ing clean potable water becomes a serious issue for sustaining
livelihood, especially in arid regions.’ Large-scale efforts have
been invested in developing desalination technology to address
this issue. From simple distillation, multi-stage flash distilla-
tion,” to reverse osmosis,** many methods have been studied.
However, many of these methods are expensive and require
high energy input. Among them, capacitive deionization (CDI)
is considered as an energy-efficient technology, compared to the
pressure or filtration-based desalination technology.® In CDI,
ions are immobilized at the fluid/solid interface of nanoporous
carbon by reversible ion-electrosorption.® A typical CDI cell

“INM - Leibniz Institute for New Materials, 66123 Saarbriicken, Germany. E-mail:
volker.presser@leibniz-inm.de

*Department of Materials Science and Engineering, Saarland University, 66123
Saarbriicken, Germany

T Electronic supplementary information (ESI) available: chemical analysis data,
supporting electrochemical characterization, schematic illustration of the cell
operation, post mortem material characterization (SEM, XRD). See DOI:
10.1039/d0ta09806]

This journal is @ The Royal Society of Chemistry 2021

MANa ng‘l (748 mygnaci ggb‘l) with a charge efficiency of ca. 74% in a 600 mM NacCl at a specific current
of 200 mA g~* and a voltage range of —2.0 V to +2.0 V.

employs a pair of nanoporous carbon electrodes and a separator
(open channel or porous dielectric material), to prevent short-
circuiting.” By applying a constant voltage or current, the salt
ions present in feedwater migrate into the electrical double-
layer (EDL) and, thus, remove salt from the water (ion-
electrosorption). When the cell is discharged, the ions are
released again, and the invested charge is recovered. The
voltage applied to each electrode pair is typically around
(slightly above) 1 V, depending on the overpotential of water
splitting. Because of the low voltage, and because there is no
need for other energy input such as high pressure or high
temperature, CDI holds the promise of being a more energy-
efficient method of desalinating water on a larger scale.”
However, uncharged carbon nanopores are populated by
both co-ions and counter-ions, that is, ions with the same or
opposite charge compared to the electrode.*® Once the elec-
trodes are polarized, co-ions will be released from the EDL at
the same extent as counter-ion attraction takes place; only once
the co-ion population has been depleted (at higher states-of-
charge), permselective ion removal will be possible.*® Thereby,
CDI remains limited to low molar concentrations (with an
initially low number of co-ions present in carbon nanopores).'*
This condition is only (partially) remedied when the pore

J. Mater. Chem. A, 2021, 9, 585-596 | 585
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diameter significantly falls below 1 nm." Also, the charge
storage capacity intrinsically linked to EDL carbon electrodes is
limited to about 0.1 F m™* (typical values for the gravimetric
capacitance of activated carbon is about 100-150 F g ').**3
Therefore, the desalination capacity of low-concentration
brackish water with carbon electrodes is typically in the range
of 10-30 MEnacl gelectmde71 ("’4_12 mgna gelectmde71]~m

To overcome the desalination limitations of carbon-based
CDI, Pasta et al. introduced the concept of the desalination
battery built of sodium manganese oxide and silver electrodes
to deionize seawater.'” Instead of using two faradaic electrodes,
it is also possible to pair carbon with a charge-transfer elec-
trode. For example, Lee et al. used sodium manganese oxide to
capture sodium and carbon to electrosorb chloride.'™ By doing
so, the authors achieved a desalination capacity of 31 mgnac
Zelectrode + (~12 MENa Lelectrode ), While the carbon itself only
provided 14 mgnac gelectmde71 ("“6 MZNa ge:lc-:ctmc.1e71)-18 Until
now, mostly two kinds of faradaic materials have been applied
for desalination: intercalation-type materials (e.g., sodium
manganese oxides,' nickel hexacyanoferrate,* titanium disul-
fide*) and conversion-type materials (e.g, silver?), which show
a desalination capacity of 85-115 Mguac Eelectrode — (UP to about
22 Mgna g.-clcctroclt:_1]'23727

The selection of suitable sodium-removal electrode for
electrochemical desalination is limited by their compatibility
with water. Many new materials could be used for desalination,
especially anode materials of sodium-ion batteries if the
requirement to expose the electrode to the feedwater stream
would be lifted. As a first step towards this goal, we introduced
the use of organic solvent CDI in 2016 (ref. 28) and aqueous/
organic bi-electrolyte CDI in 2018 (ref. 29). In the latter
concept, a multi-channel system is used, and one of the elec-
trodes, covered by an ion-exchange membrane, is operated in
an organic electrolyte instead of an aqueous solution. Ion
transfer into and out from the organic compartment is ensured
by the ion-exchange membrane. Our initial design used a poly-
mer-based ion-exchange membrane, so water cross-over was not
fully eliminated. Still, the system allowed stable cell operation
at voltages significantly above 1.2 V and resulting desalination
CapaCities of up to 60 MZnacl gelectrnde_l ("’24 MEna geIEctrnde_l;
at 2.4 V cell voltage).

Research at the water/energy nexus between battery desali-
nation and seawater batteries is a rapidly growing field for
stationary applications.**** Our present proof-of-concept now
uses the bi-electrolyte concept and demonstrates the highly
promising concept of combining a ceramic ion-exchange
membrane (sodium superionic conductor: NASICON)* with
antimony (Sb) as a high-performance sodium-alloy electrode
material. Antimony offers a very high theoretical capacity of
660 mA h g ' when assuming the formation of Na,Sb.*
However, it readily reacts with water and the electrode potential
for the alloying reactions is far outside of the stability window of
aqueous electrolytes. Therefore, one would never consider it for
use in conventional desalination batteries. In previous work by
Pfeifer et al., the influence of different carbon additives in the
antimony electrode on the electrical performance in sodium-ion
batteries was investigated.* The highest capacity (620 mAh g™")

586 | J Mater Chem. A, 2021, 9, 585-596
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and stability (capacity loss of 19% after 100 cycles) were shown
by a composite mixture of 70 mass% nanoscale antimony with
20 mass% of carbon onions and 10% carboxymethyl cellulose
binder.?® The low alloying reaction potential, generally lower
than 1.0 V vs. Na'/Na, make alloy materials impossible to be
adopted to conventional cells for electrochemical desalination
because of the exposure to water.>” Due to that reason, we chose
this promising electrode material for use in the bi-electrolyte
desalination concept. In this multi-channel cell, Sb and
carbon electrodes were in organic and aqueous electrolyte,
respectively. The two electrodes were separated by a Na®
permeable membrane (NASICON). During the charging process,
Na® in the organic electrolyte was captured by the alloying
reaction between Sb and Na* in the organic compartment. To
keep the charge neutrality in the organic compartment, Na®
from feed water would diffuse into organic electrolytes resulting
in desalination. The initial performance of this cell in 600 mM
NaCl is about 495 mgy. gs © (excluding the first two pre-
conditioning cycles), and the performance stabilizes at around
294 mgy, Zgp ~ With a charge efficiency of about 74% in
aqueous 600 mM NacCl for 40 operating cycles.

2 Experimental
2.1 Materials synthesis

The synthesis of antimony nanopowder was carried out by
optimizing a synthesis route given in the literature.*® To obtain
a high purity of antimony, an excess of sodium borohydride
(NaBH,, 1.216 g, =98.0% purity, Sigma Aldrich) was suspended
in 400 mL technical ethanol (>99.0% purity, Merck). Antimony
chloride (SbCl;, 2.244 g, =99.0% purity, Sigma Aldrich) was
dissolved in 100 mL absolute ethanol (>99.8% purity, Honey-
well). The antimony chloride solution was added dropwise into
the stirring solution of sodium borohydride in ethanol at room
temperature within one hour. The resultant mixture was stirred
for another hour at room temperature. To break up agglomer-
ates, the reaction mixture was sonicated for 10 min after stirring
(P120H, Elmasonic). After sedimentation of the antimony
particles, they were filtered under vacuum, washed three times
with ethanol and three times with deionized water. Antimony
particles were dried in an oven at +80 °C for 4 h. NASICON
powder with excess Na was synthesized in analogy to literature
(via Naj;Zr,Si,P0;,)* by using a solid-state reaction. As the
precursor, 26.80 g NH,H,PO, (98.0% purity, Alfa Aesar), 40.35 ¢
Na,CO; (100.0% purity, Alfa Aesar), 27.45 g SiO, (particle size
<50 nm, Aerosil O x 50) and 56.00 g ZrO, (particle size 40 nm,
Tosoh) were applied. They were homogenized in a tumbler
mixer for first step dry with 10 mm zirconia balls for 1 h, and
then for another 24 h as an ethanolic slurry (absolute ethanol)
with 15 mass% solid content (without balls to avoid contami-
nation). After evaporation of ethanol, the dry powder was cal-
cinated in two steps: first, at +600 °C in the air for 4 h, followed
by a second calcination step at +1150 °C in the air for 4 h. The
calcinated powder was crushed by hand and dry milled with
10 mm diameter zirconia balls for 1 h in a tumbler mixer. After
sieving, the powder was cold-isostatically pressed at 400 MPa in
a cylindrical rubber mold to obtain a green body.

This journal is © The Royal Society of Chemistry 2021
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The pressed body with a relative density of around 74% was
sintered at +1100 °C for 10 h in an air atmosphere to obtain
a NASICON cylinder with a relative density of 78%. Membrane
discs of 0.5 £ 0.05 mm thickness and a diameter of 40 mm were
cut using a saw with a diamond blade. The open pores in the
membrane were filled with epoxy resin. More details about this
synthesis procedure are given in previous work.*

2.2 Structural and chemical characterization

X-ray diffraction (XRD) measurements of the antimony and
NASICON powder were performed with a D8 Discover diffrac-
tometer (Bruker AXS) with a copper X-ray source (Cu-Ket (A =
1.5406 A), 40 kV, 40 mA) and a Gébel mirror and a 1 mm point
focus as optics. With a VANTEC-500 (Bruker AXS) two-
dimensional X-ray detector positioned at 17° 26, 37° 26, 57°
2, and 97° 26 with a measurement time of 1000 s per step, five
frames were recorded.

Scanning electron microscope (SEM) images were recorded
with a field emission scanning electron microscope (JEOL JSM-
7500F) operating at an acceleration voltage of 3 kV. The samples
were dispersed in ethanol, drop casted multiple times on the
carbon film sticky tape on the steel sample holder. The samples
were dried under vacuum for 30 min and analyzed without the
aid of an additional, conductive sputter coating.

Raman spectroscopy was carried out with a Renishaw inVia
Microscope equipped with a neodymium-doped yttrium
aluminum garnet laser with an excitation wavelength of 532 nm
and a laser power of approximately 0.05 mW, a 2400 mm
grating, and a 50x objective lens with a numeric aperture of
0.75. Three to four different spots of each sample were recorded
with five accumulations and 30 s exposure time.

Elemental analysis (CHNS) was performed with a Vario
Micro Cube system from Elementar. The samples were each
weighed in tin boats with the same amount of WO; and pressed
under air exclusion. The reduction temperature in the pipe
represented +850 °C (combustion tube temperature: +1150 °C),
and the device was calibrated through repeated measurements
of sulfanilamide.

Quantitative analysis of elemental oxygen was performed by
using a rapid OXY cube oxygen analyzer from Elementar at
a pyrolysis temperature of +1450 °C. The samples were weight in
silver boats and pressed under air exclusion. The system was
calibrated by measurements of benzoic acid.

2.3 Electrode materials and preparation

The Sb/C electrodes were manufactured by mixing the active
material of 70 mass% synthesized antimony nanopowder with
20 mass% carbon onions, produced from nanodiamond
powder at a temperature of 1300 °C under vacuum (OLC1300-
va),* and 10 mass% carboxymethyl cellulose as binder from a 3
mass% aqueous solution (CMC, degree of substitution = 0.7,
molecular weight = 250 000 ¢ mol™", Sigma Aldrich), by hand
mixing for 40 min. First, the active material and the carbon were
mixed and ground dry in a mortar. After adding isopropanol,
the suspension was kept grinding until the isopropanol is
completely vaporized. In the next step, this was repeated with
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ethanol. After that, the electrode material with a small amount
of ethanol and water (ratio 1:1) kept stirring for 30 min.
Finally, the CMC binder solution was added, and the electrode
past kept stirring for another 1 hour. The suspension was stir-
red for several hours on a magnetic stirrer to obtain a homoge-
neous slurry. The obtained electrode slurries were doctor
bladed on aluminum foil (Ranafoil, Toyo Aluminium), used as
a current collector, with a thickness of 15 pm. The electrodes
were initially dried at ambient conditions overnight. Then, they
were dried further in a vacuum oven at +120 °C for 12 h.
Subsequently, the electrodes were punched out with a 12 mm
diameter and transferred into a vacuum oven. Finally, a vacuum
drying step at +80 °C for 12 h was conducted to remove the
remaining solvent. The resulting electrode thickness of the
dried electrodes was 40-60 pm with a material loading of 1.4 &+
0.2 mg em .

To evaluate the performance of the carbon on the aqueous
side, commercially available microporous activated carbon
cloth (Kynol ACC-507-20) was investigated as a working elec-
trode. These electrodes, showing thickness of 250 pm, were
punched in 12 mm discs and can be operated as free-standing,
binder-free electrodes. In aqueous half-cell setups, a free-
standing oversized activated carbon powder electrode (YP-80F,
Kuraray) function as a counter electrode. These electrodes
were prepared by mixing 90 mass% of activated carbon and 10
mass% polytetrafluoroethylene (60 mass% dispersion in water,
Sigma Aldrich) together with ethanol. The mixture was ground
until a dough-like slurry was obtained, and then rolled to
a thickness of about 600 um. These electrodes were dried under
vacuum at +80 °C and punched into circular plates with
a diameter of 12 mm.

2.4 Cell preparation and electrochemical characterization

2.4.1 Electrochemical half-cells. For -electrochemical
testing in an aqueous or organic electrolyte, custom-built pol-
yether ether ketone (PEEK) cells with spring-loaded titanium
pistons were used." The cells were arranged in a three-electrode
configuration for electrochemical measurements. The electrode
discs were punched out of the electrode films with a diameter of
12 mm (1.13 em?®). In sodium-ion-batteries, an elemental
sodium electrode is commonly used as a reference and counter
electrode.

All cell parts were dried overnight at +80 °C and introduced
into an argon-filled glovebox (MBraun Labmaster 130; O, and
H,0 < 0.1 ppm). First, the 12 mm diameter working electrode
was placed in the cell, followed by a 13 mm diameter vacuum
dried compressed glass-fiber separator (GF/D, Whatman). The
counter electrode was punched into circular plates with
a diameter of 10 mm and placed on top of the separator. Before
using sodium metal, the oxidized surface of sodium was
removed to obtain a smooth surface to avoid inhomogeneity
and impurities. The counter electrodes were pressed to
a uniform thickness of approximately 1 mm. A copper foil
current collector was placed on the backside of each counter
electrode. The sodium reference electrode was placed on
a 2 mm diameter compressed glass-fiber separator (GF/D,
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Whatman) in a cavity close to the working electrode/counter
electrode stack and contacted with titanium wire. The other
three holes were closed with PEEK-screws.

The cells were vacuum filled with the electrolyte. The prep-
aration and handling of the electrolyte solvent and salt were
conducted in an argon-filled glovebox (MBraun Labmaster 130,
0O;, H,O < 0.1 ppm). A 1 M sodium perchlorate (NaClO,, >99%
purity, Alfa Aesar) solution in a solvent mixture of ethylene
carbonate (EC, =99% purity, Sigma Aldrich) and dimethyl
carbonate (DMC, =99% purity, Sigma Aldrich) in a 1 : 1 mass
ratio with the addition of 5 mass% fluoroethylene carbonate
(FEC, 99% purity, Sigma Aldrich) was used as an electrolyte.
FEC is an additive for sodium-ion batteries used to improve
the stability by increasing the solid electrolyte interface (SEI)
stability, modifying the composition of the SEI layer, and
preventing the decomposition of EC and DMC because the
oxidation potential of FEC is higher than those of EC and
DMC.**** The sodium salt for the electrolyte was dried under
vacuum at +80 °C for 48 h. The electrolyte was examined via
Karl-Fischer titration and was found to contain less than
25 ppm water.

For measurements in aqueous electrolyte, half-cells were
prepared by using Kynol ACC-507-20 as a working electrode and
YP-80F as the counter electrode, the electrodes were separated
by a 13 mm diameter vacuum dried glass-fiber disc (GF/A, 210
um thickness, Whatman) to avoid short-circuiting. We used
aqueous 600 mM NacCl as the electrolyte. Graphite foil was used
as a current collector, and the Ag/AgCl (3 M KCl E, Ag/AgCl =
0.210 V vs. normal hydrogen electrode) electrode was employed
as a reference electrode.

To determine the electrochemical behavior and electro-
chemical stability window of aqueous electrolyte, an S-value
test, according to Xu et al.”” was conducted. The vertex potential
started at 0 V and was increased with an incremental of 50 mV
steps until the final potential of 1.2 V vs. Ag/AgCl was reached.
These measurements were done with a scan rate of 1 mv s .
For S-value calculation, the data at the 4™ cycle is selected so
that the electrode is conditioned at every vertex potential. For
positive potential window opening, the S-values obtained from
eyclic voltammetry were calculated by applying the eqn (1):

Qpns
S=—"—-1
ang (1}

By integrating the positive and negative current vs. time of
each cycle, the values for Qney and Q¢ are calculated.

Galvanostatic cycling with potential limitation (GCPL), cyclic
voltammetry (CV), and performance measurements were
carried out using a VMP3 multi-channel potentiostat/
galvanostat from Bio-Logic. All obtained values for the
capacity in Sb/C vs. sodium cells relate to the respective active
mass (ie., the total mass of antimony). All electrochemical
measurements were carried out at a climate chamber (Binder)
with a constant temperature of +25 + 1 °C. The galvanostatic
charge/discharge cycling with potential limitation (GCPL)
experiments was recorded at voltages in the range of 0.1-2.0 V
vs. Na*/Na. For all GCPLs in this work, a specific current of
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200 mA g ' was used. Rate performance measurements were
conducted at different currents to get more information about
the half-cell rate capability and stability at higher currents. The
applied specific currents were 0.1 Ag~ ', 0.2 Ag ', 05A g,
1.0Ag ', 2.0A¢g ",40Ag ', 8.0Ag ', and (again) 0.1 Ag~ " All
CV measurements were carried out with a scan rate of 0.1 mV
s ' in a potential window of 0.1-2.0 V vs. Na'/Na.

2.4.2 Electrochemical desalination. For electrochemical
desalination, a custom-built multi-channel concentration bi-
electrolyte cell was used, following the design described by
Lee et al.*® This cell persists of two side channels out of acrylic
glass and one middle channel through which the aqueous
electrolyte can flow. The tightness of the cell is guaranteed by
various silicon gaskets (600 um thickness). Graphite blocks (5 x
5 ¢cm?, thickness: 10 mm) served as the current collector. First
the 20 mm diameter Sb/C electrode (preparation see above; 7 +
0.5 mg active material) was placed in the cell between the silicon
gasket, followed by a 24 mm vacuum dried glass-fiber separator
(GF/D from Whatman), on which 2 mL of the organic electrolyte
(1 M NaClO, in EC/DMC + 5% FEC) was dropped. After that, the
NASICON membrane (@ = 40 mm, 300 pm thickness) was
inserted, surrounded by the gasket, to separate the aqueous side
from the organic side. After placing the flow channel, a porous
separator (@ = 24 mm, glass-fiber pre-filler, Millipore, 380 pm
thickness), the activated carbon cloth electrodes (@ = 24 mm;
160 + 20 mg), followed by graphite current-collector, complete
the cell setup. A picture of our desalination cell and the
generalized operation process are depicted in Fig. 1.

Mass balancing between a carbon electrode and Sb/C elec-
trode followed eqn (2):

mspicPshic = mePc (2)

The feed solution with 600 mM NaCl was prepared by dis-
solving NaCl (=99.5% purity, Sigma Aldrich) in deionized water
(Milli-Q). Using a 10 L reservoir, this aqueous electrolyte was
pumped at an average of 1.1 mL min~ " into one side channel of
the cell by a peristaltic pump (Masterflex, L/S Series). The
electrolyte tank was continuously flushed with nitrogen gas to
remove dissolved oxygen. The electrochemical test was carried
out using a VSP3 multi-channel potentiostat/galvanostat from
Bio-Logic. The conductivity- and pH-modules (Metrohm) are
controlled by the Tiamo software. All electrochemical
measurements were carried out in a climate chamber (Binder)
with a constant temperature of +25 + 1 °C. The GCPL experi-
ments were recorded in the range of £2.0 V vs. antimony.

The desalination capacity is calculated with eqn (3):

L . v
Desalination capacity =
Myotal

VM dez (3)

where v stands for the flow rate (mL minfl}, Myac) 18 the
molecular mass of NaCl (58.44 g mol™"), M is the mass of the
electrodes (g), Ac is the change of concentration of NaCl (mM),
and ¢ is the time over the adsorption step (min). Note: we also
normalized the desalination performance just normalized to
the mass of the Sb/C electrode and when only considering
sodium to yield a value for the sodium-removal capacity.

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (A) Photograph and (B) schematic drawing of the desalination cell used for this work. (C) Schematic drawing of the desalination

mechanism.

3 Results and discussion

3.1 Working principle of the Sbh/C vs. activated carbon cloth
cell

We chose an optimized Sb/C composite electrode material
based on our previous work which surveyed an array of different
carbon additives; a detailed report on the structural, chemical,
and porosity-related properties of the used carbon onion/
antimony composite electrodes is found in ref. 36.
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Fig.2 Electrochemical performance of the Sb/C electrode. (A) 1%, 5, and 10" cyclic voltammogram at a scanning rate of 0.1 mV s~ from 0.1V
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electrochemical stability at a specific current of 200 mA g=%

the NASICON membrane, whereby sodium removal of the
feedwater stream is accomplished. On the other side of the
electrochemical desalination cell, chloride is removed from the
saline solution via ion electrosorption at the fluid/solid inter-
face. When discharging, the process would be reversed, and an
increased amount of NaCl is released back into the effluent
stream. Thereby, both the Sb and the carbon electrodes are both
regenerated and ready for the next desalination cycle.

Data on the material characterization of antimony nano-
powder and NASICON powder and membrane are given in ESI,
Fig. 51 and S2.}

3.2 Electrochemical characterization

3.2.1 Electrochemical characterization of the Sb/C elec-
trodes. Prior to desalination testing, we established the general
electrochemical performance of the Sb/C electrodes in the
organic electrolyte. Based on the investigations of Pfeifer et al.,*®
an electrode consisting of 70 mass% antimony and 20 mass%
carbon onions were used as a working electrode. In the latter
work, we compared different carbon additives, and we employ
carbon onions because they showed the most promising elec-
trochemical performance metrics.*®

Cyclic voltammetry was carried out to characterize the redox
behavior of the electrode material. Fig. 2A shows the typical CV
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of the first, fifth, and tenth cycle at a scan rate of 0.1 mV s *

between 0.1 V and 2.0 V vs. Na*/Na. The redox peaks at around
1.2 Vand 0.5 Vvs. Na'/Na in the first cycle correspond to the SEI
formation and conversion of crystalline Sb to Na,Sb, respec-
tively.*” The oxidation peak in the subsequent sodiation scan at
a potential of 0.8 V vs. Na’/Na characterize the de-sodiation
reaction of Na,Sb alloy back to elemental amorphous anti-
mony. In the 5™ and 10™ cycles, there are additional reduction
peaks at the potential of 0.7 V and 0.45 V vs. Na’/Na. This is
related to the reaction mechanism of the crystalline antimony,
which reacts with the sodium to form amorphous compounds.
NasSb further reacts with additional sodium to form crystalline
Na;Sb. Between the first and the following cycle, we can see key
differences. The oxidation peak, resulting from the de-sodiation
reaction of the alloy, is shifting from 0.74 V vs. Na'/Na (1* cycle)
over 0.87 Vvs. Na'/Na (5" cycle) to 0.91 V vs. Na*/Na (10" cycle).
These differences and the significant decrease in the current
intensity after cycling can be attributed to the decomposition of
the electrolyte, a change of reaction mechanism, and several
changes in the involved structures.

The cycling stability of the Sb/C electrode was tested for 80
cycles at a specific current of 200 mA h g~ in a voltage range
between 0.1-2.0 V vs. Na'/Na. The corresponding galvanostatic
charge and discharge curves are displayed in Fig. 2B, which

This journal is © The Royal Society of Chemistry 2021
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show typical characteristics of the antimony electrodes.’®**%
The different plateaus correspond to the redox reactions asso-
ciated with Na" alloying/de-alloying. The initial sodiation curve
exhibits a long plateau at 0.4 V vs. Na*/Na, which can, besides
the alloying products, be assigned to the formation of SEI films
on the electrode.** In the following cycles, it continuously shows
the plateaus according to the alloying reaction from Sb to
amorphous Na,Sb to cubic and hexagonal Na;Sb mixture to
hexagonal Na;Sb.% Subsequent to the 2" cycle, there are no
significant changes in the shape of the curves. Only a small loss
of capacity is visible in the discharge curves. The results of these
galvanostatic curves confirm the findings received from cyclic
voltammetry.

The galvanostatic curves display a potential drift during the
electrochemical measurements of the cell. The plateau of the
charge curve shifts in the direction of lower capacity, while the

This journal is @ The Royal Society of Chemistry 2021

plateau of the discharge curve shifts partially in the direction of
higher capacity. This characterizes an overvoltage in the cell,
and the capacity is less affected compared to the plateau posi-
tion (ESI, Fig. S3At). The reasons for this shift may include low
kinetics, inhomogeneities of the electrode, and undesired side
reactions to a change in the reaction mechanism according to
previous works on alloying electrodes.’®**>

The cycling stability is depicted in Fig. 2C. The initial
capacity has a value of 714 mA h g . As usual for sodium-ion
batteries, there is a small increase of the capacity over the
course of the first cycles. The cells slowly degrade continuously
over the course of the 80 cycles, especially toward the higher
cycle numbers. The degradation occurred in all cells, but at
different rates, which resulted in an increased error bar seen at
higher cycle numbers in Fig. 2C. After 80 cycles, Sb/carbon
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electrode reaches a capacity of 426 mA h g !, which corresponds
to a value of 60% of the initial capacity.

The rate capability of these Sb/C electrodes is evaluated at
a varying specific current from 0.1 Ag ' to 8 A g ' (Fig. 2D). Up
to a specific current of 1 A g ', the electrodes show stable
electrochemical behavior with a capacity of higher than
600mAhg ' (0.1Ag :708mAhg ;02Ag 668 mAhg™;
0.5A¢g " 632mAhg';1Ag ':603 mAhg'). At a specific
current of 2 A g~ ' and higher, the cells lost most of their charge
storage capacity. When the specific current is again reduced to
0.1 Ag™"', the cell nearly reaches its initial capacity but degrades
toward the 5% cycle.

3.2.2 Electrochemical characterization of the activated
carbon cloth electrodes. As a next step, we characterized the
electrochemical behavior of the activated carbon cloth, which
will be used on the aqueous side of our desalination cell. Using
600 mM NaCl electrolyte, we carried out S-value tests, cyclic
voltammetry, galvanostatic cycling, cycling stability, and rate
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capability benchmarking (Fig. 3). The electrochemical stability
of aqueous electrolyte in the range of 2.9 Vup to 4.1 Vvs. Na'/Na
was identified via the S-value test, where the criterion of dS/dV <
0.05 (5%) were applied.”***” The stable potential window for
the activated carbon cloth is between 0 V and 0.75 V vs. Ag/AgCl;
this potential window corresponds to values of 2.9 V and 3.7 V
vs. Na'/Na. The measured cyclic voltammograms (Fig. 3A) at
a scan rate of 0.1 mV s~ ' show the typical ion-electrosorption
behavior of carbon without any reduction and oxidation peaks
within the identified stable potential region.

The obtained galvanostatic charge and discharge data
(Fig. 3B) agree with the data from cyclic voltammetry. As ex-
pected for a nearly perfect electrical double-layer capacitor, the
galvanostatic profiles show no plateaus, and the electrode
delivers an initial capacity of 40 mA h g~ *. Over the next cycles,
the capacity is stabilized at 32 mA h g ! (=146 F g ') for 80
cycles (Fig. 3C).

This journal is © The Royal Society of Chemistry 2021
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Table 1 Overview of desalination capacities and charge efficiencies reported for different desalination systems and electrode materials. Not

available data from literature references are donated as "n.a.”

Desalination capacity Charge Cell
MgNacl gelectrnde_]/mgNa efﬁciency Energ' voltage
System Electrode Zelectrode (%) consumption V) Electrolyte Reference
Faradaic deionization Na,_,Mn;0,,/ n.a. n.a. 029WhL' ~0.55/ 600 mM NaCl 17
Ag/AgCI 0.19
Capacitive deionization Nanoporous  7/3 ~85%  n.a. 1.4/1.2 5 mM 69
carbon v
Capacitive deionization Nanoporous 13/ 86% n.a. 1.2V 1000 M NacCl 70
carbon
Faradaic deionization TizCy;-MXene 13 + 2/5 n.a. n.a. 1.2V 5 mM NaCl 71
Faradaic deionization Bi/NaTi,(PO,4); 83/ n.a. n.a. 0.75/ 600 M NaCl 25
0.55V
Multi-channel membrane Activated 56/33 ~82% ~20 kT 0.0/ Side channel: 64
capacitive deionization carbon cloth —1.2V 1000 M, middle
channel: 5 mM
Membrane capacitive Nanoporous 64 + 4/25 £ 2 95%. 14-27 kT 2.4V 5 mM NaCl 29
deionization (aqueous/organic carbon
bi-electrolyte)
Faradaic deionization MoS,-CNT 25/10 80% 24.6 kT 0.8/0.0 500 M NaCl 72
\%
Hybrid capacitive deionization Na,MngO, g/ 31/12 n.a n.a 0.8/0.0 1000 M NacCl 18
nanoporous v
carbon
Hybrid capacitive deionization Sb-C/ 748 MZnaci Lsb 74% 16 kT +2.0/ 600 M NaCl This work

(aqueous/organic bi-electrolyte) nanoporous 294 Mgy, 8sb

carbon

Fig. 3D shows the reversible capacities at various discharge/
charge rates. The system retained a capacity of 36/32/27/24/23/
19/14 mA h g™" at a specific current of 0.1/0.2/0.5/1.0/2.0/4.0/
8.0 A g™, During running different values of specific current,
stable values for the capacities can be obtained, even for high
currents of 8 A g~', which is the advantage of the ion-
electrosorption. Only at the very first cycle, one can see that
the cell needs one cycle for stabilization. When the specific
current is returned to 0.1 A g, the cell nearly reaches its initial
capacity and shows good stability.

3.2.3 Electrochemical characterization of the NASICON
membranes. As a next step, we only characterized the electro-
chemical behavior of ceramic NASICON membrane with
a thickness of 950 pum. To this end, we assembled a solid-state cell
by use of a platinum-sputtered NASICON electrode. The NASICON
discs were sputtered with platinum to create blocking electrodes
and then clamped well between the titanium pistons of the elec-
trochemical cell, to ensure good surface contact and electrical
conductivity. Cyclic voltammetry was conducted in a cell voltage
range of 0.0-0.8 V. Fig. 4A presents the first and the third vol-
tammetric cycle at a scan rate of 5 mV s~ . Cyclic voltammograms
at higher rates are provided in ESI, Fig. S4A.T These two cycles did
not differ from each other. In the current vs. voltage profile, we see
no anodic (oxidation) and cathodic (reduction) peaks. This means
that there are no redox-active species, and no electrochemically
reversible reactions are taking place.

Electrochemical impedance spectroscopy (EIS) at a voltage
amplitude of 100 mV was conducted using a frequency sweep of
100 mHz to 1 MHz to characterize the NASICON membrane

This journal is @ The Royal Society of Chemistry 2021
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conductivity. Fig. 4B shows the Nyquist plot with a semicircle in
the medium-to-high frequency region. In the impedance
spectra at high frequencies, the semicircle indicates the grain
resistance of the membrane, whereas, at medium to low
frequencies, the semicircle represents the grain boundary
resistance. These resistors are characterized by a single semi-
circle as the total resistance of the membrane.’** At low
frequencies, the diffusion phenomena can be observed. Here,
the near-straight line in the low-frequency range corresponds
with the interface components (electrode polarization).*

Using these data, we can calculate the effective ionic
conductivity. The latter is given by the theoretical intersections
of the low-frequency ends of the semicircle with the Z’ axis.

1
Kiotal = 4 (4)
R

where « indicates the total ion conductivity in Siemens per
meter, R is the obtained resistance out of the EIS in Q, d is the
thickness of the electrode in ¢m, and A is the cross-sectional
area of the sample in cm 2. The resulting effective ionic
conductivity for our NASICON sample was 0.17 mS ¢cm™'. The
value is lower compared to the literature (107> to 1077
mS cm ™ 1),3*%°¢* but usually higher sintering temperatures and
thinner membranes are being used in other works. Thus, elec-
trodes with sufficient conductivity for desalination were
produced.

To characterize sodium transport across the ceramic NASI-
CON membrane in an aqueous electrolyte, we paired the

J. Mater. Chem. A, 2021, 9, 585-596 | 593

179



Published on 25 November 2020. Downloaded on 5/20/2022 3:19:46 PM.

RESULTS AND DISCUSSION

Journal of Materials Chemistry A

NASICON disc with two activated carbon cloth electrodes in
600 mM NaCl electrolyte and sandwich on the NASICON
membrane. The first and third cyclic voltammograms at a scan
rate of 0.1 mV s ' are given in Fig. 4C within a cell voltage of
0.0 V to 0.8 V. Cyclic voltammograms at higher rates are
provided in ESI, Fig. S4B.T We see highly rectangular profiles,
which are typical for an ideal electrical double-layer capacitor.®
Additionally, the cell voltage of carbon cloth in the semi-solid
cell is significantly lower than in a traditional cell. This is
possibly due to the high contact resistance between carbon and
NASICON interface as well as low ionic conductivity of the
membrane.

The galvanostatic charge and discharge profiles of activated
carbon cloth are shown in Fig. 4D. At a specific current of
200 mA g ' within a voltage range of 0.0-0.8 V, there is a typical
linear relation between charge and cell voltage in alignment
with a nearly perfect capacitive behavior. There are no signifi-
cant changes in charge/discharge capacity for 100 cycles (ESI,
Fig. S5A and Cf). However, considering the rate handling of
carbon cloth (ESI, Fig. S5E+), the cell cannot provide fast charge/
discharge as compared to the conventional cell with a glass fiber
separator due to the fact that the sodium transport kinetics are
much slower than that in glass fiber separator; a comparison
thereof is shown in ESI, Fig. S3B.}

As in the next step, we used the Sb/C electrode as the working
electrode and the pure sodium electrode as a counter electrode
with the NASICON membrane as a separator. We used an
organic electrolyte of 1 M NaClO, in EC/DMC + 5% FEC and
ascanrate of 0.1 mV s ' within the range from 0.1-2.0 V vs. Na*/
Na. The obtained cyclic voltammograms with the NASICON
membrane (Fig. 4E) are similar to those with just a porous
separator (Fig. 2A) with the characteristic peaks for the alloy
reactions of antimony with sodium. This indicates that the
comparatively thick NASICON electrode can transport Na® to
the extent or at speed required for the alloy reactions to take
place. Cyclic voltammograms at higher rates are provided in
ESI, Fig. S4C.T Conspicuous is the broader shape of the ob-
tained cyclic voltammograms with the NASICON membrane
compared with the same cell setup with glass fiber separator. In
general, the breadth of peaks depends on the limiting stage of
processes like the velocity of mass or electron transfer and
diffusion and chemical processes before or after electron
transfer. So, in this current case, the broader peaks may be an
indicator of lower transport rates of the ions in the cell because
of the thick NASICON membrane.

Fig. 4F presents the galvanostatic charge and discharge
profiles of Sb/C electrode vs. Na“/Na with a NASICON membrane
as the separator, at a specific current of 200 mA g ' and
a voltage range of 0.1-2.0 V. The initial charge curve exhibits the
similar a long plateau at 0.4 V which represents the SEI
formation. In addition, the discharge curve reaches beyond
1285 mA h g " of the corresponding charge curve. It seems that
the sodium ions in the NASICON block the channels at times,
and the cell cannot be discharged as easily. After the first cycle,
this phenomenon is vanishing. During the next cycles, one sees
the plateaus at 0.7-1.0 V during sodium-ion removal, which can
be related to the reaction of Na,;Sb alloys back to crystalline
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antimony. The observations from the galvanostatic charge and
discharge curves are consistent with the information obtained
from cyclic voltammetry.

The cycling stability is presented in ESI, Fig. S5B.T The
performance is characterized by a continuous loss of capacity in
each cycle. The cells exhibit a capacity of 643 mA h g™ ! in the
second cycle and show a capacity of about 453 mA h g~ after
only 10 cycles, which correspond to a loss of capacity of 30%. In
the 507" cycle, the cells still reach a capacity of approximately
100 mA h g ', and after the 80 cycles, only a low capacity of
44 mA h g ' is delivered, which corresponds to a total capacity
loss of 93% over 80 cycles. The coulombic efficiency, shown in
ESI, Fig. S5D,7 shows constant values of 96-97%. Compared to
the cell with porous separator, the rate capability shows a lower
capacity and stability at all rates (ESI, Fig. S5Ff) as the sodium
ion diffusion through the element-specific channels of the
NASICON membrane is limited by the thick membrane. Yet, the
ceramic NASICON membrane works sufficiently well to provide
the antimony electrode with a sufficient supply of sodium for
the alloying reaction.

3.3 Desalination performance

Electrochemical desalination was performed in a desalination
cell described elsewhere.?”** The Sb/C electrode was surrounded
by 1 M NaClO, in EC/DMC + 5% FEC electrolyte and separated
from the feedwater stream by a ceramic NASICON membrane
with 300 um thickness. Oversized activated carbon cloth is used
as a counter electrode. As feedwater, aqueous 600 mM NaCl is
fed to the cell with a peristaltic pump. To be sure that the
electrolyte is oxygen-free, we constantly flushed the electrolyte
with N, gas throughout the desalination experiment. As
a specific current of 200 mA g~ was applied to the cell with the
cut-off cell voltage of +2.0 V, the concentration profile behaves
like in a regular capacitive deionization cell. In the first cycle,
the concentration of NaCl has decreased with the amplitude of
about 5 mM when the cell is charged. After 80 min of charging,
the cell is rested for 2 min and discharged, one can see the
increasing of NaCl concentration, indicating the de-sodiation of
Sb/C electrode (Fig. 5A). After 40 cycles of operation, the
amplitude of decreased NaCl concentration is significantly
lower than that of the first cycle (Fig. 5B). This is due to the
intrinsic mechanism of sodium-alloying in the Sb electrode.
The charge capacity of our desalination cell is about 669 mA h
gsp | at the first cycle after conditioning cycles and decays to
360 mA h gg, ' after 40 cycles (Fig. 5C). The corresponding
desalination capacity of the first cycle is 495 mgy, s, ' and
stabilizes at around 250 mgy, gsp  (corresponds to 635 mgyaci
gsp " and 1116 Mgy, Muyembrane ) With the charge efficiency of
about 74% for 40 cycles (Fig. 5D).

Reasons for the low charge efficiency could be, among
others, the side reactions (like oxidation of carbon or splitting of
water), the imperfect shape, and properties of the NASICON
membrane, which prevents the ions from being transported in
the fastest and easiest way, which also results in poorer kinetics.
These factors also will contribute towards the decay of perfor-
mance seen during continued cell operation.

This journal is © The Royal Society of Chemistry 2021



Published on 25 November 2020. Downloaded on 5/20/2022 3:19:46 PM.

Paper

In comparison to other systems (charge-transfer materials),*
which successfully desalinate with different mechanisms like
an ion electrosorption (3-27 mgnac gelecm,defl; 1-11 mgna
Zelectrode ' ),* insertion of different materials and redox couples
(6_140 MEZNacl gelectrode_l; 2-55 Mgna gelea;'tmde_l)s27 or conver-
sion type (17_115 MgnNact gelectmde_l; 7-22 Mgna gelectmcle_1)123’2‘l
the system described in this work shows very promising values
(Table 1).

For membrane capacitive deionization (MCDI), a value of
22 KT is often reported.®*** The first desalination battery achieved
avalue of 0.29 W h L™ * for energy consumption.” Kim et al. report
for a multi-channel membrane capacitive deionization an energy
consumption of 20 kT.** The energy consumption of the cell
configuration in this work is calculated to be 16 kKT or 39 kJ mol *
waci after the first cycles. This value corresponds to the energy per
processed water of 0.0005 W h L™, which is also comparable to
traditional methods like reverse osmosis (0.5-2 W h L '),
multistage flash distillation (20-30 W h L™"),*® multi-effect distil-
lation (15-20 W h L "),% freezing methods (6-8 W h L ').%
Compared to other faradaic materials (including intercalation
materials), conversion materials, redox electrolytes, and zinc-air
desalination, alloying with the aid of NASICON deliver energy
consumption lower than others. A direct comparison, however, is
complicated by different experimental settings, such as flow rate,
cell volume, and the extent of salt reduction.*”

4 Conclusion

This study demonstrates a desalination cell by using antimony
as a sodium-alloying material, which is a promising and high-
performing electrode in sodium-ion batteries. By applying
a bi-electrolyte system (organic and aqueous part), the cell can
provide stable desalination performance at higher maximum
cell voltage than the conventional capacitive deionization
technology allows (1.0-1.2 V). In an optimized desalination cell
configuration with a middle channel for the inflowing feed
stream and a selective sodium permeable membrane (NASI-
CON), the Sb/C electrodes exhibit an improved electrochemical
performance with a discharge capacity of initially 669 mA h g™*
(395 mA h g~ ! after 40 cycles) at a specific current of 200 mA g~
and a voltage range of —2.0 V to +2.0 V, which results in
a desalination capacity on the average of 294 mgy, gsp~ ' with
a charge efficiency of about 74% in aqueous 600 mM NaCl.
Future work will have to further optimize the cell design, and
further reduction of the ceramic membrane thickness will allow
the faster operation of the desalination battery.
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Supporting Table

Table S1: Results of the elemental analysis (CHNS/O).
CHNS/O elemental analysis (mass%)

Carbon Hydrogen Nitrogen Sulfur Oxygen

Antimony powder 0.18+0.11 Not detected 5.66+0.04

Supporting Material Characterization

We used a co-precipitation method to obtain the antimony nanopowder. Scanning electron
micrographs, X-ray diffraction data, and Raman data are given in Figure S1. Figure S1A, the
scanning electron micrograph shows partially agglomerated particles with a primary size of
about 10-40 nm. The X-ray diffractogram (Figure S1C) is consistent with elemental antimony
(space group of R3m, ICSD: #55402, g=4.307 A). Rietveld analysis yields an Sb phase content
of about 97-98 mass% with a small amount of Sb>0s. This aligns with the small amount of
oxygen found from chemical CHNS/O elemental analysis (Supporting Information, Table S1).
The Raman spectra of antimony at ambient conditions (Figure S1D) shows two peaks at 113
cm™and 150 cm™, which agrees with previous works on antimony.1"3 Trigonal antimony forms
stacked layers of atoms along the hexagonal axis. This structure results in two Raman active
modes, the A;g mode at 150 cm™ and a two-fold degenerated £, mode at 115 cm?, whereby
the A;g mode corresponds to the longitudinal motion of the atom planes and the £; mode the
transverse motion.?2 The Raman spectra also shows the presence of small amounts of Sb>03
from the broad and low-intensity peak at around 270 cm™ (Sb-O-Sb). The antimony oxide is
most likely present in the form of thin skin around the antimony particles, which would act as
an insulative layer between the antimony particle. This would result in high resistance of the
electrode and poor electrochemical performance with a capacity close to zero.

Therefore, the use (and choice) of the conductive additive plays a central role.
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Figure S1: Material characterization of the as-synthesized antimony. (A) Scanning electron
micrographs. (B) Crystal structure. (C) X-ray diffraction pattern. (D) Raman spectra (the inset
shows the Raman mode assignment and three characteristic individual spectra).

We also analyzed the ceramic NASICON membrane. The XRD pattern in Figure S2A shows the
characteristic peaks of low-NASICON (powder diffraction file, PDF 84-1184, space group C2/c;
a=15.674 A). Rietveld analysis yields a NASICON phase content of about 97-98%. There is also
a second phase present, namely 2-3 mass% baddeleyite-type ZrO, (PDF 89-9066). The
presence of ZrO; can potentially be due to both unreacted precursor and abrasion of the
grinding balls.

The sintered material exhibits a theoretical density of 78%. This means the material still has
open pores which are accessible to the electrolyte. For this reason, the pores are sealed by a
post epoxy infiltration to close the pores of the membrane. The tightness of epoxy filled
membranes was provided by checking the water uptake to be <1 mass%. Membranes with a
diameter of 4 cm and a thickness of 300 um were prepared for use as a membrane between

the organic and the aqueous side in the desalination cell.
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Photographs of the NASICON discs with a thickness of 950 pum for electrochemical testing and
NASICON discs with a thickness of 300 um for desalination testing are shown in Figure S2B.
For the electrochemical testing of the NASICON electrode, both sides of the electrode were
sputtered with platinum. Figure S2C-D shows scanning electron micrographs of NASICON
powder and NASICON membrane. The ceramic matrix is composed of sub-micrometer

particles, and the interparticle pore space in the NASICON membrane is effectively filled with

epoxy resin.

L NASICON disc for

| electrochemical testing

Intensity

|
JJU .MMYMU N wscon s

30 mm

NASICON powder desalination
[N} 0 Wl 0 I E U RN NI N SR
NASICON (PDF 84-1184)
10 20 30 40 50 60 70

Two theta (°)

 NASICON powder [l (=i, . | NASICON membrane

Figure S2: Material characterization of NASICON. (A) Diffractogram of the final NASICON
powder, (B) photograph of NASICON discs for electrochemical characterization and
desalination. (C) scanning electron micrographs of NASICON powder. (D) scanning electron

micrographs of epoxy infiltrated NASICON membrane.
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Supporting Electrochemical Characterization
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Faradaic electrode materials have significantly improved the performance of membrane capacitive deionization, which offers an
opportunity to produce freshwater from seawater or brackish water in an energy-efficient way. However, Faradaic materials
hold the drawbacks of slow desalination rate due to the intrinsic low ion diffusion kinetics and inferior stability arising from
the volume expansion during ion intercalation, impeding the engineering application of capacitive deionization. Herein, a
pseudocapacitive material with hollow architecture was prepared via template-etching method, namely, cuboid cobalt
hydroxide, with fast desalination rate (3.3 mg (NaCl)-g' (h»Co(OH)Z)-min’1 at 100 mA-g’l) and outstanding stability (90%
capacity retention after 100 cycles). The hollow structure enables swift ion transport inside the material and keeps the electrode
intact by alleviating the stress induced from volume expansion during the ion capture process, which is corroborated well by in
situ electrochemical dilatometry and finite element simulation. Additionally, benefiting from the elimination of unreacted bulk
material and vertical cobalt hydroxide nanosheets on the exterior surface, the synthesized material provides a high desalination
capacity (117 £ 6 mg (NaCl)~g'1 (h-Co(OH),) at 30 mA-g'l). This work provides a new strategy, constructing microscale hollow

faradic configuration, to further boost the desalination performance of Faradaic materials.

1. Introduction

The recent two decades have witnessed soaring population
growth, freshwater consumption, and global climate change,
and ubiquitous pollution exacerbates freshwater deficiency
[1, 2]. Therefore, scientists seek opportunities to produce
usable water from inexhaustible seawater through desalina-
tion. Traditional desalination technologies, such as thermal
distillation, reverse osmosis, and electrodialysis, exert heat,
pressure, or electricity to extract water, which is highly
energy-intensive [3]. Newly emerging processes, including

capacitive deionization and membrane solar distillation, cre-
ate less carbon footprint [4]. Capacitive deionization sepa-
rates charged ions from saline media via electrosorption;
the low applied cell voltage and high charge efficiency render
this technique very promising regarding desalination of
brackish water [5]. Distillation induced by concentrated
solar radiation is intriguing because no external energy input
is needed, but the freshwater production rate cannot meet
large-scale production demand [6]. Therefore, capacitive
deionization is attractive as an alternative energy-efficient
desalination technique.

191



RESULTS AND DISCUSSION

Electrodes are the core component of electrochemical
desalination and ion separation. Typical electrodes can be
divided into carbon electrodes and charge-transfer electrodes
depending on the absence or presence of redox processes [7].
Ion intercalation or conversion reactions (charge-transfer
materials) enable a much higher desalination capacity than
possible for carbon-based electrodes because of the higher
charge storage capacity and perm-selectivity; thereby, they
enable facile desalination even at high molar strength. Cur-
rently, various charge-transfer materials for electrochemical
desalination have been reported, such as transition metal
oxides (MnO,, TiO,, V,Os, and ZnFe,0,) [8-11], Prussian
blue analogs (nickel hexacyanoferrate) [12-14], polyanionic
phosphates (Na,V,(PO,);, Na,Ti,(PO,);) [15-17], and
two-dimensional materials (MXenes, MoS,, and TiS,)
[18-22]. Among these materials, metal oxides or hydroxides
hold the advantages of easy preparation, facile morphological
manipulation, element diversity, and promising desalination
performance. Yet, charge-transfer materials usually show a
tradeoff between high capacity and good stability [23]. Theo-
retically, higher capacity means that more ions are removed,
which generally causes more obvious volume changes. The
performance degrades irreversibly if the material cannot
relieve the accompanying stress [24]. For example, the lithia-
tion of transition metal oxides (such as Fe,O;, Co,0,, and
NiQO) induces near 100% volume expansion in lithium-ion
batteries, severely deteriorating the energy storage perfor-
mance [25].

Stability is a vital characteristic of desalination elec-
trodes. High stability means longer service life and more
desalination cycles, which can decrease the cost of material
and operation; meanwhile, less need for material signifies
less solid waste produced, avoiding extra posttreatment
costs. The chemical stability ensures that no toxic heavy
metal ions (Mn?", V°*, Co?", etc.) from electrode materials
leach into treated water, which is key to safe water quality.
Therefore, electrode materials with good stability and reli-
ability are crucial for desalination application.

The critical importance of performance stability can be
addressed by designing flexible three-dimensional scaffolds
to support Faradaic materials. For example, intercon-
nected carbon networks and polymer hydrogel serve as
structural support and pathways for electron transport
[26]. Na,V,(PO,);/graphene hybrid aerogel exhibits a
high capacity of about 100 mg-g™* after 50 cycles in a dual-
ion deionization system but inferior stability than pure aero-
gel [26]. ZIF-67/PPy hybrid materials display stable desalina-
tion performance with a capacity of 11 mg-g™ for 200h [27].
However, the conductive network’s cushion effect cannot
enhance the intrinsic stability of charge-transfer materials,
and simultaneous high capacity and good stability cannot be
realized because supporting materials usually have lower desa-
lination performance. Therefore, regulating the microscale or
nanoscale structure of the Faradaic electrode materials will
offer opportunities to further enhance the deionization perfor-
mance instead of focusing on carbon-faradaic composite
materials.

Constructing a hollow structure with lightweight archi-
tecture for pseudocapacitive materials is an appealing tactic

192

Research

to simultaneously achieve superior capacity and stability. A
hollow configuration provides ample space for volume
change, which has been widely applied in catalysis to
strengthen the efficiency and cycling performance [28]. A
hollow structure reduces the proportion of dead mass, which
is the unreacted bulk of the material, thus improving the
desalination capacity. Besides, hollow structures can ensure
sufficient contact between electrode and electrolyte due to
both inner and outer surfaces, providing more available
active sites and enhancing the ion transport kinetics. An
open graphene structure has been proposed for electrochem-
ical desalination recently, but the inherent weakness of
carbon materials restricts the performance [29]. Hollow
charge-transfer electrode materials can break the tradeoff
between high capacity and stable cycling, which is an appeal-
ing strategy to overcome shortcomings in capacitive deioni-
zation (low desalination capacity, low desalination rate, and
poor stability) at a time.

Here, we synthesized a hollow transition hydroxide,
cuboid cobalt hydroxide, with well-arranged nanosheets on
its surface via template etching. Co(OH), exhibits substan-
tial pseudocapacitance, widely utilized in the energy storage
field [30, 31]. Amorphous Co(OH), nanocages or nanoboxes
have also been used in batteries and catalytic water splitting,
which employ similar electrochemical processes as electro-
chemical desalination [32, 33]. In our work, we show that
cobalt hydroxide with optimized morphology provides
a high desalination capacity of 117 £ 6mg (NaCl)-g’1
(h-Co(OH),) and a fast desalination rate of 3.3mg
(NaCl)'g'l (h-Co(OH)z)vmin']. The cobalt hydroxide elec-
trodes exhibit excellent stability without the coupling of
three-dimensional supporting networks. This paper offers a
new strategy to elevate the desalination rate and strengthen
the stability through the hollow structure without sacrificing
the high capacity of faradic electrodes, showing the promis-
ing application in large-scale CDI.

2. Materials and Methods
2.1. Preparation of the Cu,O Template. All chemicals and

reagents were purchased from Sinopharm Chemical Reagent
Co., Ltd, and used without further purification. CuCl,-2H,0O
(10 mM, 100mL) was heated in a 55°C water bath under
magnetic stirring, and then, NaOH (2 M, 10mL) was added
slowly. The color of the solution changed from dusty aqua-
marine to dark brown. 30 min later, freshly prepared ascor-
bic acid (0.6 M, 10mL) was added dropwise by a syringe,
and the solution appeared brownish-black, turning into
brick red in the end. After continuous agitation for 3 h, the
Cu,O template was separated by vacuum filtration and
washed with deionized water and ethanol several times.
The sample was acquired after 60°C of vacuum drying
for 5h.

2.2. Preparation of Hollow Co(OH), Cube/ Vertical Nanosheets.
100mg Cu,O powder was added into a mixed solution of
100 mL deionized water plus 100mL ethanol, and the
mixture was ultrasonicated for 1h. The remaining steps
were conducted under 500rpm magnetic stirring. 6.6g
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polyvinylpyrrolidone K30 (PVP-K30) was added. After
30min, 60mg CoCl,-6H,0 was added. Another 30min
later, Na,S,0; (1 M, 100 mL) was added dropwise by a peristal-
tic pump with a controlled rate of one drop per second. When
the solution turned into jade green, the hollow cube cobalt
hydroxide material was obtained after vacuum filtration, clean-
ing, and drying at 40°C overnight. Regarding our manuscript,
we refer to hollow Co(OH), cube as “h-Co(OH),.”

2.3. Electrode Preparation. The active materials (Co(OH),
powder or activated carbon) were mixed with a conductive
additive (acetylene black) and binder (polyvinylidene
difluoride, PVDF) at a mass ratio of 8:1:1. Afterward,
1-methyl-2-pyrrolidinone (NMP) was added appropriately,
and the mixture was stirred overnight to form a homoge-
neous and viscous paste. Then, electrodes were prepared
by the doctor-blade method on graphite paper with a
thickness of ca. 75um. Next, prepared electrodes were
dried at 40°C under vacuum for 12h to remove any resid-
ual organic solvent. The electrode’s mass was determined
by the difference between pure graphite paper and dried
electrode, and the electrode mass used for electrochemical
desalination was about 4.0 mg.

2.4. Electrochemical Characterization. All electrochemical
characterization, including cyclic voltammetry (CV), galva-
nostatic charging/discharging cycling (GCD), and electro-
chemical impedance spectroscopy (EIS), was conducted by
the electrochemical station (CHI660D, Shanghai Chenhua
Instruments Co.) in a three-electrode cell with 1 M NaCl as
the electrolyte. Electrodes of 1x1 cm” were used as the work-
ing electrode, while Pt and Ag/AgCl were employed as the
counter electrode and reference electrode, respectively.
Cyclic voltammetry was swept between -0.6V and +0.6V
under various scan rates (1-50 mV-s'), and GCD was tested
under the same voltage window with different specific cur-
rents (0.1-2 A-g'l). The EIS spectra were recorded over the
frequency range of 10°Hz to 107> Hz with an amplitude of
5mV. Besides, CV and GCD were also carried out in a
two-electrode cell with a working electrode and an oversized
activated carbon powder (400 mesh, Macklin) electrode as
the counter electrode in 1 M NaCl.

In situ electrochemical dilatometry was performed in an
ECD-3 nanoelectrochemical dilatometer (EL-CELL) to track
the volume changes during cyclic voltammetry by construct-
ing a two-electrode cell (h-Co(OH), versus carbon) with an
oversized activated carbon (90 mass% YP-80F, 10 mass%
polymer binder) as counter- and quasireference electrode
in 1M Na,SO,. All cell parts were dried overnight at 80°C
and introduced into an argon-filled glovebox (MBraun Lab-
master 130; O,; H,O < 0.1 ppm). h-Co(OH), electrode was
drop-casted on a Pt disc with a diameter of 10 mm, and
the initial thickness was 65 gm. All electrochemical measure-
ments were carried out at a climate chamber (Binder) with a
constant temperature of 25 + 1°C. Cyclic voltammetry (CV)
measurements were carried out using a VMP3 multichannel
potentiostat/galvanostat from Bio-Logic (France). After a
resting period and stabilization time of 48h or 72h, cyclic
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voltammograms were recorded at 1 mV s in the range of
-0.8V to +0.3V vs. carbon.

2.5. Electrochemical Desalination Performance. The flow-by
capacitive deionization device consists of the following parts:
acrylic plates, silicone gaskets, electrodes, cation/anion
exchange membranes, and a chamber with the dimension
of 2 x 2 x 1 cm®. The whole testing system is composed of a
power source (LAND battery testing system), deionization
apparatus, peristaltic pump, NaCl solution tank, and con-
ductivity meter (Mettler Toledo S230). All deionization tests
were done in constant current operation and batch mode.
The NaCl solution volume was 25mlL, and the flow rate
was fixed at 15mL-min!. Other parameters, including cutoff
voltage (+0.6V, +0.8V, £1.0V, +1.2V, +1.4V, and +1.6 V),
initial feed concentration (10 mM, 100 mM, and 600 mM),
and specific current (30-100 A-g™'), were adjusted to acquire
the optimized performance and investigate the desalination
mechanism. The deionization capacity was calculated based
on the relationship between conductivity and concentration
and is presented in the following equation:

C-ChHV
Deionization capacity Q = (=< Do » (1)
m 8h-Co(OH),

where C; and C; (mgL™) are the concentration of NaCl

before and after deionization, respectively; V (25mL) is the
volume of NaCl solution; and m (mg) is the total mass of
Co(OH), electrode containing conductive additive and
binder.

2.6. Material Characterization. The formation process and
surface morphology of hollow Co(OH), were characterized
by scanning electron microscopy (SEM, Hitachi S-4800)
and transmission electron microscopy (TEM, JEOL-2010F).
The crystal structure was analyzed using X-ray diffraction
(XRD D8 ADVANCE, Bruker AXS) operated at 40mA
and 45kV with Cu-Ka radiation (A =0.154nm, 5°/min).
X-ray photoelectron spectroscopy (XPS) analysis was carried
out in a ThermoFisher ESCALAB 250Xi spectrometer using
Al-Ka radiation (1486.6eV) with a base pressure of 1 x 10°
torr. The peak energies were calibrated by Cls peak at
284.8 eV. The wettability was reflected by the water contact
angle (POWEREACH ]JC2000D2W). Raman spectra were
recorded with a Renishaw inVia system using an Nd:YAG
laser with an excitation wavelength of 532 nm. The spectral
resolution was 1.2cm !, and the diameter of the laser spot
on the sample was around 2 ym with a total power exposure
of 0.5 mW. The exposure time is 30 s with 5 accumulations.
The numeric aperture was 0.75. The specific surface area
and pore size distribution were calculated from the adsorp-
tion/desorption isotherms of N, at -196°C by the multipoint
BET and BJH method using a BELSORP Max instrument
(BEL), and the sample was degassed at 120°C for 6 h before
the measurements. The 2D-NLDFT analysis was carried
out with SAIEUS assuming finite pores with an aspect ratio
of 6 and using a regularization parameter of 2.75.
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F1GURE 1: (a) Schematic illustration of the hollow Co(OH), cube preparation. Scanning electron micrographs of the Cu,O (b, ¢) (inset in (c)
is the transmission electron micrograph of Cu,O cube) and hollow Co(OH), cube (d, e). Transmission electron micrographs of the hollow

Co(OH), cube (f, g).

3. Results and Discussion

3.1. Material Characterization. Hollow Co(OH), cube was
synthesized via classical coordination etching and precipita-
tion process guided under Pearson’s hard and soft acid-base
principle [34, 35], with the schematic illustration shown in
Figure 1(a).

First, the Cu,O sacrificial template was prepared by pre-
cipitation and reduction reaction, exhibiting a cubic shape
with a side length of 0.5 um to 1 um (Figure 1(b)), and the
surface of the Cu,O cube is relatively smooth (Figure 1(c)).
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Afterward, Na,S,0; was used to etch the precursor and
release OH™ to create an alkaline environment, whereby
cobalt hydroxide was precipitated synchronously. The
simultaneous etching and Co(OH), growing process is veri-
fied by time-dependent TEM images (Supporting Informa-
tion, Fig. S81). The appearance of cobalt hydroxide is
cuboid with an apparent hollow structure (Figure 1(f)).
Some individual cubes are broken, which exposes the inte-
rior surface and shortens the ion transport distance during
electrochemical operation. Thin cobalt hydroxide nanosheet
arrays with a thickness of around 18 nm extend from the
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adsorption/desorption isotherm measured at -196°C (c), and pore size distribution based on BJH and NLDFT models (d).

shell, providing abundant sites for ions to be reacted and
stored (Figures 1(d), 1(e), and 1(g)).

The successful synthesis of cobalt hydroxide in the form
of Co(OH), was confirmed by Raman spectroscopy
(Figure 2(a)). The peak at 279, 419, 452, 520, 1029, and
3564cm™ belongs to Co(OH), [36, 37]; among them, the
band at 520cm’’ attributes to the COO(A) symmetrlc
stretching mode; the bands at 452cm™ and 3564cm™ are
assigned to the OCoO bending mode [37] and OH vibra-
tional mode [38], respectively. The peak at 627cm™ corre-
sponds to the l:-'22 of C03O or belongs to Co(OH)2 [39],
while the bonds at 976cm’- and 2917 cm’ ! possibly arise
from the remaining PVP [40, 41]. Besides, none of the

characteristic reflections for CoO are found after 40°C vacuum
drying. Based on the XPS results (Figure 2(b)), the prominent
peak of Co 2p;,, locates at around 781.5eV with a satellite
peak ca. 5eV away. This spectral data verifies the existence
of Co®", which is further corroborated by a single peak of O
1s spectra at approximately 531.4 eV. [42] Despite no subpeak
for hydroxyls, the hydrophilicity of Co(OH), electrode is ver-
ified by decreasing water contact angle with time. After desali-
nation, a contact angle of 54.40° was measured (Supporting
Information, Fig. S2).

N, adsorption/desorption isotherms show the type V
curve, indicating no micropore but mesopore structure
exists in h-Co(OH),, and a type H3 hysteresis loop suggests
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Ficure 3: (a) Cyclic voltammograms of the hollow Co(OH), cube at different scan rates. (b) 100 cyclic voltammetry cycling curves at
25mV-s™. (c) Galvanostatic charging/discharging profiles of the hollow Co(OH), cube at different specific currents. (d) 50 galvanostatic

charging/discharging cycling profiles at 100 mA-g™".

slit pore geometry created by the stacking of flake particles
(Figure 2(c)). The specific surface area of the Co(OH), cube
determined by the Brunauer-Emmett-Teller (BET) method
is about 87m”.g”', and the mean pore radius derived from
the Barrett-Joyner-Halenda (BJH) and NLDFT (2D-NLDFT
finite pores were assumed) models is about 20nm. Such
large mesopores are expected to yield sufficient space for
ion transport pathways during electrochemical desalination

(Figure 2(d)).

3.2. Electrochemical Performance. The cyclic voltammogram
of h-Co(OH), presents a quasirectangular shape without
observable redox peaks (Figure 3(a)). This specific shape indi-
cates that h-Co(OH), is a pseudocapacitive material like other
transition metal oxides and hydroxides corroborated by GCD
profiles without plateau (Figure 3(c)). A pair of shallow peaks
at around -0.3V and -0.1V is evident at a rate of ImV-s™
(Supporting Information, Fig. §3), which aligns with the pseu-

196

docapacitive property due to the small AV between redox
peaks [43]. Besides, the thin-film electrode is prone to be
pseudocapacitive as a result of free ion diffusion [44]. This
aligns with the open (hollow) architecture and short diffu-
sion paths within h-Co(OH),. The capacitance values cal-
culated from different scan rates (5-50mV-s') are 32-
24F.g’'. The slight loss of capacitance at a high scan rate
demonstrates the rapid charge storage mechanism.

The h-Co(OH), electrode shows very good performance
stability, characterized by repeated cyclic voltammetry and
galvanostatic charge/discharge cycling. The cyclic voltammo-
grams’ shapes display no significant change after 100 cycles
except minor alteration at +0.4V to +0.6V (vs. Ag/AgCl).
Hence, h-Co(OH), might experience side reactions at a volt-
age beyond +0.4V (Figure 3(b)). The performance from
GCD profiles degrades slightly at first and returns to the orig-
inal level, and the retention proportion for charging capacity is
97% after 50 cycles (Figure 3(d)).
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Desalination capacity with changing cutoff voltages and the correlation between capacity and cutoff voltage (initial concentration:

10 mM; specific current: 30 mA-g’l).

To better predict the performance during deionization, we
carried out experiments in a two-electrode configuration
(Supporting Information, Fig. $4). The cyclic voltammograms
show some broad redox peaks as the indicator of the valence
change between Co** and Co®'. The electrode polarization
occurs when the cell voltage exceeds 0.8V, which might
be due to slight carbon oxidation and water hydrolysis.
The charging capacity at different rates (40-1000mA-g™)
changes moderately from 35mAh-g’ to 21 mAh.g'. This
behavior is like what was observed during cyclic voltammetry.
The h-Co(OH), electrodes provide an excellent rate capability
and stability, projecting to have relatively high deionization
capacity and good durability, and the reaction equation of
Na* capture is stated as follows in Equations (2) and (3)
[11, 31].

CoOOH + xe” + xNa* — Co(OH),Na, (2)

Co(OH),(OH)_~ + xNa" — Co(OH),(OH) Na,  (3)

3.3. Desalination Performance. Hybrid capacitive deionization
(HCDI) cell is applied to evaluate the desalination perfor-
mance of h-Co(OH), under various conditions, and this clas-
sical configuration adopts ion exchange membranes to
strengthen the charge efficiency and oxygen penetration.
The specific current is a vital operational parameter, especially
for engineering practices, closely related to desalination effi-
ciency and energy consumption. The desalination capacity
is 107 £ 3mg (NaCl)vg'l (h-Co(OH),) at a rate of 30mA.g
!, and the capacity declines as the specific current increases
to 100 mA-g’l (Figure 4(a)). Higher values of the specific cur-
rent result in a shorter charging time and greater diffusion
limit, and fewer active sites are available, leading to lower
capacity (Figure 4(b)). As the specific current returns to
the original level, the capacity is mostly restored [45], as
shown in Supporting Information, Fig. S5. A higher specific
current translates to a faster charge transfer, resulting in a
higher desalination rate, and this value is 3.3 mg-g -min™"
at 100mA-g”, almost three times more than the rate at
30 mA-g'] (Figure 4(a)). The energy consumption increases
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with a higher specific current, confirmed by lower charge
efficiency, which drops to 93% at 100mA-g"' (Supporting
Information, Fig. S6).

The NaCl concentration also affects the desalination
capacity, increasing from 65 + 3mg-g ' to 78 + 7 mg-g”' when
the NaCl feedwater concentration increases from 10mM
to 100mM (Figure 4(c) and Supporting Information, Fig.
S7A). The positive effect of increasing NaCl concentration
can be explained by declining ohmic drop, and this value
derived from the voltage profile is 0.17V, 0.1V, and
003V for 10mM, 100mM, and 600mM NaCl, respec-
tively (Figure 4(c)).

The desalination capacity increases from 4 + 1mg-g' to
65+3mgg’ when the voltage range expands from
-0.6V/+0.6V to -1.4V/+1.4V (Figure 4(d) and Supporting
Information, Fig. S7B). Broader voltage intervals correspond
with prolonged charging times, as shown in Supporting
Information, Fig. $8. Thus, more charge is accumulated at
the electrode to participate in the desalination process. Some
of the invested charge is consumed due to the internal cell
resistance (intrinsic electrode resistance, electrode-solution
contact resistance, and electrolyte resistance), and therefore,
the capacity under -0.6 V/+0.6 V is small. When the voltage
is further widened to -1.6 V/+1.6 V, the desalination capacity
reaches 117 +6mg-g"'. As shown in the CDI Ragone plot
(known as Kim-Yoon plot; Supporting Information,
Fig. §9), h-Co(OH), shows better desalination performance
than commercial Co(OH), nanosheet, proving the positive
effect of hollow configuration. Moreover, h-Co(OH), pre-
sents higher capacity than pure Co(OH), on graphite paper
(48mg-g') and interconnected hollow graphene shell
(14 mg-g'l) proposed recently [29, 46].

A large effective surface area estimated to be around
179.8 m*.g”", over the value from N, adsorption, is required
if all Na' is adsorbed at the external surface of h-Co(OH),
[47]. This rough deduction indicates that the subsurface also
participates in deionization, underscoring the pseudocapa-
citive property. The relationship between average capacity
and cutoff voltage is matched well by linear regression
(Figure 4(d)), while the linear fit yields a larger deviation
from the linear correlation at higher voltages as Faradaic
side reactions intensify at 1.6V [48].

Furthermore, 100 desalination cycles were carried out to
characterize the performance stability of h-Co(OH), elec-
trodes. The average desalination capacity is about 70 mg-g’
. with a retention of 92% (Figure 5(a)). Compared with
other carbon-metal composite electrodes, h-Co(OH),
exhibits a high capacity and good stability simultaneously
(Figure 5(b)). Besides, the desalination rate of h-Co(OH),
electrode is comparable to or even higher than advanced
Faradic materials proposed recently (Supporting Informa-
tion, Table S1). Subsequently, the electrochemical
properties were also characterized after desalination. Cyclic
voltammograms and galvanostatic charge/discharge profiles
after desalination at different cutoff voltages and specific
currents are analogous to raw electrodes except for minor
peak alteration at around -0.3V. Electrochemical
impedance spectra exhibit similar internal ohmic resistance
and charge-transfer resistance (Supporting Information,
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Fig. §10). The electrodes, after desalination at different
rates, display slightly higher capacitance and smaller
charge-transfer resistance. Therefore, h-Co(OH), electrodes
demonstrate good electrochemical stability. Apart from
Na® removal, h-Co(OH), is possible to intercalate Cl” by
applying h-Co(OH), as an anode, supported by its higher
chlorine ion removal capacity compared with activated
carbon (Supporting Information, Fig. S11-§15).

The stability of h-Co(OH), electrodes is further illus-
trated by in situ electrochemical dilatometry, an indicator
of volume change during sodiation/desodiation process
and applied in two-dimensional Ti;C,-type MXene, and
the schematic illustration of a dilatometer is presented in
Supporting Information, Fig. S16 [27, 54, 55]. To match
the voltage window vs. Ag/AgCl, the voltage range was set
as 0.8V to +0.3 V (vs. carbon), and 1 M Na,SO, electrolyte
was used to avoid chlorine-related corrosion of the appara-
tus. Before testing, the cell was stabilized for 48 h, and over
80% of the electrode displacement occurs at the initial 4h
(1" to 7™ cydle), following the decay trend displayed in
long-cycle desalination (Figure 5(c)). The drop in the
displacement may align with the partial disintegration of
hollow Co(OH), cubes. The displacement remains almost
unchanged afterward, suggesting that the h-Co(OH),
electrode has minimal volume change during salination/-
desalination. Figure 5(d) displays cyclic voltammograms,
which were recorded during the in situ dilatometry. The
shape of the cyclic voltammogram of the h-Co(OH), elec-
trodes closely matched with what was recorded in a typical
standard three-electrode test cell. All obtained electrochem-
ical features are similar to those of the cyclic voltammetry
results presented before, even though the current is compa-
rably low in the dilatometry cell. Their shape remains stable
after the third cycle. Correspondingly, the relative strain
becomes negligible (the original data of relative strain is pre-
sented in Supporting Information, Fig. $17A), demonstrat-
ing that the hollow structure relieves the stress from
volume change appropriately. To exclude the influence of
the stabilization period, the system was tested after stabiliz-
ing for 72h. The relative strain tends to be stable, and the
relative strain becomes zero after the 10" cycle (Supporting
Information, Fig. S17B). Therefore, electrochemical dilatom-
etry proves that the hollow h-Co(OH), structure can relieve
the electrode volume change to enhance the stability after
the desalination has reached equilibrium.

3.4. Desalination Mechanism. The intrinsic pseudocapaci-
tance provides maximum synergy with the fast ion transport
via the porous 3D architecture of the hollow Co(OH), cubes.
These beneficial electrochemical properties result in a high
desalination capacity and good stability. A kinetic analysis
can further investigate the charge storage and ion removal
kinetics. Specifically, one can derive key information via
analysis of the dependency of the measured current with
the sweep rate [56], stated in equations (4) and (5).

i= avb, (4)

log (i) = b log (v) +log (a). (5)
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FIGURE 5: (a) Desalination capacity of HCDI cell for 100 cycles (specific current: 30 mA.g™'; cutoff voltage: +1.2V; initial NaCl
concentration: 10 mM). (b) Stability comparison of various electrode materials considering final capacity, retention rate, and cycle
number (a different color represents the cycle number) [11, 16, 17, 27, 47, 49-53]. (c) h-Co(OH), electrode displacement development
during in situ electrochemical dilatometry in CV mode, and the inset is the magnified diagram for the initial 4h. (d) Cyclic
voltammograms and relative strain at the 1%, 3% 10t 50, and 100" cycle.

The b-value can be determined from the plot’s slope
between log (i) and log (v) and indicates the charge storage
mechanism. When the b-value is 0.5, we have a system lim-
ited by diffusion, as typically found for battery-like systems
via ion intercalation. In contrast, a b-value of 1.0 is found

for an ideal capacitor, such as an electrical double-layer
capacitor, where charge storage is enabled via ion
electrosorption. According to Figure 6(a), the calculated
b-values exceed 0.8 when the voltage is lower than 0.3 V. This
very high value aligns with the pronounced pseudocapacitive
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behavior of the electrode material. The b-value drops to
about 0.7 at 0.5V, which agrees with the more battery-like
process through Na' intercalation and side reactions. This
also aligns with the findings from the performance stability
measurements via continued cyclic voltammetric testing.

It is also possible to quantify the percentage of surface-
controlled capacitance (capacitor-like contribution) corre-
sponding with either a perfect diffusion-limited system
(b-value of 0.5) or a perfect capacitor (b-value of 1.0).
The closer it is to one, the more perfect is the pseudocapaci-
tive response. A beneficial calculation for this consideration
is the use of Equation (6) which is often referred to as Dunn
analysis [44]:

i(V)=kv+ kv (6)

In this equation, k, corresponds with an ideal (pseudo)-

capacitive contribution and k, with a battery-like feature.
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For our electrode material, k; represents 71% of the total
capacity at the scan rate of 10 mV-s! (Figure 6(b)). As a
comparison, this percentage for a recently reported black
phosphorus composite is 59% at 5mV.s™' [57].

An alternative analysis is the Trasatti method. This
approach differentiates an “inner” and “outer” surface-
controlled capacity of h-Co(OH), electrode [58]. To be
specific, “inner” surface refers to the regions of difficult
accessibility, and “outer” capacity mainly comes from the
surface exposed directly to ions. The calculation is based
on Equations (7) and (8) [44].

*_ -1/2
q _qs,outJrAlv 2

(7)

1/2

(8)

where ¢* is the voltammetric charge, g, is the surface-
controlled capacity, and q,,, is the “outer” capacity. g,

g =g+ Ay
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is calculated to be 22F.g'cm”, constituting 50% of g,
which is comparable to modified carbon electrodes [59] and
notably higher than CuAl-LDH@rGO [53]. This indicates
that hollow Co(OH), electrode provides rapid, capacitor-
like charge transfer and ion removal (Figures 6(c) and 6(d)).

To further elaborate the cushion effect of hollow config-
uration during ion intercalation, finite element simulation
was carried out to investigate and compare the stress distri-
bution in hollow and solid cubes after volume expansion;
detailed simulation information is given in Supporting
Information, Text S1). Finite element simulation is applied
to analyze the ion concentration distribution during
desalination and to demonstrate that a hollow structure is
favorable for ion transport [60, 61]. Based on in situ dila-
tometry, the expansion proportion is fixed at 40% for both
structures. For a solid cube, the stress inside the materials
is homogeneous at about 0.6 x 10'° N/m? after electrochem-
ical volume expansion (Figure 7(d)), while the stress in a
hollow cube is heterogeneous. Edges (especially top and bot-
tom edges) of the two-dimensional hollow cross section gen-
erally display more minor stress at around 0.4 x 10" N/m>.
More significant stress (1 x 10'° N/m?) occurs at the corner
(Figure 7(a)) due to stress from adjacent edges and induced
shear stress during Na" intercalation. During expansion, the
physical deformation of materials is expressed as displace-
ment, that is, bias relative to the initial position. The
displacement in a hollow cube is generally smaller, and the
maximum value is approximately 60nm (Figure 7(b)).
Contrarily, half of the solid cube experiences remarkable

displacement with the maximum deformation of 70nm
(Figure 7(e)). Therefore, the hollow structure is more stable
as it undergoes less distortion and stress when charging,
except for higher stress at the corner.

The stress distribution of wrapped binder PVDF is stud-
ied to reflect the complete working condition of the elec-
trode. The PVDF around the hollow cube exhibits stress at
a scale of 0.2 x 10° N/m? (Figure 7(c)), which is generally
smaller than the solid cube counterpart (0.9 x 10° N/m” at
top and bottom edges; Figure 7(f)). The hollow structure
exerts minor stress to surrounding binder material, condu-
cive to keep the whole electrode intact during electrochemi-
cal ion intercalation by relieving the accompanying stress.

4. Conclusions

In summary, a hollow pseudocapacitive cobalt hydroxide
was prepared via facile synthesis conditions. The hollow
Co(OH), cube with vertical nanosheets anchored on the sur-
face has a large ion accessible surface area based on electro-
chemical analyses, ensuring fast ion transport. Meanwhile,
this configuration can relieve the pressure during ion inter-
calation to enhance the cyclability, proved by finite element
simulation. Consequently, h-Co(OH), electrode displays a
high desalination rate of 3.3mg (NaCl)-g" (h-Co(OH),)--
min"' at 100mA-g' and sustains over 90% of the initial
capacity after 100 desalination cycles in HCDI cell. More-
over, this hollow electrode holds high capacity intrinsically
by avoiding “dead mass,” with the maximum value of
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117 + 6mg (NaCl)-g"' (h-Co(OH),). The outstanding desa-
lination performance of the hollow structure in the micro-
scale navigates a new direction to the development of
Faradaic electrodes for CDI.

Data Availability

The .txt or jpeg data used to support the findings of this
study are available from the corresponding author upon
request.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this article.

Authors’ Contributions

Yuecheng Xiong and Fei Yu contributed equally to this
work.

Acknowledgments

This research was supported by the National Natural Science
Foundation of China (52170087, 21777118). The INM
authors thank Eduard Arzt (INM) for his continuing
support. L.W. acknowledges funding from the China Schol-
arship Council (CSC) via award number 201906260277

Supplementary Materials

Fig. S1: transmission electron micrographs of Cu,O template
etching and Co(OH), crystal growth process. Fig. S2: water
contact angle of the cobalt hydroxide electrode before (A)
and after (B) desalination. Fig. S3: cyclic voltammogram of
the cobalt hydroxide electrode at a rate of 1 mV-s-1. Fig.
S4: (A) cyclic voltammograms of the cobalt hydroxide elec-
trode at a rate of 10 mV-s-1 using a two electrode setup with
an oversized AC electrode as counter electrode. (B) Cyclic
voltammograms with different cutoff voltages. (C) Charging
capacity of Co(OH), electrode in two electrode system with
changing specific current. Fig. §5: desalination capacity (A),
cell voltage profiles, (B) and current profiles (C) of the HCDI
cell at different specific current. Fig. S6: energy consumption
(A) and charge efficiency (B) at different rates. Fig. S7: (A)
desalination capacity at 100 mM initial NaCl concentration.
(B) Desalination capacity of HCDI cell at different cutoff
voltages. Fig. S8: voltage profiles of HCDI cell at different
cutoff voltages. Fig. $9: Kim-Yoon plot of h-Co(OH), elec-
trode in HCDI cell. Fig. S10: electrochemical characteriza-
tions for h-Co(OH), electrodes after desalination. Fig. S11:
CV curves and capacitance of h-Co(OH)2 electrode at dif-
ferent voltage windows. Fig. $12: de-chlorination perfor-
mance. Fig. S13: (A) desalination capacity of symmetric
CDI cell for 100 cycles. (B) Theoretical de-chlorination
capacity of asymmetric and symmetric CDI cells for 100
cycles. Fig. S14: cell voltage (A) and current profiles (B)
of asymmetric cell for 100 cycles. Fig. S15: cell voltage
(A) and current profiles (B) of symmetric CDI cell for
100 cycles. Fig. S16: schematic drawing of the in-situ elec-

202

Research

trochemical dilatometry cell. Fig. S17: (A) the original data
of relative strain during electro-dilatometry in CV mode.
(B) The relative strain change in the test after 72h stabili-
zation. Table S1: comparison of desalination rate of vari-
ous advanced electrode materials. Text SI: finite element
simulation. (Supplementary Materials)

References

[1] M. Elimelech and W. A. Phillip, “The future of seawater desa-
lination: energy, technology, and the environment,” Science,
vol. 333, no. 6043, pp. 712-717, 2011.

[2] R.P. Schwarzenbach, B. I. Escher, K. Fenner et al., “The chal-
lenge of micropollutants in aquatic systems,” Science, vol. 313,
no. 5790, pp. 1072-1077, 2006.

[3] F. A. AlMarzooqi, A. A. Al Ghaferi, I. Saadat, and N. Hilal,
“Application of capacitive deionisation in water desalination:
a review,” Desalination, vol. 342, pp. 3-15, 2014.

[4] M. Metzger, M. M. Besli, S. Kuppan et al., “Techno-economic

analysis of capacitive and intercalative water deionization,”

Energy & Environmental Science, vol. 13, no. 6, pp. 1544—

1560, 2020.

S. Porada, R. Zhao, A. van der Wal, V. Presser, and P. M.

Biesheuvel, “Review on the science and technology of water

desalination by capacitive deionization,” Progress in Mate-

rials Science, vol. 58, no. 8, pp. 1388-1442, 2013.

[6] X. Zhou, F. Zhao, Y. Guo, Y. Zhang, and G. Yu, “A hydrogel-

based antifouling solar evaporator for highly efficient water

desalination,” Energy ¢~ Environmental Science, vol. 11, no. 8,

pp. 1985-1992, 2018.

P. Srimuk, X. Su, J. Yoon, D. Aurbach, and V. Presser,

“Charge-transfer materials for electrochemical water desalina-

tion, ion separation and the recovery of elements,” Nature

Reviews Materials, vol. 5, no. 7, pp. 517-538, 2020.

[8] B. W. Byles, D. A. Cullen, K. L. More, and E. Pomerantseva,
“Tunnel structured manganese oxide nanowires as redox
active electrodes for hybrid capacitive deionization,” Nano
Energy, vol. 44, pp. 476-488, 2018.

[9] M. Liang, X. Bai, F. Yu, and J. Ma, “A confinement strategy to
in-situ prepare a peanut-like N-doped, C-wrapped TiO, elec-
trode with an enhanced desalination capacity and rate for
capacitive deionization,” Nano Research, vol. 14, no. 3,
pp. 684691, 2021.

[10] J. Lee, P. Srimuk, K. Aristizabal et al., “Pseudocapacitive
desalination of brackish water and seawater with vanadium-
pentoxide-decorated multiwalled carbon nanotubes,” Chem-
SusChem, vol. 10, no. 18, pp. 3611-3623, 2017.

[11] J.Ma,Y. Xiong, X. Dai, and F. Yu, “Zinc spinel ferrite nanopar-
ticles as a pseudocapacitive electrode with ultrahigh desalina-
tion capacity and long-term stability,” Environmental Science
& Technology Letters, vol. 7, no. 2, pp. 118-125, 2020.

[12] Z.Ding, X. Xu, Y. Li, K. Wang, T. Lu, and L. Pan, “Significantly
improved stability of hybrid capacitive deionization using nickel
hexacyanoferrate/reduced graphene oxide cathode at low volt-
age operation,” Desalination, vol. 468, article 114078, 2019.

[13] S. Porada, A. Shrivastava, P. Bukowska, P. M. Biesheuvel, and
K. C. Smith, “Nickel hexacyanoferrate electrodes for continu-
ous cation intercalation desalination of brackish water,” Elec-
trochimica Acta, vol. 255, pp. 369-378, 2017.

[14] K. Singh, Z. Qian, P. M. Biesheuvel, H. Zuilhof, S. Porada, and
L. C. P. M. de Smet, “Nickel hexacyanoferrate electrodes for

[5

(7



Research

[15]

[16]

(17]

(18]

[19]

[20]

(21]

(22]

(23]

[24]

(25]

[26]

(27]

(28]

(29]

high mono/divalent ion-selectivity in capacitive deionization,”
Desalination, vol. 481, article 114346, 2020.

J. Cao, Y. Wang, L. Wang, F. Yu, and J. Ma, “Na,V,(PO,);@C
as faradaic electrodes in capacitive deionization for high-
performance desalination,” Nano Letters, vol. 19, no. 2,
pp. 823-828, 2019.

W. Zhao, L. Guo, M. Ding, Y. Huang, and H. Y. Yang, “Ultra-
high-desalination-capacity dual-ion electrochemical deioniza-
tion device based on Na,V,(PO,);@C-AgCl electrodes,” ACS
Applied Materials ¢ Interfaces, vol. 10, no. 47, pp. 40540-
40548, 2018.

K. Wang, Y. Liu, Z. Ding, Y. Li, T. Lu, and L. Pan, “Metal-
organic-frameworks-derived NaTi,(PO,);/carbon compos-
ites for efficient hybrid capacitive deionization,” Journal of
Materials Chemistry A, vol. 7, no. 19, pp. 12126-12133,
2019.

P. Srimuk, F. Kaasik, B. Kriiner et al., “MXene as a novel
intercalation-type pseudocapacitive cathode and anode for
capacitive deionization,” Journal of Materials Chemistry A,
vol. 4, no. 47, pp. 18265-18271, 2016.

W. Bao, X. Tang, X. Guo et al.,, “Porous cryo-dried MXene for
efficient capacitive deionization,” Joule, vol. 2, no. 4, pp. 778-
787, 2018.

F.Xing, T. Li, J. Li, H. Zhu, N. Wang, and X. Cao, “Chemically
exfoliated MoS, for capacitive deionization of saline water,”
Nano Energy, vol. 31, pp. 590-595, 2017.

P. Srimuk, J. Lee, A. Tolosa, C. Kim, M. Aslan, and V. Presser,
“Titanium disulfide: a promising low-dimensional electrode
material for sodium ion intercalation for seawater desalina-
tion,” Chemistry of Materials, vol. 29, no. 23, pp. 9964-9973,
2017.

P. Srimuk, J. Lee, S. Fleischmann et al., “Faradaic deionization
of brackish and sea water via pseudocapacitive cation and
anion intercalation into few-layered molybdenum disulfide,”
Journal of Materials Chemistry A, vol. 5, no. 30, pp. 15640-
15649, 2017.

W. Shi, X. Liu, T. Deng et al., “Enabling superior sodium cap-
ture for eflicient water desalination by a tubular polyaniline
decorated with Prussian blue nanocrystals,” Advanced Mate-
rials, vol. 32, no. 33, article e1907404, 2020.

L. Xu, W. Liu, Y. Hu, and L. Luo, “Stress-resilient electrode
materials for lithium-ion batteries: strategies and mecha-
nisms,” Chemical Communications, vol. 56, no. 87,
pp. 13301-13312, 2020.

M. Zheng, H. Tang, L. Li et al., “Hierarchically nanostructured
transition metal oxides for lithium-ion batteries,” Advanced
Science, vol. 5, no. 3, article 1700592, 2018.

W. Zhao, M. Ding, L. Guo, and H. Y. Yang, “Dual-ion electro-
chemical deionization system with binder-free aerogel elec-
trodes,” Small, vol. 15, no. 9, article 1805505, 2019.

Z. Wang, X. Xu, J. Kim et al., “Nanoarchitectured metal-
organic framework/polypyrrole hybrids for brackish water
desalination using capacitive deionization,” Materials Hori-
zons, vol. 6, no. 7, pp- 1433-1437, 2019.

M. Xiao, Z. Wang, M. Lyu et al,, “Hollow nanostructures for
photocatalysis: advantages and challenges,” Advanced Mate-
rials, vol. 31, no. 38, article e1801369, 2019.

Y. Zhu, G. Zhang, C. Xu, and L. Wang, “Interconnected gra-
phene hollow shells for high-performance capacitive deioniza-
tion,” ACS Applied Materials ¢ Interfaces, vol. 12, pp. 29706-
29716, 2020.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44

RESULTS AND DISCUSSION

13

J. Jiang, J. Liu, R. Ding et al., “Large-scale uniform a-Co(OH)2-
Long nanowire arrays grown on graphite as pseudocapacitor
electrodes,” ACS Applied Materials ¢ Interfaces, vol. 3, no. 1,
pp. 99-103, 2011.

L. Wang, Z. H. Dong, Z. G. Wang, F. X. Zhang, and J. Jin, “Lay-
ered a-Co(OH)2Nanocones as electrode materials for pseudo-
capacitors: understanding the effect of interlayer space on
electrochemical activity,” Advanced Functional Materials,
vol. 23, no. 21, pp. 2758-2764, 2013.

Z. Cai, L. Li, Y. Zhang et al., “Amorphous nanocages of Cu-
Ni-Fe hydr(oxy)oxide prepared by photocorrosion for
highly efficient oxygen evolution,” Angewandte Chemie
(International Ed. in English), vol. 58, no. 13, pp. 4189-
4194, 2019.

J. Yu, J. Xiao, A. Li et al., “Enhanced multiple anchoring and
catalytic conversion of polysulfides by amorphous MoS3Na-
noboxes for high-performance Li-S batteries,” Angewandte
Chemie (International Ed. in English), vol. 59, no. 31,
pp- 13071-13078, 2020.

J. Nai, Y. Tian, X. Guan, and L. Guo, “Pearson's principle
inspired generalized strategy for the fabrication of metal
hydroxide and oxide nanocages,” Journal of the American
Chemical Society, vol. 135, no. 43, pp. 16082-16091, 2013.

J. Liu, J. Nai, T. You et al., “The flexibility of an amorphous
cobalt hydroxide nanomaterial promotes the electrocatalysis
of oxygen evolution reaction,” Small, vol. 14, no. 17, article
el703514, 2018.

H.B.Li, P. Liu, Y. Liang, J. Xiao, and G. W. Yang, “Amorphous
cobalt hydroxide nanostructures and magnetism from green
electrochemistry,” RSC Advances, vol. 3, no. 48, article 26412,
2013.

J. Yang, H. Liu, W. N. Martens, and R. L. Frost, “Synthesis and
characterization of cobalt hydroxide, cobalt oxyhydroxide, and
cobalt oxide nanodiscs,” Journal of Physical Chemistry C,
vol. 114, no. 1, pp- 111-119, 2010.

S. R. Shieh and T. S. Duffy, “Raman spectroscopy of Co(OH),
at high pressures: implications for amorphization and hydro-
gen repulsion,” Physical Review B, vol. 66, no. 13, 2002.

J. Liu, J. Ke, Y. Li et al., “Co;0, quantum dots/TiO, nanobelt
hybrids for highly efficient photocatalytic overall water split-
ting,” Applied Catalysis B: Environmental, vol. 236, pp. 396—
403, 2018.

I. M. Alibe, K. A. Matori, H. A. A. Sidek et al., “Effects of poly-
vinylpyrrolidone on structural and optical properties of wil-
lemite semiconductor nanoparticles by polymer thermal
treatment method,” Journal of Thermal Analysis and Calorim-
etry, vol. 136, pp. 2249-2268, 2018.

C. Li, C. Liu, W. Wang et al,, “Towards flexible binderless
anodes: silicon/carbon fabrics via double-nozzle electrospin-
ning,” Chemical Communications, vol. 52, no. 76, pp. 11398-
11401, 2016.

B.J. Tan, K. J. Klabunde, and P. M. A. Sherwood, “XPS studies
of solvated metal atom dispersed (SMAD) catalysts. evidence
for layered cobalt-manganese particles on alumina and silica,”
Journal of the American Chemical Society, vol. 113, no. 3,
pp. 855-861, 1991.

V. Augustyn, P. Simon, and B. Dunn, “Pseudocapacitive oxide
materials for high-rate electrochemical energy storage,” Energy
¢ Environmental Science, vol. 7, no. 5, p. 1597, 2014.

S. Fleischmann, J. B. Mitchell, R. Wang et al., “Pseudocapaci-
tance: from fundamental understanding to high power energy

203



14

[45]

[46]

[47]

(48]

(49]

(50]

(51]

(52]

(53]

[54]

[55]

[56]

(571

(58]

[59]

RESULTS AND DISCUSSION

storage materials,” Chemical Reviews, vol. 120, no. 14,
Pp. 6738-6782, 2020.

M. E. Suss, S. Porada, X. Sun, P. M. Biesheuvel, J. Yoon, and
V. Presser, “Water desalination via capacitive deionization:
what is it and what can we expect from it?,” Energy ¢ Environ-
mental Science, vol. 8, no. 8, pp. 2296-2319, 2015.

X. Wen, M. Zhao, D. Zhang, X. Ma, Z. Lin, and M. Ye, “An
integrated large-scale and vertically aligned Co(OH), [email
protected] paper electrode for high performance capacitive
deionization of saline water,” Desalination, vol. 470, article
114117, 2019.

T. Liu, J. Serrano, J. Elliott et al., “Exceptional capacitive deion-
ization rate and capacity by block copolymer-based porous
carbon fibers,” Science Advances, vol. 6, no. 16, 2020.

Y. Li, Z. Ding, K. Wang et al., “Suppressing the oxygen-related
parasitic reactions in NaTi,(PO,);-based hybrid capacitive
deionization with cation exchange membrane,” Journal of
Colloid and Interface Science, vol. 591, pp. 139-147, 2021.

T. Wu, G. Wang, S. Wang et al., “Highly stable hybrid capaci-
tive deionization with a MnO2Anode and a positively charged
cathode,” Environmental Science ¢+ Technology Letters, vol. 5,
no. 2, pp. 98-102, 2018.

X. Shen, Y. Xiong, R. Hai, F. Yu, and J. Ma, “All-MXene-based
integrated membrane electrode constructed using Ti;C, T, as
an intercalating agent for high-performance desalination,”
Environmental Science & Technology, vol. 54, no. 7,
pp. 4554-4563, 2020.

X. Shen, R. Hai, X. Wang et al., “Free-standing 3D alkalized
Ti,C,T,/Ti;C,T, nanosheet membrane electrode for highly
efficient and stable desalination in hybrid capacitive deioniza-
tion,” Journal of Materials Chemistry A, vol. 8, no. 37,
pp- 19309-19318, 2020.

S. Wang, G. Wang, Y. Wang et al, “In situ formation of
Prussian blue analogue nanoparticles decorated with three-
dimensional carbon nanosheet networks for superior hybrid
capacitive deionization performance,” ACS Applied Materials
& Interfaces, vol. 12, no. 39, pp. 44049-44057, 2020.

W. Xi and H. Li, “Vertically-aligned growth of CuAl-layered
double oxides on reduced graphene oxide for hybrid capacitive
deionization with superior performance,” Environmental
Science. Nano, vol. 7, no. 3, pp. 764-772, 2020.

D. Moreno, Y. Bootwala, W.-Y. Tsai et al., “In situ electro-
chemical dilatometry of phosphate anion electrosorption,”
Environmental Science & Technology Letters, vol. 5, no. 12,
pp. 745-749, 2018.

N. Jiackel, B. Kriiner, K. L. Van Aken et al., “Electrochemical in
situ tracking of velumetric changes in two-dimensional metal
carbides (MXenes) in ionic liquids,” ACS Applied Materials
& Interfaces, vol. 8, no. 47, pp. 32089-32093, 2016.

J. Wang, ]. Polleux, J. Lim, and B. Dunn, “Pseudocapacitive
contributions to electrochemical energy storage in TiO,
(anatase) nanoparticles,” Journal of Physical Chemistry C,
vol. 111, no. 40, pp. 14925-14931, 2007.

H. Jin, S. Xin, C. Chuang et al., “Black phosphorus composites
with engineered interfaces for high-rate high-capacity lithium
storage,” Science, vol. 370, no. 6513, pp. 192-197, 2020.

S. Ardizzone, G. Fregonara, and S. Trasatti, “"Inner” and
"outer” active surface of RuO, electrodes,” Electrochimica Acta,
vol. 35, no. 1, pp. 263-267, 1990.

R. Niu, H. Li, Y. Ma, L. He, and J. Li, “An insight into the
improved capacitive deionization performance of activated

204

[60]

[61]

Research

carbon treated by sulfuric acid,” Electrochimica Acta,

vol. 176, pp. 755-762, 2015.

X. Zang, Y. Xue, W. Niet al., “Enhanced electrosorption ability
of carbon nanocages as an advanced electrode material for
capacitive deionization,” ACS Applied Materials & Interfaces,
vol. 12, no. 2, pp- 2180-2190, 2020.

S. Vafakhah, G. J. Sim, M. Saeedikhani, X. Li, P. Valdivia y
Alvarado, and H. Y. Yang, “3D printed electrodes for efficient
membrane capacitive deionization,” Nanoscale Advances,
vol. 1, no. 12, pp. 48044811, 2019.



RESULTS AND DISCUSSION

Supporting Information

Three-dimensional hollow Co(OH): cube/vertical nanosheets
with high desalination capacity and long-term performance

stability

Yuecheng Xiong®®, Fei Yu!®, Stefanie Arnold*#, Lei Wang®*, Volker Presser’*>, Yifan
Ren?®, Jie Ma>%""

1 College of Marine Ecology and Environment, Shanghai Ocean University, Shanghai 201306, P. R.
China
2 Research Center for Environmental Functional Materials, College of Environmental Science and
Engineering, Tongji University, 1239 Siping Road, Shanghai 200092, P.R. China
3 INM-Leibniz Institute for New Materials, 66123 Saarbriicken, Germany
4 Department of Materials Science and Engineering, Saarland University, 66123 Saarbriicken, Germany
5 Saarene-Saarland Center for Energy Materials and Sustainability, 66123 Saarbriicken, Germany.
6 State Key Laboratory of Pollution Control and Resource Reuse, College of Environmental Science
and Engineering, Tongji University, Shanghai, 200092, P. R. China.
7 Shanghai Institute of Pollution Control and Ecological Security, Shanghai, 200092, P.R. China
§ These authors contributed equally to this work

* Corresponding author’s email: jma@tongji.edu.cn

S1

205



RESULTS AND DISCUSSION

Contents

Fig. S1.

Fig. S2.

Fig. S3.
Fig. S4.

Fig. S5.

Fig. Se.
Fig. S7.

Fig. S8.
Fig. S9.
Fig. S10.
Fig. S11.
Fig. S12.
Fig. S13.

Fig. S14.
Fig. S15.
Fig. S16.
Fig. S17.

Table S1
Text S1

206

Transmission electron micrographs of Cu2O template etching and Co(OH)> crystal
growth process.

Water contact angle of the cobalt hydroxide electrode before (A) and after (B)
desalination.

Cyclic voltammogram of the cobalt hydroxide electrode at a rate of 1 mV-s™!.
(A) Cyclic voltammograms of the cobalt hydroxide electrode at a rate of 10 mV -s”
! using a two electrode setup with an oversized AC electrode as counter electrode.
(B) Cyclic voltammograms with different cutoff voltages. (C) Charging capacity
of Co(OH): electrode in two electrode system with changing specific current.
Desalination capacity (A), cell voltage profiles, (B) and current profiles (C) of the
HCDI cell at different specific current.

Energy consumption (A) and charge efficiency (B) at different rates.

(A) Desalination capacity at 100 mM initial NaCl concentration. (B) Desalination
capacity of HCDI cell at different cutoff voltages.

Voltage profiles of HCDI cell at different cutoff voltages.

Kim-Yoon plot of h-Co(OH): electrode in HCDI cell.

Electrochemical characterizations for h-Co(OH)2 electrodes after desalination.
CV curves and capacitance of h-Co(OH): electrode at different voltage windows.
De-chlorination performance.

(A) Desalination capacity of symmetric CDI cell for 100 cycles. (B) Theoretical
de-chlorination capacity of asymmetric and symmetric CDI cells for 100 cycles.
Cell voltage (A) and current profiles (B) of asymmetric cell for 100 cycles.

Cell voltage (A) and current profiles (B) of symmetric CDI cell for 100 cycles.
Schematic drawing of the in-situ electrochemical dilatometry cell.

(A) The original data of relative strain during electro-dilatometry in CV mode. (B)
The relative strain change in the test after 72 h stabilization.

Comparison of desalination rate of various advanced electrode materials.

Finite element simulation.

S2



RESULTS AND DISCUSSION
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Fig. S4. (A) Cyclic voltammograms of the cobalt hydroxide electrode at a rate of 10 mV:-s’!
using a two-electrode setup with an oversized AC electrode as counter electrode. (B) Cyclic

voltammograms with different cutoff voltages. (C) Charging capacity of the cobalt hydroxide
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De-chlorination performance.

The capacitance during positive and negative polarization increases as the potential difference
is increased during cyclic voltammetry (Fig. S11). A similar capacitance during opposite
polarization indicates the ability of h-Co(OH): electrode to serve as an electrode for the removal
of either anions or cations.! The CI" insertion has been proved in cobalt layered hydroxide, with
the formula presented below.?

Co(OH): + CI' — Co(OH)2Cl1 + ¢

In our experiments, we further paired two h-Co(OH): electrodes to investigate its de-
chlorination potential in capacitive deionization. The average desalination capacity of the
symmetric cell improves to 80 mg-g™!, while the counterpart for HCDI is 70 mg-g' (Fig. S12).
The average de-chlorination capacity based on anode mass increases slightly from 36 mg-g™! to
39 mg-g’'. This performance is higher than that found for conventional activated carbon, while
the symmetric cell displays a higher instability with wider lower-upper limit and more outliers

(Fig. S13-S15).

Current (mA)

-12 -10 -08 -06 -04 -02 00 02 04 06 038
Potential (V vs. Ag/AgCl)

Fig. S11. Cyclic voltammograms and capacitance of h-Co(OH): electrode at different

voltage windows.
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Table S1 Comparison of desalination rate of various advanced electrode materials

Desalination rate

Materials Testing conditions 1.1 Ref.
(mg-g—-s™)
PB/PANI 500 ppm, 100 mA-g'  0.03 .
h-Co(OH): 10 mM, 100 mA-g! 0.055 This work
N-Ti3C2Tx 5000 ppm, 1.2V 0.062 4
Na3V2(PO.);@C 10mM, 1 V 0.04 .
Ko.03Cu[Fe(CN)6Jo.65-0.43H20 500 ppm, 1.2 V 0.24 6
MnO> 15mM, 1.2V 0.112 7
ZIF-67/PPy 10mM, 1.2V 0.019 8

N.B. The pink and yellow backgrounds represent the constant current and constant voltage
mode, respectively. 10 mM NaCl equals to ca. 585 ppm NaCl. The estimation of the desalination
rate in ref [4] and [8] takes the equilibrium time of 700 sec and 600 sec, respectively. PB, PANI,

and PPy refer to Prussian blue, polyaniline and polypyrrole, respectively.

S15

219



RESULTS AND DISCUSSION

Text S1 Finite element simulation

The finite element simulation method is based on COMSOL software, combining the structural
mechanics and heat transfer modules. In the heat transfer module, the thermal expansion
coefficient is applied as an approximate substitution of cobalt hydroxide material expansion or
contraction induced by sodium ion intercalation/deintercalation. Through the simultaneous
setting of thermal expansion coefficient and the temperature K, the volume change proportion
is set as 40%.

First, a hollow cube and solid cube model are constructed, with a dimension of 75 x75 pmz,
and the wall thickness of the hollow cube is 75 nm. The density of Co(OH): is set as 3.6 g-cm”

3, and Co(OH) is an anisotropic material, which is expressed as the following elasticity matrix.

44[GPa] [12[GPa] 7IGPa]l |1[GPa] |[4[GPa] 1[GPal]

12[GPa]l 126[GFPa]l 24[G5Pa)] -3[GPal |1[GPa) -21[5Pa)

7[GPa] |54[GPa] [122[GPa] O[GPa] |-2[GPa] 0[GPa]

1[GPa]l -3[GPa]l 0O[GPa]l 41[GPa] 3[GPa] -0[GPa)

A[GPa] |1[GPa] |-2[GPa] |2[GPa] |6[GPa] [2[GPa]

1[GPa] -21[GPa] O[GPa] -0[GPa] 2[GPa) 13[GPa)
For PVDF, we assume a density of 1.77 g:cm™, the Young’s modulus is 2000 MPa, Poisson’s
ratio is 0.3, and an isotropic behavior. The initial displacement and velocity is set as 0, and the

boundary conditions are fixed, that is, the displacement is 0.

Elastic stress follows the Hook’s law:
. 1
&j =% [(1 +v)o;; — vakk&j]
where ;i is the stress fractional variable, oij is the strain fractional variable, E is the Young’s

modulus, v is the Poisson’s ratio, 6 is the second-order unit tensor.
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ABSTRACT: Lithium-ion batteries are the primary power source for electric
vehicles and portable electronic devices, creating a massive demand to mine
and extract lithium. So far, lithium extraction has focused on brine and
geological deposits. Yet, access to the enormous amount of lithium (at low
concentration) in the earth’s oceans and other aqueous media remains
challenging. Electrodialysis with Li-selective ceramic membranes could
effectively separate lithium from seawater but at a high energy cost. Reversible
electrochemical processes, like redox flow batteries, can overcome the
limitation of electrodialysis-based systems. Herein we propose a system
combining Li-selective ceramic membranes and a simple redox flow electrolyte
to accomplish continuous lithium recovery from seawater. The lithium-
extraction redox flow battery (LE-RFB) extracts dissolved lithium with a purity
of 93.5% from simulated seawater, corresponding to a high Li/Mg selectivity
factor of about 500.000:1. Benefiting from a low operating voltage, 1 g of
lithium is extracted with only 2.5 Wh of energy consumption.

Seawater /
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ith the universal usage of portable electronic
equipment and electric vehicles, the demand for
lithium-ion batteries has increased tremendously."
This sharply increasing consumption would result in a
complete depletion of terrestrial lithium before this century
is over.” Thereby, it is crucial to find alternative lithium
reservoirs and environmentally friendly ways for lithium
extraction. Apart from recycling lithium from abandoned
lithium-ion batteries, seawater is another available lithium
reserve containing 230 billion tons of lithium.* However, the
low lithium concentration (around 0.17 mg;;/L on average)
and high concentration of other competing cations, like Na*
and Mg”J bring tremendous challenges to extracting lithium
from seawater. So far, several approaches, such as
c:olgareci];)itation,S sorptlon, liquid—liquid extraction,” mem-
brane processes, and electrochemical methods,”'® have been
adapted to recover lithium from seawater.'' However,
coprecipitation, liquid—liquid extraction, and sorbent regener-
ation require many chemicals and are energy-costly and time-
consuming,* In addition, while membrane-based processes
can continuously extract lithium, this technology suffers from
the low selectivity factor of the commercial membranes."*
Electrochemical methods are an energy-efficient approach
with relatively high selectivity toward Li*, as recent studies
show. For example, Joo et al. used an electrode pair of 1-MnO,

© 2022 American Chemical Society

7 ACS Publications
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and AgCl to treat the actual desalination of concentrated
seawater on a pilot scale.' After the enrichment, the purity of
Li* increased from 0.0048 to 88%.'* In another example, an
electrolysis-based technique was proposed to extract lithium
from seawater utilizing a solid-state lithium superionic
conductor membrane (LISICON membrane).” On the
cathode side, elemental lithium metal was formed, while the
Cl, or O, was produced in the anode area. However, the
electrochemical methods have not yet been able to perform
continuous lithium recovery with the typical cell configuration
(i.e., a lithium-capture electrode + a chloride-capture electrode
or a cation-release electrode).'™'® Kim et al. proposed a hybrid
system with a redox flow battery system and lithium-selective
adsorbent.'” In this system, the water can be continuously
desalinated, while the lithium recovery process is not
continuous. Meanwhile, the re%eneratlon of adsorbents
put forward a continuous
electrical pump membrane process, where a Liy;slag s6TiO5

consumes acid. Recently, Li et al.!
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membrane accomplished the selective extraction of lithium;
the catalytic reactions occurred on the cathode and anode sides
formed the driven force for lithium migration. After the
treatment, the lithium concentration increased from 0.2 mg/L
to 9 g/L. However, due to the high voltage, the energy
consumption to enrich 1 kg of lithium is about 76 kWh. With
humankind striving for more sustainable technologies, there is
a high demand for an economical approach with continuous
operation, a high selectivity factor, and low energy con-
sumption for the large-scale lithium extraction from the
seawater.

This work reports an innovative electrochemical cell
configuration for continuously recovering lithium from sea-
water. Our system strives toward low-cost materials and
environmental friendliness. The lithium-extraction redox flow
battery (LE-RFB) uses a redox pair electrolyte (Fe[CN]*/
Fe[CN],*") and operates at a low applied voltage of just 600
mV for continuous lithium extraction. The LE-RFB shows an
excellent selectivity toward Li* with a low energy consumption
of 2.5 Wh/g;_cxiraction- e also demonstrate the universal usage
of this system with various lithium concentrations from
seawater (ca. 0.17 mg/L) to lithium-rich brines (>1000 mg/
L).

The LE-RFB cell contains four channels: one recovery-
solution channel, one feedwater channel, and two redox-
electrolyte channels (Figure 1A; Experimental Methods, Table
S1, and Figure S1 in Supporting Information). The recovery-
solution channel and the feedwater channel are each separated
from the redox-electrolyte channels by a LISICON membrane.
A polymer anion exchange membrane localized between the
recovery-solution and feedwater channels serves to separate
different compartments. During operation, the charging
process results in the enrichment of lithium in the recovery-
solution channel and the uptake of lithium from the feedwater
channel. The ferricyanide is reduced to the ferrocyanide in the
cathode area, drawing one cation (i.e., Li*, on the basis of the
selectivity of LISICON membrane) from the feedwater
channel into the redox-electrolyte reservoir. At the other
end, the ferrocyanide in the anode area is oxidized into
ferricyanide, releasing lithium into the recovery solution
through the LISICON membrane. Simultaneously, the CI~
will migrate through the anion exchange membrane to keep
the charge balanced. The reactions in the anolyte and catholyte
are shown as follows. These reactions are continuously
ongoing because the initial redox electrolyte contains
equimolar ferricyanide and ferrocyanide, and with this
continuous circulation, the uptaken Li" is continuously
brought from the catholyte through the redox-electrolyte

reservoir to the anolyte.

K,[Fe(CN)] + Li* + e~ — K,Li[Fe(CN);]

catholyte reaction

K,Li[Fe(CN)4] = K;[Fe(CN)] + Li" + ¢ anolyte reaction

As the core component of the LE-RFB system, the
LISICON membrane plays the role of selectively uptaking
and releasing Li*. The LISICON membrane used in this work
consists of Li;, Al Ge,_.(PO,); (x = 0.5, LAGP), pregared by
a solid-state-reaction method as reported previouslylg’ " and as
described in the Experimental Methods in the Supporting
Information. Cross-sectional scanning electron micrographs
confirm the presence of a dense membrane, having a thickness
of about 500 um without cracks (Figure 1B). The grain size of
the particles ranges from 100 nanometers to several micro-

224

3540

Reservoir

<

Seawater
or
brine

Recovery
solution

@
-
e
Q
(=
o
x
o
Ee)
[
B

Intensity

©Ge/Al
LiGe,{PO,), PDF 80-1922
* AIPO, PDF 10-0423 ' B
10 20 30 40 50
Two theta (°)

60 70

Figure 1. (A) The schematic images of a lithium-extraction redox
flow battery. Cross-sectional scanning electron micrograph of the
LISICON membrane at (B) low and (C) high magnification. (D)
X-ray diffraction patterns of the LISICON membrane and the
structure of Liy, Al .Ge, . (PO,),; the crystal structure is based on
ref 40,

meters (Figure 1C), similar to that in the reported work.”' The
energy-dispersive X-ray mapping results (Supporting Informa-
tion, Figure S2) also suggest that the distribution of elements is
uniform, indicating the membrane is very homogeneous.
LAGP is a superionic conductor with lower energy barriers for
the migration of Li* compared to other cations*' and superior
stability in aqueous media®**® (Figure 1D). The crystal
structure of the membrane was verified using the XRD pattern
of the LISICON membrane, which is consistent with the
standard pattern of LiGe,(PO,), (Figure 1D). There is a small
reflection at 20.7° 26, which aligns with trace amounts of
AIPO,, the common impurity of the LAGP ceramic
membrane.”* The Li* conductivity of the LAGP membrane
is around 1.2 X 107* S cm™', calculated according to the
impedance results in the Supporting Information, Figure S3.
To demonstrate the feasibility and investigate the perform-
ance of the LE-RFB system, we first explored LE-RFB for Li*

https://doi.org/10.1021/acsenergylett.2c01746
ACS Energy Lett. 2022, 7, 35393544
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Figure 2. Lithium extraction from seawater by a lithium-extraction redox flow battery: (A) current curve, (B) concentration, (C)
concentration change of cations in the recovery solution, and (D) selectivity factors between Li" and other cations at different times.

extraction in simulated seawater (24 M Li*; see Tables S1
and S2 in the Supporting Information). Figure 2A shows the
trend of current change with increasing charging time. When
the cell is charged at 0.6 V, the current increases from 0.22 to
0.36 mA. This is linked to the rise of the lithium-ion
concentration in the recovery solution (Figure 2B), which also
lowers the system resistance. In contrast to the Li*
concentration, the other cations only change slightly. The
concentration of Ca®* is below the detection limit and is,
therefore, not displayed. For better visualization of the cation
concentration changes, we calculated the differences between
the concentration at different charging times and the initial
concentration of the recovery solution, as shown in Figure 2C.
As it can be seen, the concentration of Li” increases by 1.07 +
0.06 mM after a S h enrichment, while the concentrations of
K', Na*, and Mg** are 1.3 X 107> + 1.1 X 107> mM, 5.1 X
1072 + 2.4 X 107> mM, and 5.0 X 1073 + 6.2 x 10~° mM,
respectively.

To confirm that the enriched Li" originated from the
feedwater and not from the Li" in the redox electrolyte, we
measured the concentration of all the cations in the redox
electrolyte (Supporting Information, Table S1). The Li*
concentration in the redox electrolyte remains stable at a
concentration of 9.35—9.37 mM, concluding that Li" in the
recovery solution comes, indeed, just from the feedwater.
Additionally, pH values of the redox electrolyte were
continuously controlled to stay between 6 and 7 before and
after the lithium recovery experiment. This is a crucial benefit
for redox couples that can achieve better functioning with
outstanding electrochemical stability.*®

The LE-RFB system shows excellent selectivity of Li* toward
other cations. The selectivity factors of Ky, Kyin, and Ky

3541

after the 5 h enrichment are 1.2 X 10% 4.1 X 10°, and 5.0 X
105, respectively (Figure 2D). These extremely high
selectivities yield a Li* purity of 93.5% in the extract. Mg*’,
which strongly influences the chemical precipitation of Li*, is
present at a ratio of 0.43% (Supporting Information, Figure
S4). The absence of Ky, at 1 and 2 h is due to the
concentration change at these two data points being less than
the standard error.

Much higher Li* concentrations than in seawater can be
found, for example, in brines. Subsequently, we used brine with
a Li* concentration of 210 mM (see Table S2 in Supporting
Information) to demonstrate that the LE-RFB system is
suitable for lithium extraction from a low to a high
concentration. When brine is used as the feedwater, the
amount of Mg** (0.21%) in the extracts is similar. In contrast,
more K' and Na" (accounting for 4.48 and 30.7%,
respectively) migrate into the recovery solution (Supporting
Information, Figure S5). This may indicate a gradual reduction
in membrane selectivity over time due to the changes in
structure, composition, and inhomogeneous mechanical
stress.” %>

The lithium-extraction rate and energy consumption are
other important parameters to evaluate the system’s perform-
ance. The average lithium-extraction rate of LE-RFB is 0.04
mg/cm*/h, which is comparable to other technologies for Li*
extraction from seawater (Figure 3).'#*%73° However, only 2.5
Wh is consumed for extracting 1 g of Li*, which is at least 7
times lower than the electrodialysis-based technologies, which
show a similar lithium purification effect (Figure 3).
Considering the global average cost of the electricity fee
(0.13 US$ per kWh), the energy cost of this system would at

least save 2.2 US$ to extract 1 kg of lithium ions from seawater.

https://doi.org/10.1021/acsenergylett.2c01746
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Figure 3. Comparison of lithium-extraction energy consumption
and lithium-extraction rate for different extraction technologies.
Data I, II, III, IV, V, and VI from refs 18, 29, 30, 28, 41, and 15,
respectively.

This phenomenon is due to the low voltage of the system.
Concerning lithium extraction from brines, our LE-RFB system
is also energy efficient with the consumption of 2.3 Wh/gy,,
compared with nanofiltration (30—50 Wh/gu)” or an
electrodialysis system (2—50 Wh/g;,).>'~* The electro-
chemical ion pumping system is another popular electro-
chemical lithium-extraction system, generally utilizing LiFePO,
or LiMn,O, as the lithium-selective electrodes.™ The energy
consumption of this technology (0.1-3.0 W'h/gLi)B'5 is lower
than the LE-RFB system due to the energy recovery process.
However, the ion pumping system could not accomplish
continuous lithium extraction and suffers from switching
between feedwater and recovery solution, which is time-
consuming.

Herein, we present a brief technoeconomic analysis
exploring the feasibility of LE-RFB for the industrial
application (key economic price assumption shown in the
Supporting Information, Table S3). Assuming an LE-RFB
system with an effective area of 1 m?, 18.4 kg of Li,CO; could
be produced per year (with a lithium-extraction rate of 0.04
mg/cmz/h), valued at 1256 US$. That means the system
requires about 6 years to compensate for the initial investment
cost and energy consumption (excluding the cost of the pump
and electricity consumed by the pump). The key costs relate to
pumping energy (1130 US$), which could be addressed by
enhancing the lithium recovery rate by using thinner
membranes/membranes with more rapid Li* transport.

Further improvements to the LE-RFB system will leverage
synergetic advances in ceramic solid electrolyte technology.
For example, very thin ceramic membranes of just 55 ym have
been reported (meaning a higher lithium-ion extraction rate),
although such thin membranes bring further requirements for
an improved cell design to avoid mechanical failure."® Flexible
hybrid organic—inorganic LAGP membranes have been
synthesized, which could address the mechanical drawback of
ceramic membranes, though the ion selectivity of hybrid
membranes should be investigated.*® The possible approaches
for the improvement of our system could be but are not
limited to optimizing the operation parameters,’” using a
LISICON membrane with higher Li* permeance and ionic
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conductivity, optimized electrodes with high specific surface
area and fluid permeability, and improved flow fields for
uniform distribution of redox chemicals across the electrode
surface.

In summary, we have demonstrated a continuous electro-
chemical lithium-extraction battery that utilizes flow redox
electrolytes and LISICON membranes to mine lithium from
aqueous solutions. Among the extracted ions from seawater,
Li* predominates with a content of 93.5%. Using the redox
pairs of Fe[CN]>~/Fe[CN]4*", the battery runs greenly, with
no toxic byproducts, no safety concerns, and low energy
consumption of 2.5 Wh/g;;, which means less emission of
CO,. Furthermore, a LE-RFB system can utilize feedwater with
varying chemical compositions. We see the potential of the LE-
RFB system for lithium extraction from acidic leaching solution
f sge_gr;t lithium-ion batteries via hydrometallurgical process-
ng.” "
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RESULTS AND DISCUSSION

Experimental Methods

Synthesis and manufacturing of the LISICON membranes

Briefly, a mixture of precursors containing lithium carbonate Li.COs, alumina Al.Os, germanium oxide
Ge0: (99.99%), and ammonium dihydrogen phosphate (NH4)H2POs was dispersed in isopropanol and
thoroughly mixed by planetary ball-milling with ZrO; balls for 6 h at 400 rpm. The well-mixed precursor
was dried and calcinated at 800 °C for 6 h. Afterward, the synthesized powder was pressed into pellets
(thickness of 0.8 mm) and sintered in a Pt crucible at 900 °C for 12 h. The obtained ceramic pellets

were further polished before use.

Component and operation of the LE-RFB system

Two commercial symmetric carbon felt electrodes (discs with a diameter of 14 mm, SGL Carbon) were
employed as the cathode and anode, contacting with the redox electrolyte channels. The redox
electrolyte with the volume of 50 mL contained 280 mM Kz[Fe(CN)e], 280 mM K4[Fe(CN)s], and 10 mM
LiCl (to increase the lithium extraction rate), which is maintained in a brown bottle to avoid the
deterioration of Ks;[Fe(CN)s] when exposed to light. A 10L tank of simulated seawater prepared
according to the concentration of primary cations from the norm D1141-98 (Ref. !) of the American
Society for Testing and Materials (Table $2) was applied as the feed water. The anions were chloride
ions. The recovery solution consisted of 65 mL of 10 mM NaCl solution. The feed water and recovery
solution were separated by an anion exchange membrane (diameter 50 mm, FAS-PET-130, Fumatech).
These two solutions were separated from the redox electrolyte by the LISICON membrane (effective
area 1.5 cm?, thickness ~500 um, geometric density 3.26 g/cm?®). All these three solutions were
circulated from and back to the reservoirs through the peristaltic pump (Masterflex L/S) with a flow
rate of 5 mL/min. The recovery solution and redox electrolyte reservoirs were constantly stirred at
400 rpm by magnetic stirring (Variomag, MULTIPOINT magnetic HP6). The setup of the LE-RFB system
was operated in a climate chamber (Binder) at a constant temperature of 25+1 °C, shown in Figure S1.
The LE-RFB was first charged at a constant current density of 1 mA/cm? limited to 0.6 V by VSP300
potentiostat/galvanostat (Bio-Logic). Subsequently, the battery was held at 0.6V for 5h. The
concentration of all the cations in the recovery solution at various charging times was tested by an
inductively coupled plasma optical emission spectrometer (ICP-OES, ARCOS FHX22, SPECTRO Analytical
Instruments). The experiment of recovering lithium from brines water was complemented with the
same LISICON membranes, and the other experimental conditions were the same except for the
composition of the feed water (100 mL, prepared according to Ref. ?) and the volume of recovery
solution (75 mL). The chemical composition of the redox electrolyte and of the seawater and brine is

provided in Table S1 and Table S2, respectively.
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Characterization

X-ray diffraction (XRD) analysis was carried out via a D8 Advanced diffractometer (Bruker AXS) with a
copper X-ray source (Cu-Ka, A = 1.5406 A; 40 kV, 40 mA). The samples were examined in the range of
10° to 70° 20 and with 1 s per step: Scanning electron microscopy (SEM) was conducted using a ZEISS
Gemini 500 system at acceleration voltages of 1-3 kV. A small piece of the LISICON membrane was
vertically mounted on an aluminum sample holder and analyzed without the aid of an additional,
conductive sputter coating. Energy-dispersive X-ray spectroscopy (EDX) spectra were obtained with an
in-lens secondary electron (SE) detector at 15 kV employing an X-Max Silicon Detector from Oxford

Instruments attached to the electron microscope.

lonic conductivity measurement
To measure the ionic conductivity of ceramic pellets, we applied a thin layer via gold sputtering as ion
conducting blocking electrode. The electrochemical impedance spectroscopy was measured in the

frequency range of 100 kHz to 0.1 Hz with a perturbation voltage of 10 mV.

Calculations

The extraction ratio of all the cations is calculated according to Equation S1.

Acy
Acan

Extraction ratio (%) = % 100 (Eq. S1)

where, Acyand Ac,y are the concentration change of x (x = Li*, K*, Mg?* or Na*) and all the cations in the
recovery solution.
We also calculated the selectivity factors (Kim) between Li* and other cations M (M = Na*, K*, Mg?*),

which involves the initial concentration of cations, according to the Equation S2

KLL'/M _ Acpi ¢ Cm-initial (Eq. S2)

Acpr CLi-initial
where, Ac;and Acy are the concentration change of Li* and M in the recovery solution, respectively.
Cm-initiat @Nd Cii-initias are the concentration of M and Li* in the initial feed water, respectively.
The lithium retraction rate and energy consumption are also important indexes to evaluate the

system’s performance, calculated by Equation S3 and Equation S4, respectively.

AcpixV
EXAXMp;

Lithium extraction rate = (Eq. S3)

where Acyis the concentration change of Li* in the recovery solution, V is the volume, t is the time, A

the effective area of LISICON membrane, M,; is the molar mass of Li.

E
VxXAcpi XMy

Energy consumption = (Eq. S4)

where E is the consumed electrical energy during the charging operation, Ac.is the concentration

change of Li* in the recovery solution, V is the volume, M, is the molar mass of Li
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Supporting Figures
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Figure S1: Photograph of the setup of lithium-extraction redox flow battery system.
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Figure S2: A cross-sectional scanning electron micrograph of the LISICON membrane and

corresponding EDX mapping of Al, Ge, P, and O. All elemental maps show the same area (with same

resolution) as the electron micrograph.

200

150

(Q)

100 1

_le

501

0 50 100 150 200
Z' (Q)

Figure S3: The electrochemical impedance spectrum of the LAGP membrane with an area of

323.5 mm?2.
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Figure S4: The percentage of all cations in the cations extracted from seawater. Insert: magnification

of column graph for the K*, Mg?*, and Na*.
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percentage of all cations in the cations extracted from brine. Inset: magnification of
column graph for the K* and Mg?*.
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Supporting Tables

The concentration of main cations and Li* in the redox electrolyte in the experiment for

Table S1:
lithium extraction from seawater. No calcium was detected.
Concentration (mM) Initial After
Li* 9.35+0.01 9.37+0.01
Na* 0.95+0.01 1.13+0.01
K* 2095.2+3.8 2119.4+2.1
CaZ+ _ _
Mg?* 3.6-103%3.3-10°  1.0-107°%4.8-10°
Fe3* 571.7+0.6 579.8+0.9
pH 6.75 6.25
Table S2: The concentration of main cations and Li* in the simulated seawater (Ref. ') and brine
water (Ref. 2).
Concentration (mM) Seawater Brine water
Li* 0.024 210
Na* 477.5 3300
K* 9.3 460
Ca® 10.5 7.75
Mg?* 54.6 400
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Table S3:

of LE-RFB system with an effective area of 1 m2.

RESULTS AND DISCUSSION

Key economic and technical price assumption for a simplified techno-economic analysis

Price assumption

Economic assumptions

Technical assumptions

LISICON 5 Depreciation (%
membrane ($/m?) 461 yr! of fixed 10 1.1 times as the effective area
Ref. ? capital)
Anion exchange Depreciation (%
& ) 780 yr* of fixed 5 1.5 times as the effective area
membrane (5/m?) )
capital)
Graphite block Processing fee
3 20
($/kg) (%)
Processing fee
PMMA (S/kg) 4 20
(%)
Carbon felt (5/m?) 30
Other
components of 200 Including gasket, O-rings,
the LE-RFB system screws
($)
Tax (%) 19
Na>COs ($/kg)
0.3
Ref.?
Li>COs (S/kg)* 68
Electricit
(S;I:\A::)I*Y" 0.13 The power of the pump is 1 kW

* https://www.chemanalyst.com/Pricing-data/lithium-carbonate-1269

** hitps://www.globalpetrolprices.com/electricity prices
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ARTICLE INFO ABSTRACT

Keywords:
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The fast growth of electric vehicles and electronic devices produces a mounting number of spent batteries which
have reached their end of life. Therefore, it is essential to find a sustainable and efficient approach to battery
recycling. Conventional recycling via high-temperature decomposition of the active components in the electrode
material into elements level has the disadvantages of cumbersome operation, environmentally unfriendly, and
high cost. Herein, one type of MXene material, annealed delaminated TizC»T, (AD-Ti3C2T,) electrodes, obtained
by vacuum-assisted filtration and annealing processes, was directly used as free-standing anodes for both lithium-
ion batteries and sodium-ion batteries without the use of binder or carbon additives. Electrochemical analysis
showed that the non-diffusion-controlled redox reaction dominates the electrochemical behavior of the AD-
TizCaT, electrode. Furthermore, the AD-Ti3C2T, electrode exhibits good electrochemical performance without
adding conductive carbon in lithium-ion and sodium-ion batteries. For example, the lithium storage capacity was
89 mAh g~! after 2000 cycles at a specific current of 1 A g~!. The sodium storage capacity is 108 mAh g ! and 71
mAh g ! at 0.02 A g ! and 2 A g1, respectively. After AD-TizC,T, electrodes reach the end of their battery life,
facile direct recycling processes were employed to recover the electrodes and the capacity recovery rate is above
90 %. Besides, the cycled MXene electrodes can be easily oxidized into TiO2/C hybrids with adjustable carbon
content by changing the heat-treatment temperature in CO; flow. The obtained TiO2/C could be widely applied
in batteries and the electrocatalysis field, which realizes the second life of cycled MXene.

1. Introduction

Among energy storage devices, lithium-ion batteries (LIBs) dominate
in electric vehicles, grid energy storage, and portable electronic devices
due to their high energy and power density, long cycle life, and reduced
environmental impact [ 1-3]. However, the limited supply of lithium and
geographically uneven distribution cannot continuously meet the ever-
increasing demand for energy storage devices [4]. It is necessary to
develop another battery system to alleviate the excess demand for LIBs.
Sodium-ion batteries (SIBs), which have similar working principles to
LIBs, have recently attracted significant attention due to the high
abundance and low cost of sodium [5]. In addition, sodium-ion batteries
do not require copper current collectors; instead, aluminum current
collectors can be used, further reducing the cost and mass of SIB devices
[6]. The configuration of SIBs shares so many similarities with LIB that
the industrial manufacturing line of LIBs can be adopted for SIBs with

limited modifications [7]. Due to the higher mass and larger radii size of
Na' ions compared to Li" ions, SIBs deliver sluggish kinetics and lower
energy density than LIBs [8]. The coordinated development and com-
plementary cooperation of LIBs and SIBs can significantly enrich the
selection of available batteries in different application scenarios. For
applications that do not require high energy density but are more sen-
sitive to cost, SIBs can be selected; for scenarios requiring high energy
density, LIBs can be selected. Electrode materials, especially anodes,
play essential roles in determining the electrochemical performances,
like the batteries’ reversible capacity, energy density, and power density
[9]. Yet, SIB technology and LIB with enhanced energy storage perfor-
mance mandate the development of novel electrode materials [10] that
ideally also take end-of-life and recycling strategies into consideration
[11,12].

MXenes, a family of two-dimensional (2D) transition metal carbides,
carbonitrides, and nitrides were first obtained and developed by Naguib
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et al. in 2011 [13]. TizCsT, (T, = terminal groups, like —O, —OH, and
—F), one typical MXene, shows good conductivity, high specific surface
area, and abundant active sites and has been widely used in the fields of
electrochemical energy storage, like LIBs, SIBs, supercapacitors, and
Li—S batteries [14-18]. For example, oligolayered Ti3C.T, MXene ob-
tained by delaminating multilayered TizC;T, using tetramethyl-ammo-
nium hydroxide (TMAOH) showed a reversible lithium storage capacity
of 330 mAh g~ ! at 1.0 A g~ after 800 cycles and a sodium storage ca-
pacity of 280 mAh g~! at 0.5 A g~! after 500 cycles [14]. Cai et al. [19]
reported that controlling the surface terminal functional groups of
Ti3CyT, via annealing could effectively improve initial Coulombic effi-
ciency, stability, and suppress the thermal runaway process of LIBs.

After these electrode materials reach their cycle life, recycling the
spent electrode materials is necessary [20]. It can reduce the environ-
mental impact and save metal mineral resources, which is conducive to
sustainable development [21]. There is also an increasing regulatory
mandate on overall battery recycling and the use of recycled materials
for the fabrication of new cells around the world [22]. Typically, elec-
trodes for commercial lithium-ion batteries are prepared using the slurry
casting method, in which active materials, binder, and conductive ad-
ditives are mixed to form an electrode slurry. Then the slurry is cast on a
metal current collector for further processing into battery cells. This
fabrication technique will decrease the gravimetric energy density of the
cells and introduce complicated processes to recycle the used cells. Be-
sides, the binder and solvent used in the slurry preparation typically
consist of toxic and/or costly materials, like polyvinylidene fluoride and
N-methyl-2-pyrrolidone. To reduce the dead mass of inactive compo-
nents in the battery and increase its gravimetric energy density, increase
environmental friendliness, and simplify the recycling process of the
battery after cycling, it is necessary to do more research on advanced
free-standing electrodes without the use of binder, conductive additives,
and current collectors. More and more, dry electrode processing has
emerged and has become a new industry standard. This drastically re-
duces the energy costs in battery fabrication but still mandates the use of
binder and conductive additives for common electrode materials [23].

MZXene films can be obtained by vacuum-assisted filtration, spray
coating, spin coating, printing, or rolling of delaminated MXene solution
[24]. Among fabrication techniques of the films, vacuum-assisted
filtration is widely used to prepare free-standing MXene electrodes
and their hybrids with other nanomaterials with controlled thickness for
batteries and capacitors [24-26]. However, to the best of our knowl-
edge, until now, there has been no published work on the recovery and
reuse of MXene electrode materials from spent batteries. We, however,
see a strong contribution that MXene can play in the transition toward
sustainable and circular use of electrode materials. Ti3C2T,, the most
common and widely used MXene to date, is a good model that can study
the recycling and reuse of spent MXene electrodes, therefore facilitating
the broad application of investigated recycling and reusing methods to
other MXene materials or even 2D materials. Composed of titanium and
carbon, the material does not depend on critical elements (such as nickel
or cobalt), and SIB based on MXene also eliminate the dependency on
lithium ore.

This work employs free-standing delaminated TizC2T, (De-Ti3C2T,)
electrodes prepared by vacuum-assisted filtration of TMAOH delami-
nated commercial TizCoT, MXene and annealed delaminated (AD-
TizCsT,) electrodes obtained by annealing at 400 °C as anode materials
for LIBs and SIBs. In addition, for the first time, we investigated the
structure and component change of cycled AD-TizCyT, electrodes from
spent batteries. Besides, the cycling performance of recycled AD-Ti3CyT,
electrodes could still be recovered by simply changing fresh lithium or
sodium foils and separators. Finally, cycled AD-TizC3T; electrodes could
also be oxidized into TiO5,/C under CO5, and the carbon content could be
modified by changing the heat treatment temperature. This work aims to
give insight into the simple recycling of MXene-based free-standing
electrodes and further applications by oxidizing spent MXene electrodes
into transition metal oxides. Our recycling concept also avoids any
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pyrometallurgical or hydrometallurgical processing as commonly used
in present-day lithium-ion battery recycling and contributes toward the
little explored research on sodium-ion battery recycling.

2. Experimental
2.1. Preparation of De-TizCyT, electrodes and AD-TisC5T; electrodes

200 mg of pristine TizC2T, (300 mesh, Laizhou Kai Kai Ceramic
Materials), 8 mL of tetramethylammonium hydroxide aqueous solution
(TMAOH, 1 M, Sigma-Aldrich), and 80 mL of Ar degassed H>O were
placed into a 100 mL bottle filled with Ar and stirred at room temper-
ature for 40 h. After that, the mixture was centrifuged and washed with
degassed HoO three or four times until the pH value reached 7 to remove
excess TMAOH. The obtained black precipitate was dispersed in H20
named De-TizC2T; (~2 mg mL) for future use. Vacuum filtration of 25
mL of the above solution through the PVDF membrane (0.22 pm,
Durapore) yielded De-TizC:T, electrodes that were easily peeled off after
vacuum-drying at 80 °C overnight.

The electrodes were punched into 12 mm discs and annealed at 400
°C (heating rate of 5 °C min ') for 20 min under Ar flow (100 mL min™!)
to obtain AD-Ti3C,T, electrodes. The De-Ti3C;T, and AD-Ti3C,T, elec-
trodes were stored in the glove box filled with Ar (MBraun Labmaster
130, O; < 0.1 ppm, H20 < 0.1 ppm) for future use.

2.2, Materials characterizations

The crystal structure of obtained MXenes was studied by X-ray
diffractometer (XRD, Bruker AXS, D8 Advance) using Cu-Ka (A = 0.154
nm, 40 kV, 40 mA) as the radiation source. The samples were examined
in the range of 3° to 70° 20 and with 0.02°20 s~! per step. A Renishaw
inVia Raman Microscope equipped with an Nd-YAG laser with an
excitation wavelength of 532 nm, a power of 0.05 mW at the surface,
using an objective lens with a numeric aperture of 0.75 within
110-2000 ecm ™! was employed. Five different spots from each sample
were recorded with 5 accumulations and 30 s acquisition time. The
morphology of the samples and elemental distribution and ratio were
characterized by a field emission scanning electron microscope (SEM,
Zeiss GeminiSEM 500) equipped with an energy-dispersive X-ray spec-
trometer (EDS, Oxford MAX detectors). The accelerating voltages for
SEM and EDS tests were 1 kV and 15 kV, respectively. The samples were
fixed on a steel sample holder using copper adhesive tape and analyzed
without an additional conductive sputter coating.

2.3. Electrochemical measurements

The electrochemical characterization of free-standing De-Ti3CaT,
and AD-Ti3CsT; electrodes were investigated by assembling CR2032
coin cells. Typically, the electrodes had a thickness of 30-50 pm and a
mass loading of 4.0 4+ 1 mg em ™2 and were used as working electrodes.
Discs with a diameter of 14 mm of lithium or 11 mm of sodium were
used as counter and reference electrodes for LIBs and SIBs, respectively.
We used one layer of glass fiber (GF/D, Whatman) cut as a disc with a
diameter of 18 mm adjacent to the working electrode. Another layer
adjacent to the Li or Na disc was cut with a diameter of 18 mm from
either Celgard 2325 or glass fiber (GF/F, Whatman), respectively. 1 M
lithium hexafluorophosphate (LiPFg) in ethylene carbonate (EC) and
dimethyl carbonate (DMC) (volume ratio 1:1) (Sigma Aldrich) was used
as an electrolyte for LIBs and 1 M sodium perchlorate (NaClO4, >99 %
purity, Alfa Aesar) dissolved in the mixed solvent of EC (>99 % purity,
Sigma Aldrich), and DMC (99 % purity, Sigma Aldrich) in a volume
ratio of 1:1 and 5 vol% fluoroethylene carbonate (FEC, 99 % purity,
Sigma Aldrich) was used as an electrolyte for SIBs. NaClO4 salt was dried
in the vacuum oven at 80 °C for 48 h before use. The batteries were put
inside a climate chamber (Binder) at a constant temperature of 25 £ 1 °C
and connected to a multichannel potentiostat (Bio-Logic VMP3) for all
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electrochemical measurements. Cyclic voltammetry and galvanostatic
charge/discharge tests were conducted in a potential window of 0.01-3
V vs. Na'/Na and 0.01-3 V vs. Li'/Li. Electrochemical impedance
spectroscopy (EIS) was tested in a frequency range of 10 kHz to 10 mHz.

2.4. Battery recycling

After reaching the end of life (EOL-), defined as a specific capacity
below 20 mAh g, the cells were disassembled in the glove box. The
cycled AD-TizC,T, MXene electrodes were removed gently, cleaned with
DMC solvent to remove the remaining electrolyte salt without damaging
the structure, and dried inside the glove box at room temperature for
several hours. The treated cycled electrodes were named as EOL-Ti3C,T,
and used as working electrodes again, together with fresh lithium/so-
dium foil and separators following the same coin cell assembling steps as
depicted in Section 2.3 to reassembly into LIBs or SIBs (named Re-Ti3CyT,
batteries). The electrochemical test conditions of Re-TizCoT, batteries
were the same as those of AD-Ti3zC;T, batteries.

2.5. Battery upcycling (electrode oxidation)

The EOL-Ti3CoT, was oxidized in CO5 flow (50 mL min~!) with a
heating rate of 180 °C min ! and a holding time of 1 h at 700 °C or 900
°C. The obtained samples were named TiO2/C-700 or TiO»/C-900 for
heat-treated at 700 °C or 900 °C, respectively.

3. Results and discussion
3.1. Structure and morphology characterization

The fabrication process of Ti3CyT, electrodes is shown in Fig. 1. The
De-TizCoT, suspension was prepared via delaminating pristine TizC,T,
MXene powder using TMAOH and subsequent vacuum filtration to
obtain the De-Ti3zC,T, electrodes. The AD-TizC,T, electrodes were ob-
tained by annealing the De-TizCyT, electrodes at 400 °C for 20 min
under an Ar atmosphere to remove some terminal groups and absorbed
water. As observed in the thermogram shown in Supporting Information
Fig. S1A, the pristine TizC,T, have no significant change in mass upon
annealing in Argon. However, the delamination process leads to a sig-
nificant amount of incorporated water as well as TMA ™" ions and surface
groups, accounting for nearly 30 mass% of the De-TizC,T, sample.
Fig. 2A demonstrates the obtained XRD patterns of pristine TizCoT,
powder, De-TizCyT, electrode, and AD-TizCyT, MXene electrode. For
pristine TizC,T, MXene, two intense peaks located at 8.85° 20 (9.97 A)
and 18.12° 20 correspond to the (002) and (004) planes, respectively.
After the delamination process, the (002) peak of De-TizCsT; shifts to
6.14° 20, corresponding to an increased (002) spacing to 14.38 A. The
diameter of TMA™ cations is around 5 A, the diameter of H30 molecule is
2.75 A, and the thickness of TisC,T, nanosheets is about 7.5 A,

delamination

pristine TiyC,T, De-Ti,C,T, suspension

filtration
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indicating the increased interlayer spacing is due to the intercalation of
TMA™ and H;0 into TizC,T, MXene layers [27]. The interlayer spacing
of the (002) plane of AD-Ti3CoT, decreases to 9.95 Adueto removing the
physically absorbed water, some terminal functional groups, and TMA™
cations during the annealing process [28], and the intensity of higher-
order (00 I) peaks become stronger compared to pristine TizCyT, and
De-Ti5CaT,.

Raman spectroscopy was further used to investigate the micro-
structures of as-prepared Ti3C;T, MXene electrodes, as shown in Fig. 2B.
Between 110 and 800 em™?, the Raman spectrum of all Ti3C;T, MXene
shows several features. The sharp A;4(Ti, C, O) band around 210 em !
represents the out-of-plane vibrations of titanium, carbon, and func-
tional groups of the flake as a whole. Several broad E4(T,) bands located
between 215 em™! to 490 cm ™! are assigned to in-plane vibrations of
functional groups. The region between 520 cm ! to 660 cm ! partly
relates to the out-of-plane vibrations of Ti-T, (A14(Ti-T;)). The region
680 cm ™! to 800 cm™! represents out-of-plane (A14(C)) vibrations of
carbon [29]. For pristine TizCsT,, the A14(Ti, C, O) band, Ay4(Ti-Tz)
band, and A;4(C) band are located at 213 em !, 624 em !, and 703
em ™!, respectively [19,30]. After the TMAOH intercalant is introduced,
the A14(Ti, C, O) band of De-TizCyT, shifts to lower wavenumbers (208
em ™), while the A; ¢(C)band shifts to higher wavenumbers (741 em™H).
The shifting of the A14(Ti, C, O) peak indicates the decreasing ordering
of Ti and C layers and the weakening of coupling between flakes. The
shifting of A;4(C) relates to the increasing interlayer spacings caused by
TMA™ cations [29]. However, once the annealing process is employed
after TMAOH delamination, the A;4(Ti, C, O) band and A4(C) band of
AD-Ti3CsT, shift to 212 cm ! and 739 em Y, respectively. Stacking Ti
and C layers and decreasing interlayer spacings can explain these shifts.
For De-TisC2T, and AD-Ti3CyT,, compared to pristine Ti3CyT,, the
A14(Ti-T,) band shifts to lower wavenumbers due to the removal of the
functional groups during the delamination and annealing process.

As shown in Supporting Information, Fig. S2, the broad two peaks
located between 1200 em ™! to 1700 em ! are attributed to the D-band
and G-band of carbon (as present in the material via the X-layers in
MZXene) [19]. The increased intensity of carbon G-band at ca. 1600 em !
after annealing relates to the higher crystallinity of free carbon in the
MXene due to thermal treatment.

As shown in Fig. 3A, pristine Ti3CyT; particles show an open-meshed
nanolamellar structure with an average diameter of about 300 mesh.
The scanning electron micrograph of De-TizC.T, in Fig. 3B shows the
nanolayered structure. As shown in Fig. 3C,E, the surfaces of De-Ti3CyT,
and AD-TizCsT; electrodes are smooth. Fig. 3D,F exhibit the side views
of the De-Ti3zCyT, and AD-Ti3C.T, electrodes with a thickness of ca. 40
pm and ca. 35 pm, respectively, which means the annealing process will
slightly decrease the thickness of the electrodes. The atomic ratios ob-
tained by the EDS test are shown in Supporting Information, Table S1. The
atomic ratios of Al and F to Ti are 0.02:3 (Al/Ti) and 1.11:3 (F/Ti) in De-
TizC,T, much lower than that of pristine Ti3C,T, (0.37:3 (Al/Ti) and

Annealing
at 400 °C

De-TiyC,T, electrode AD-Ti,C,T, electrode

Fig. 1. Schematic illustration of the preparation process of De-TizC,T, electrodes and AD-TizC,T, electrodes.
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Fig. 2. (A) X-ray diffractograms and (B) Raman spectra of pristine TizC,T,, De-Ti3C,T,, and AD-Ti3C,T,.

Fig. 3. Scanning electron micrographs of (A) pristine TizC,T,, (B) De-TizC,T,, (C) top view, and (D) side view of the De-TizC,T, electrodes, (E) top view, and (F) side

view of the AD-Ti3C,T, electrodes.

2.66:3 (F/Ti)), which shows the delamination by TMAOH will not only
enlarge the interlayer spacing but also effectively remove remaining Al
species (e.g., trapped AlF3) in pristine Ti3CoT, [27,31]. After the
delamination process, the C/Ti atomic ratio significantly increased from
2.66:3 to 4.04:3, which attributes to the intercalation of TMA™" cations
into the interlayers of MXene. The heat treatment process at 400 °C
changed the surface terminal functional groups. The atomic ratio of AD-
Ti3C,T, decreased to 2.91:3 (C/Ti), 1.53:3(0/Ti), 0.69:3(F/Ti), and 0:3
(Al/Ti), which corresponds to the removal of physically absorbed water,
the conversion of —OH and —O into H,0, and release, and the removal
of TMA" cations by a decomposition at 300 °C during the annealing
process (Supporting Information, Fig. S1A) [32]. Supporting Information,

Fig. S3 and Supporting Information, Fig. S4 show the elemental mapping
of De-Ti3zC2T, and AD-Ti3zCoT, respectively, indicating the homogeneous
distribution of Ti and C.

3.2. Electrochemical performance

The lithium storage behaviors of the De-TizC,T, and AD-Ti3C,T), free-
standing electrodes were studied by cyclic voltammetry within the po-
tential range of 0.01-3.0 V vs. Lit/Li. We used a scan rate of 0.2 mV s’l,
and the results are shown in Supporting Information, Fig. SSA and Fig. 4A.
The cyclic voltammogram of the De-Ti3C,T, electrodes at the first cycle
shows two cathodic peaks at around 2.28 V and 0.96 V vs. Li'/Li,
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Fig. 4. Electrochemical performance tests. (A) Cyclic voltammograms and (B) galvanostatic charge/discharge profiles of AD-TizC,T, free-standing electrodes.
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Rate capabilities of De-TizC,T, and AD-Ti3C,T; free-standing electrodes. (F) Long-term cycling stability at 1 A g’1 of AD-Ti3C,T,.

corresponding to the intercalation and adsorption of Li" and the for-
mation of the solid electrolyte interphase (SEI) [33,34]. The two anodic
peaks at approximately 1.56 V and 2.46 V vs. Li'/Li relate to the
removal of Li" from the De-Ti3CsT, electrode [33]. In the subsequent
cycle, two reversible cathodic peaks at 2.33 V vs. Li"/Li and 1.41 V vs.
Li*/Li are observed, while the anodic peaks are almost unchanged.
There are two redox couples near 2.29,/2.59 V vs. Li" /Li and 1.33/1.79
V vs. Li*/Li for the first cycle, and the redox couples shift to 2.30/2.50 V
vs. LiT/Li and 1.35/1.00/3.10 V vs. Li*/Li for the following cycles of
AD-TizCaT, electrodes, as shown in Fig. 4A. Supporting Information, Fig.
S$5B shows the charge/discharge profiles of De-TizC,T, at 0.02 A g~ for
the first five cycles. The De-Ti3CsT, electrode delivers an initial lith-
iation capacity of 137 mAh g~' and an initial Coulombic efficiency (ICE)
of 48 %. The low ICE relates to the SEI layer’s formation and the elec-
trolyte’s decomposition caused by the terminal groups [35,36]. The AD-
Ti3CoT, exhibits an initial lithiation capacity of 201 mAh g~! and an
increased ICE of 80 % due to removing sorbed H»O and part of terminal
groups (Fig. 4B). Fig. 4C and D show Nyquist plots of the AD-TizC,T,
electrode and De-TisCaT), electrode before and after cycling for 10 cy-
cles, respectively. All Nyquist plots consist of a semicircle related to the
SEI resistance and the charge-transfer resistance and a straight line that
correlates with the ion diffusion impedance. The slope of the line in
Fig. 4D is much higher than that in Fig. 4C, mainly due to the restack of
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the TizCyT, layers after the annealing process. Fig. 4E shows the rate
performance of AD-TisCyT, and De-TizCoT, electrodes. AD-Ti3CoT,
electrodes exhibit much better rate capability with the delithiation ca-
pacities of 148 mAh g 1,127 mAh g !, 114 mAh g !, 105 mAh g}, 95
mAhg™!, 87 mAhg !, and 69 mAh g 'at 0.02A g 1,0.05Ag 1,01 A
g1 02Ag,05Ag 1, 1.0A¢g7 Y, and 2.0 A g1, respectively. The
delithiation capacity recovers to 142 mAh g~ when the specific current
returns to 0.02 A g~ L. Fig. 4F exhibits the long-term cycling stability of
AD-TizCsT; at 1 A g~! with a capacity retention of 94 % after 2000
cycles.

Compared with reported Ti3CoT, MXene-based electrodes in LIBs,
our AD-Ti3CsT, electrodes show a much longer cycle life (Supporting
Information, Table $3). The capacity is also acceptable for the active
materials without combing with carbon-based materials, doping with
sulfur or nitrogen, or using conductive carbon or current collector. For
example, 3D porous TizC>Tz/reduced graphene oxide (rGO) hybrid films
show a higher specific capacity of 212 mAh g~! at 1 A g~! after 1000
cycles compared to our work which is not only attributed to the well-
designed 3D porous structure but also because of the high content of
rGO in the hybrids [37]. The kinetic process of the electrochemical
behavior of Lit ions for AD-Ti3C5T, electrodes can be comprehensively
analyzed by cyclic voltammetry at different scan rates, as shown in
Fig. 5A. Whether the diffusion process or the non-diffusion process
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occupies the dominant position in the charge storage process of the
electrode material can be qualitatively determined based on Eg. (1)
[14,38].

i=av’ (1)

where i is the peak current at different scan rates (v), and a and b are the
fitting parameters. The b values usually are determined by the slopes of
the log i and log v plots. When the b values of all peaks are close to 1, the
kinetic process is dominated by non-diffusion-controlled electro-
chemical behavior. In contrast, when it approaches 0.5, the diffusion-
controlled process will contribute more to the total stored charge
[39]. As shown in Fig. 5B, the b-values calculated from the oxidation
peak and the reduction peak of the AD-TizC;T, electrodes are both 0.82,
which indicates a mixed behavior with a higher contribution of non-
diffusion controlled kinetics. The contribution ratio of the non-
diffusion-controlled process at one specific scan rate can be calculated
according to Egq. (2) [40].

i=kv+kv'? (2)

where i is the current response at one specific voltage, k;v is the non-
diffusion-controlled contribution, and kav'/? is the diffusion-controlled
contribution. Fig. 5C shows the non-diffusion-controlled contribution
at a scan rate of 1 mV s~ . Based on the quantitative analysis, the non-
diffusion-controlled contribution increases with increased scan speeds
(Fig. 5D).

3.3. Recycling

For traditional electrode materials, after reaching their cycle life,
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complex and tedious steps are needed to disassemble the cells, separate
different components and regenerate the electrode materials to recover
the metal elements in the electrodes, and then use recovered metal
sources as a raw material to re-synthesize the electrode material for
reassembling the battery [41-44]. As shown in Fig. 6, the conventional
battery recycling process is complex, time- and energy-consuming. In
contrast, our AD-TizCyT, free-standing electrodes, after reaching the end
of life, can be reused conveniently after the direct recycling process. As
shown in the experimental part, the EOL-Ti3CyT, electrodes were ob-
tained from the cycled cells and employed as working electrodes again
after simply rinsing with DMC and drying processes, together with fresh
Li foil and separators to reassemble into Re-TizC2T, batteries.

To evaluate the electrode recycling, the AD-Ti3C,T, was cycled at 1 A
gf1 until cell failure. As shown in Fig. 7A, the AD-TizC,T, delivers an
initial delithiation capacity of 92 mAh g ! at 1.0 A g ! that slowly de-
cays until about 3000 cycles, after which it quickly drops to 5 mAh g 1.
The spent Li-ion batteries were then disassembled for further XRD and
SEM characterizations and recycled using a direct recycling process.
Fig. 7D shows the XRD patterns of the electrode materials before (AD-
TizCoT,) and after cycling (EOL-Ti3C2T,), in which the diffraction peaks
after cycling are mostly the same as those before cycling. As shown in
Fig. 7E,F, after cycling, the AD-TizCyT, electrode material almost
maintains the original morphology, with only a layer of passivated film
on the electrode’s surface and a few minor cracks. Both SEM images and
XRD results indicate that the morphology and structure of the electrodes
are well-kept during the cycling process. The TGA analysis (Supporting
Information, Fig. S1A) of the EOL-Ti3C,T, electrode shows 3 mass losses,
before 100 °C (—5 mass%), between 280 °C and 380 °C (—4 mass%) and
a minor slope from 450 °C to 600 °C (—2 mass%). The latest two
probably arise from the passivation layer and superficial modification of
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Fig. 5. Kinetics analysis of free-standing AD-TizC,T; LIB electrodes. (A) Cyclic voltammograms at different scan rates, (B) corresponding b-value calculated based on
the peak current relationship to the scan rate, and (C) non-diffusion-controlled contribution at the scan rate of 1 mV s . (D) The ratio of calculated non-diffusion-

controlled contribution at different scan rates.
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the material. Supporting Information, Fig. S6 shows photographs and SEM
images of Li foil from a spent lithium-ion battery. Lithium metal is
severely damaged due to the formation of lithium dendrite during the
cycling process, which is the leading cause of the capacity decay of the
battery. Fig. 7B shows the cycling stability of the Re-Ti3C, T, battery at 1
A g~ with an initial delithiation capacity of 87 mAh g™}, which is 95 %
of the initial delithiation capacity of the fresh AD-Ti3CyT, electrode in
Fig. 7A. After 1000 cycles, the delithiation capacity of the Re-Ti3C,T,
battery can still maintain at 89 mAh g . As shown in Fig. 7C, fresh and
reassembled AD-Ti3C,T, electrodes reveal almost the same charge/
discharge profiles at 100 cycles and 1000 cycles, confirming the excel-
lent recyclability of AD-Ti3C,T, free-standing electrodes.

The electrochemical performances of AD-TisCyT, electrodes for
sodium-ion batteries are depicted in Fig. 8. Fig. 8A shows the cyclic
voltammogram of AD-TizCzT, electrodes of SIBs at 0.1 mV s~! for the
initial three cycles. For the first cycle, one sharp cathodic peak at 1.88 V
vs. Na*/Na and one broad peak below 1 V vs. Na*/Na corresponds to the
intercalation and adsorption of Na' ions and the formation of the SEI
layer [45.46]. A broad anodic peak at 0.71 V vs. Na”/Na and two
prominent peaks at 2.37 V vs. Na*/Na and 2.53 V vs. Na*/Na relate to
the Na' ions removal reactions. Fig. 8B exhibits the galvanostatic
charge/discharge profiles of AD-TizC.T; electrodes for SIBs at the spe-
cific current of 0.02 A g~! with an initial sodiation and desodiation
capacity of 139 mAh g~ and 107 mAh g7, respectively, corresponding
to an ICE of 77 %. The charge/discharge profiles deliver almost the same
capacity for subsequent cycles, showing good reversibility. Fig. 8C ex-
hibits good rate capabilities with the desodiation capacities of 108 mAh
g’l, 104 mAh g’l, 100 mAh g’l, 96 mAh g’l, 91 mAh g’l, 85 mAh g’l,
and 71 mAhg 'at0.02Ag 1 005Ag L, 01Ag,02Agt05A
g’l, 1.0 A g’], and 2.0 A g’], respectively of AD-Ti3CyT, electrode for
SIB and the desodiation capacity could recover to 110 mAh g~ ! without
any capacity loss compared to the initial state when the specific current
returns to 0.02 A g’l.

Cyclic voltammograms at different scan rates were used to investi-
gate the Na™ ion diffusion kinetics (Fig. 8D). The proportion of non-
diffusion contribution increased to 98.4 % at a scan rate of 3 mV s}
(Fig. 8E). High non-diffusion-controlled contribution endows good rate
capability. Fig. 8F shows the Nyquist plots of AD-Ti3C5T, electrodes for
SIBs. The impedance at a higher frequency is small, indicating the good
conductivity of the electrode materials.

Similarly, the recycling performances of AD-TizCsT, electrodes for
SIBs were studied. Fig. 8G presents the cycling performance of the AD-
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TizCyT;, electrode at 0.5 A g~! with a reversible capacity of 85 mAh g~
after 300 cycles. The capacity decays to almost zero after about 430
cycles. Supporting Information, Table S4 shows the cycling performance
comparison among MXene-based electrodes in SIBs. For example, 3D
macroporous MXene films deliver a sodium storage capacity of 295 mAh
¢! after 1000 cycles [47]. Even though the performances of our free-
standing electrodes are slightly inferior compared to the elaborate
MZXene modified with carbon materials or doping with elements, but
acceptable for battery recycling and reuse. The AD-Ti3CsT, electrode
from spent SIBs was treated with a direct recycling process and then
reassembled into a new SIB. The reassembled electrodes show a
reversible capacity of 90 mAh g ! after 500 cycles at 0.5 A g 1. And the
electrochemical processes in SIBs, as depicted in the charge/discharge
curves in Fig. 81 are identical for fresh and recycled electrodes.

The cycled Re-TizCyT,, that is, the electrode after two processes of
EOL (EOL- Re-TigC2T,), were characterized by XRD and SEM. Supporting
Information Fig. S7A shows the diffractograms of the post mortem
electrodes cycled as LIB and SIB compared to AD-Ti3CzT,. The charac-
teristic (002) peak has a pronounced shift toward lower angles from the
uncycled electrode to LIB and SIB testing, indicating the intercalation of
Lit and Na* ions within the MXene layers. The larger shift for the SIB
electrode corroborates with the larger cation size. However, the other
peaks lose intensity, corresponding to a lower degree of organization in
the material. The analysis of the SEM images shows that after two sets of
cycling, the surface of the electrode presents a significant amount of
passivation layer at the external surface (Supporting Information Fig. S7B-
D). Nevertheless, the free-standing layered assembly is not compro-
mised. It is also observed that small nanoparticles start to cover the
majority of the layers, characteristic of surface oxidation of Ti-based
MXenes, leading to TiOs. Such characteristics indicate that at pro-
longed use, the Re-Ti3CsT, would eventually require a second annealing
process to remove impurities, or be designated to a second life
application.

3.4. Upcycling

As the increase of the cycle number, the TizCsT, electrode will
accumulate more and more structural collapses, or the free-standing
electrodes will become damaged, eventually making it difficult to
restore its electrochemical performance by simply replacing the Li/Na
metal and separators. To achieve the goal of sustainable development of
MXene electrode material, a facile method needs to be developed to
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process the spent electrodes for further applications in other fields to
realize their second life, as shown in Fig. 6. For example, the metal
oxides obtained from spent electrode precursors can be applied as
electrode materials for alkali-ion batteries [48], as catalysts for elec-
trochemical oxygen revolution, photocatalytic hydrogen evolution, and
microwave absorbers [49,50].

MXene is an attractive precursor for synthesizing nanoscale oxides
and hybrids of oxides and carbide/carbon [51-56]. Here, we proposed a
facile heat treatment method to oxidize EOL Ti3CoT, under CO» flow to
obtain TiO,/C-900 and TiOs/C-700 at 900 “C and 700 °C, respectively.
As shown in Fig. 9A, TiO3/C-900 and TiO,/C-700 show the same
diffraction peaks, in which the diffraction peaks at 27.43° 20, 36.08° 20,
39.25° 20, 41.13° 20, 44.01° 20, 54.39° 20, 56.55° 26, 54.12° 20, and
69.04° 20 are indexed to rutile TiO,. The diffraction peak at 18.35° 26
corresponds to the (004) plane of AD-TizC,T, MXene, indicating the
maintenance of the layered frame of MXene after the heat treatment.

Fig. 9B displays the Raman spectra of TiO2/C-900 and TiO2/C-700.
For TiO4/C-700, the peaks at 145 ecm™}, 237 cm™}, 444 cm ™, and 611
cm_l, corresponding to rutile TiO5, and the two peaks at 1350 cm ! and
1600 cm ™! can be assigned to the D-band and G-band of carbon [57]. For

Ti02/C-900, there are no obvious peaks related to the formation of
carbon. The amount of carbon in the samples was determined by EDS
(Supporting Information, Table S2). The carbon content of TiO2/C-700
(17.50 at.%) is much higher than that of TiO2/C-900 (4.76 at.%). The
thermogram of EOL-Ti3Co T, (Supporting Information Fig. S1B) shows that
at 700 °C, the material is only partially oxidized, reaching a maximum
mass gain only at ca. 800 °C followed by a mass decay due to loss of
carbon until stabilization during holding time at 900 °C. This behavior
agrees with the Boudouard reaction, where carbon consumption is
strongly favored above 800 “C. These results show that the amount of
carbon can be adjusted by changing the heat treatment temperature. The
scanning electron micrographs in Fig. 9C show that TiO,/C-900 parti-
cles with a diameter of around 2 pm aggregate together based on the
frame of MXene precursors and AD-Ti3C,T, MXene layers cannot be seen
from the scanning electron micrograph. The SEM image of TiO2/C-700
in Fig. 9D exhibits a smaller particle size of ca. 1 pm and the AD-Ti3C,T,
MZXene layers can be observed. The obtained products have great po-
tential in the field of energy and environment. For example, Zhang et al.
[58] employed similar methods to oxidize MXene in the CO3 atmosphere
to synthesize TiO@Ti3C2T, hierarchical composites as anode materials

247



RESULTS AND DISCUSSION

Y. Li et al.

Journal of Energy Storage 60 (2023) 106625

A a
—~ 80 ~250 120
o |ADTiCT, < 30{ADTLC,T, /} > |AD-TLC,T,
< = arthinshisnanssi b asns sass sassssastasstssiassstss 100 €
E 40 = 254 - 1% cycle Ezoo —_ s
= E oo 2yl . o% 2
§ 0 =z 31 cycle 2150188 -8e o
¢ 15 4™ cycle F] So TN, w™ s S 960 8
3 ]
5401 - ; .- 5% cycle 2100 PGS 2 @ 2 S| 5
L —— 1% cycle g1 8 oss €4 o 40 3
S g0 —2™cycle g 05 & 2
280 —— 3 cycle o ! 5 %0 . o [20 f;
m120 01mvs’' 8- 0.0specific current: 0.02 A g* 5\;_ & unit: A g . 2
00 05 10 15 20 25 3.0 0 20 40 60 80 100 120 140 0 5101520253035404550556065
n Potential vs. Na"/Na (V) Capacity (mAh g™") n Cycle number
200
—_ B0 ——0.2mV s ——05mVs 120 E @ Diffusion-controlled 12 AD-Ti,C,T,
"o 600 52 100 | @ Non-diffusion-controlled 10 & 150
< 400 o ! = 100
= 200 ¢ 80 & Mo
c et
3 -200 N 2 40 ™ o4 0 50 100 150 200
(%3 T X
£ 4004 N £ , z @
& -600 2.5 mv s \/ o i ’ ocv
9 gogl—=30mv s i | ob ke |r T
00 04 08 1.2 16 20 24 28 3.2 0205 1 16 2 25 3 2 04 06 08 10 1.2
Potential vs. Na*/Na (V) Scan rate (mVs™) n Z' (kQ)
=250 i 120 _ ~250 1100 -
™ L1108 ® 100 5 3
= sd | 100E. £ 00 1 o0 ES, 1|
200 200
< 00 - S~ % g% 8o 3225 AD-Ti,C,T,
- oo 70 8% 2.0 —— 100"
2150 2150 - -
] 0.1 A g for the first 5 cycles gg %‘g 0.1 A g for the first § cycles 60 ;ﬁ . —— 200"
: ! 50 .
3 X -1 50 2 i -1 il
] 100 Ji‘rﬂmwpﬁﬂg‘:\gﬂ Agl a0 2 8100 i : O5AgT gg §»§ 10 Re-Ti,C,T,
(] J L) 3 o = RN h
g oo 2 130 2 € sofp— 202805 s
: w0 R i 10 2
g jremer ‘ ¥ £} 1 ol ReTHCT, 10 28 00| specific current: 03 A g1
0 100 200 300 400 0 100 200 300 400 500 0 20 40 60 80 100 120 140

Cycle number

Fig. 8. Electrochemical performances and recyclability of AD-TizC,T, in SIBs. (A) Cyclic voltammograms of the first three cycles at the scan rate of 0.1 mV s

Cylce number

Capacity (mAh g)

L (®

galvanostatic charge/discharge profiles at 0.02 A g’l, (C) rate capabilities, (D) cyclic voltammograms at different scan rates, (E) the ratio of calculated non-diffusion
contribution at different scan rates, (F) Nyquist plots before and after cycling for 10 cycles (insert: the enlarged image of the impedance at high frequency), and (G)
cycling performance at 0.5 A g~' of AD-Ti3C,T, free-standing electrodes. (H) Cycling performance at 0.5 A g~ and (I) galvanostatic charge/discharge profiles at 0.5
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for LIBs, which exhibit excellent cycling stability at 0.05 A g™ (101 %)
and Coulombic efficiency (100 %) after 400 cycles. Similarly, other
MXene compositions can also be targeted for upcycling after their EOL
as battery materials and produce different or more complex products,
like the oxidation of mixed TiNb MXenes to form TNOs or sulfidation to
prepare metal sulfides that have great application in catalysis and
photovoltaics [59].

4. Conclusions

Our work explored the recycling of free-standing Ti3CoT, electrodes
and their transition for second-life use. Free-standing AD-Ti3C,T, elec-
trodes obtained from vacuum filtration of delaminated Ti3C»2T, and the
annealing process under the Ar atmosphere show much better electro-
chemical performances compared with De-Ti3C,T, free-standing elec-
trodes due to the removal of surface water and part of functional groups.
The AD-Ti3CyT, electrodes show superior cycling stability with a ca-
pacity retention of 94 % at 1 A g~! after 2000 cycles for LIBs. The
electrodes deliver great rate capabilities with a capacity retention of 66
% when the specific current increases from 0.02 A g ' to 2 A g ! for
sodium-ion batteries. The spent end-of-life AD-TizC,T, free-standing
electrodes (EOL-TizCoT,) exhibit good recyclability after a simple
direct recycling process. The capacity recovery rate is above 90 % for
EOL-TizCT, for both LIBs and SIBs. Finally, to apply EOL-Ti3CyT,
electrodes in other fields and achieve their second life, a heat treatment
method under CO; flow was used to oxidize the MXene electrodes into
TiOy with controllable carbon content by changing heat temperature.
The obtained TiO2/C has great potential to realize its second life in the
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field of batteries, electrochemical oxygen revolution, photocatalytic
hydrogen evolution, or photodegradation. It is worth mentioning that
this direct battery recycling method can be applied to other MXenes or
2D materials due to their easy-to-process into film properties and similar
intercalation and adsorption energy storage mechanisms with little
structural damage to electrode materials. Furthermore, numerous tran-
sition metal oxides can be derived from spent batteries with different
MXene electrodes (e.g., TioCT,, NbaCT,, Mo02CT,, TiVNbMoCs, etc.) for
further applications in the field of energy and environment.
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RESULTS AND DISCUSSION

Supporting Tables

Table S1. The composition of pristine TizCT;, De-TizC;T;, and AD-TizC;T;. All values in at%.
Ti C (o] F Al

pristine TisCzT. 28.26+9.66 25.10%£4.73 18.10+3.79 25.06%£6.93 3.48+1.41
De-TizCaTz 29.67+4.04 39.95+2.52 19.18+1.47 11.02+0.85 0.19+0.16
AD-TizC:T; 36.90+5.00 35.84+2.70 18.80+1.97 8.45+0.69 0.02+0.03

Table S2. The composition of TiO2/C-900 and TiO2/C-700. All values in at%.

Ti Cc o
TiO2/C-900 29.36+9.51 4.76+£1.03 65.88+8.52
TiO2/C-700 31.38+£14.59 17.50+5.88 51.12+10.05
S2
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RESULTS AND DISCUSSION

Table S3. Comparison of the cycling performances of TizC,T; MXene-based anodes in LIBs

Active Morphology of Composition of AM Total electrode Potential Specific Initial 100t cycle Capacity Reference
materials materials Mass ratio composition V vs. Lit/Li current capacity capacity (nth cycles)
(AM) /% /% JA gt /mAh g /mAh g /mAh gt
AE-TizC:T: Multilayer/films 100% AE-TisC:T: 100% AM 0.01-3.0 1 95 95 89 (2000%") This work
TisCoT: Ultrathin 100% TisCaT:z AM: Super P:PVdF 0.01-2.5 1 340 326 300 (1000%) [1]
nanosheets oligolayer 80:10:10
TisCzT—rGO 3D porous films TisCaT:GO 100% AM 0.005-3.0 1 182 176 212 (1000%) [2]
hybrid 50:50
Porous Films TisCaT,,:CNTs 100% AM 0.01-3.0 0.16 794 500 500 (100th) [3]
TisC2Tz/CNTs 90:10
RGO/porous Nanofibers TisC>T.:GO:cellulose 100% AM 0.01-3.0 1 148 140 120 (1000™") [4]
TizCaT.- 25:25:50
cellulose
TiaCaT: Multilayer 100% TizCaT: AM:Super P:PVdF 0.01-3.0 0.02 502 97 97 (100) [5]
80:10:10
NH3-TizC2T. Multilayer N-doping AM:Super P:PVdF 0.05-3.0 0.3 173 184 171 (500%") [6]

80:10:10
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RESULTS AND DISCUSSION

Table S4. Comparison of the cycling performances of TizC,T; MXene-based anodes in SIBs.

Active Morphology of Composition of Total electrode Potential/ Specific Initial 100th cycle Capacity Reference
materials materials AM Mass ratio/% composition/% V vs. current/ capacity/ capacity (XXth cycles)
(AM) Na*/Na Ag? mAh g1 /mAh gt /mAh gt
AE-TisCaT: Multilayer/films 100% AE-TiaC2T: 100% AM 0.01-3.0 0.5 73 83 85 (300%") This work
TisCaT: Ultrathin 100% TisCaT, AM:Super P:PVdF 0.01-2.5 0.5 284 261 280 (800t") [1]
nanosheets oligolayer 80:10:10
TizCaT: 3D microporous 100% TizCaT: 100% AM 0.01-3.0 0.5 210 195 295 (1,000™) [7]
film
TisCaT: Multilayer 100% TizC2T: AM:multiwall carbon 0.01-2.5 0.2 84 72 68 (1,000%") [8]
nanotube:sodium
alginate
80:10:10
TisCaT: Few-layered S-doping AM:acetylene black:CMC 0.01-2.5 1 141 130 76 (1,500%) [9]
nanosheets 80:10:10
Alkalized Nanoribbons 100% TisCa AM:carbon black:PVdF 0.01-3.0 0.2 96 65 50 (500t") [10]
TizC> MXene 70:20:10
TizCaT: Multilayered 100% TisC2T: AM:acetylene 0.1-3.0 0.02 150 100 100 (100t") [11]
nanosheets black:PVdF
80:10:10
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Supporting Figures
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Figure S1. Thermogravimetric behavior of Ti3C2Tz Mxene pristine (p-), delaminated (De-) and
cycled to end-of-life as LIB electrode (EOL-) in (A) argon and (B) CO; atmosphere. Heating rate:
5°C mint.
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Figure S2. Raman spectra of AD-TizC,T;, De-TisC:T,, and pristine-TizCzT..
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RESULTS AND DISCUSSION

Figure S3. Elemental mapping of De-TizC,T, free-standing electrodes.
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Figure S4. Elemental mapping of AD-Ti3C,T; free-standing electrodes.
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Figure S5. (A) Cyclic voltammograms, and (B) galvanostatic charge/discharge profiles of De-
TisC,T; free-standing electrodes.
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Figure S6. (A) Photograph, and (B-C) scanning electron micrographs of the Li electrodes after
4,000 cycles.
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Re-Ti;C,T, after cycling (SIB)
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Re-Ti,C,T, after cycling (LIB)
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1pum
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Figure S7. (A) X-ray diffractograms of AD-TizC2T, prior to cycling and Re-TisC:T. after being
cycled (AD-TizC,T, cycled twice) as LIB and SIB electrode. Scanning electron micrographs of (B)
EOL-TisC,T, (AD-Ti3C,T; cycled once) and cycled Re-TisC,T, (AD-TisC,T; cycled twice) as LIB (C)
and SIB (D) electrode.
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5 CONCLUSION AND OUTLOOK

The global drive towards an environmentally friendly society and the associated steady growth of the
renewable energy sector requires the continuous further development and optimization of a wide
range of energy storage systems. In order to be able to guarantee the supply of energy independent
of environmental influences, energy-efficient and safe energy storage technologies must be applied.
In this context, there is an extreme need for technologies that exceed the performance characteristics
of today's commercial storage modules in terms of energy and power density while at the same time
conserving critical material resources and being highly recyclable. Improving established systems such
as LIBs plays just as important a role as advancing equivalent alternatives that conserve diminished
resources, like the NIB technology. In addition, electrochemical processes explored in this context offer
an attractive opportunity to develop energy-efficient water treatment technologies that can address
water scarcity resulting from global climate change and the ever-growing world population. At the end
of the lifetime of successfully deployed electrochemical modules is the successful return to the
economic process, which must be realized concerning highly depleted resources such as lithium.

This thesis explores the (hybrid) electrode materials at the intersection of the energy/water/recycling
nexus and their continuous optimization and reorientation. It is widely recognized that the carbon
substrate plays a critical role in determining the homogenous distribution and physical properties of
electrodes, which can strongly impact energy storage performance. To improve performance, carbon
onions - with their small size and graphitic order - were used in combination with the well-studied LTO
material as a hybrid electrode material in the initial stage of the experiment. After manufacturing two
different types of carbon onion, one obtained from annealing in argon at 1300 °C (with a lower degree
of graphitic ordering, and which is constructed of both carbon onions and graphene nanoribbons), and
one from annealing under vacuum conditions at 1700 °C (with a higher degree of graphitic ordering)
their electrochemical performance in combination with synthesized nano-sized LTO was investigated
as anode material in LIBs and NIBs. The best performance was yielded with the LTO hybridized with
carbon onions treated under argon atmosphere which resulted in a specific capacity of 188 mAh g*
with a capacity retention of 95.8% after 400 cycles. When applied as NIB anode material, the
performance demonstrated an excellent longevity of 96% capacity retention after 500 cycles. The
selection of the right carbon substrate plays a vital role in the electrochemical performance. The
carbon structure seems less relevant compared to the nanoscale distribution and homogeneity within
the hybrid and the electrode.

MXene, a powerful 2D material class in different parts applications, is also widely explored in
electrochemical energy storage devices such as alkali-ion batteries. With multilayered stacked MXene
lacking high rate capabilities and cycling stabilities in addition to the limited uptake capacity, further

improvements have increased the focus on open architectures. Therefore, in this work, silica-pillared
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TisC,T, MXene was synthesized using tetraethylortho silicate as the silica source and dodecylamine
(DDA) as the co-pillar amine. Obtained improved MXene structure with enlarged interlayer spacing
significantly enhanced performance as anode material of LIB. Thereby at a specific current of 1 A g™
the silica silica-pillared MXene achieved over 4 times the capacity of the non-pillared material
(<150 mAh g™) while showing capacity retention of 71% after 500 consecutive cycles. Subsequent in
situ dilatometry, in combination with XRD data, revealed that during lithiation, a constant relative
expansion of 3-4% occurred while the non-pillared MXene expanded continuously with increasing cycle
number. This work provides key insights into the design of MXene electrodes, demonstrating that
significantly enhanced electrochemical performance along with consistent volume changes can be
achieved by a simple pillaring method. This makes MXenes become increasingly important for different
energy storage systems.

Also benefiting from the excellent properties of the MXene material class, including their high electrical
conductivity and accessible interlayer space, can be conversion or alloying type materials which suffer
extremely from volume expansion and subsequent electrode pulverization resulting in poor cycling
stability. Based on only the intercalation process, the specific capacity of pure MXene remains limited,
but the exploration of combinations with other materials makes it a promising additive. Antimony, an
alloying material with a high theoretical capacity of 660 mAh g™ suffers from a volume expansion of
up to 300% when alloying with sodium to form NasSb. By synthesizing different antimony MXene
hybrid materials, the influence of different MXenes, and different hybrid synthesis routes, resulting in
different morphologies and electrode compositions, were explored by the electrochemical
performance in NIB half cells. Thereof an initial expansion of the MXene layers to allow for the
subsequent antimony intercalation during the synthesis seems not advantageous since parts of the
active materials lose their electrochemical accessibility. Optimized synthesis conditions with a ratio of
60 mass% antimony and 40 mass% MXene accommodate volume expansion while delivering a specific
capacity of 450 mAhg™ at 0.1 Ag™ and 365 mAh g' at 4 A g%, with a capacity retention of around
96% after 100 cycles.

Overall, the best performance is not triggered by the smallest nanoparticles, the largest interlayer
distance of the MXene, or the highest amount of antimony particles but by the most homogeneous
distribution of antimony and MXene while both components remain electrochemically addressable.
While confirming via in situ XRD that the alloying mechanism is not to be changed, this work gives
inside into a promising combination exploiting positive features of different material classes resulting
in synergistic electrochemical performance improvement.

In the adjacent work, a conversion material, which exhibits a promising high theoretical capacity of
1493 mAh g and benefits from a relatively large natural occurrence, was also investigated in more

detail in the hybrid with MXene. After successfully fabricating the SnO, nanoparticles in the presence
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of TisC,T, MXene in a composition of 50/50 mass%, the obtained hybrid was used as an anode in a LIB
half-cell, and the performance was evaluated in detail. Stable high specific capacities of 525 mAh g™
were obtained for more than 700 cycles. Promising kinetic properties were also achieved, showing a
capacity of 340 mAhg' at a specific current of high 8 A g'. Through various XPS and STEM
investigations, the electrode reaction, which finally turned out to be Sn+Li,O 2 SnO + 2e” + 2 Li*, was
established. The obtained reversible and kinetically preferred electrochemical performance results
from the synergistic interaction between tin oxide and MXene. In contrast, tin oxide provides the main
charge storage property, and MXene is a buffer for the volume change during the electrochemical
reaction as well as to improve the charge transport properties of the electrode.

In general, hybrid materials also exhibit additional benefits for alkali-ion batteries in addition to
improving electrical conductivities, exhibiting highly efficient ion-electron transport properties, and
faster charge/discharge rates. Thereby carbon hybrid materials, the most popular combined materials
for electrodes, deliver a variety of possible combinations and designs while being cost-efficient,
abundant, and supporting short diffusion paths for ions and electrolytes. When extending the
possibilities of composite materials to the class of 2D materials, such as MXenes, further promising
materials for use in the energy storage sector could be obtained, which can be used both as pure
materials and in combination with other material classes. In addition, MXenes provide outstanding
conductivity and offer the possibility of buffering the volume changes of alloys and conversion
reactions. Thus, outstanding electrochemical performances could be obtained for both the LIB
technology and the NIB application, giving a booster to applying high-performance alloying and
conversion-type materials.

A bridge between the energy storage sector and water treatment is built by the seawater battery,
which introduces the direct use of seawater as a source for converting electrical energy and chemical
energy, providing an option for sustainable renewable energy storage. State-of-the-art seawater
batteries are still challenged by technological drawbacks like a shortened lifetime, unsafe battery
operation, low efficiencies, and low stabilities, which hinder the commercial application. However, the
advantages of seawater batteries offer a perspective for sustainable, environmentally friendly,
performance-oriented, and cost-efficient applications at the interface between energy and water.
Expanding the concept of hybrid materials to the application as an electrode in water remediation
offers the possibility for energy-efficient drinking water processing.

Antimony as a lithium/sodium alloy material, a promising and high-performance electrode for NIBs,
can, for example, provide stable desalination performance at a more extended cell voltage than
conventional capacitive deionization technology allows (1.0-1.2V) using a bi-electrolyte system
(organic and aqueous part). The Sb/C electrode in a combination of a selective sodium permeable

membrane (NASICON) provides discharge capacities of initially 669 mAh g* (395 mAh g™ after 40
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cycles) at a specific current of 200 mA g™ and a cut-off cell voltage of 2.0 V. Therefore, operation in
hybrid CDI cell provides a desalination capacity of an average of 294 mgn, gso* (748 mgnaci gsb™) With a
charge efficiency of about 74% in a 600 mM NaCl. Future work on optimizing the cell design and
reducing the thickness of the ceramic membrane, can provide a promising technology for water
desalination.

Another promising Faradaic material for effective desalination to generate fresh water is the three-
dimensional cobalt hydroxide hollow cube, which can be prepared under simple synthesis conditions
via template etching. By allowing fast ion transport, large surface area, and mitigation of volume
expansion during cycling, a high desalination rate of 3.3 mgyac g(co(or)2) * Min™ with a corresponding
desalination capacity of 1176 mgnac 8(co(onj2) - can be obtained.

Faradaic materials in the context of water desalination deliver a promising approach for future
developments for energy-efficient and high-performance ion removal providing the chance to offer
the majority of the population access to clean drinking water. Approaches have been delivered by
using aqueous solutions in combination with Faradaic materials, while also battery materials, which
electrochemical potential window would not be suitable with the electrochemical stable voltage
window of water, can be deployed in the context of water desalination by simply using a bi-electrolyte
cell set up in combination with a selective ion exchange membrane.

The use of a selective membrane can also play an indispensable role in another application. Lithium,
for example, is currently one of the most sought-after raw materials, and its demand will continue to
rise in the foreseeable future. The development from combustion engines to electric drives for vehicles
alone will make lithium a scarce resource. The development of further lithium sources, such as
seawater, mine waters, or recycling solutions for old batteries, is thus inevitable. Regional lithium
sources are ideal, as the CO, footprint of lithium technologies can be significantly improved by
shortening transport distances. However, the problem of relatively low concentrations, usually
present, is still a major challenge. One approach to counteract this could be a redox flow battery for
continuous and energy-efficient recovery from aqueous solutions. Using a green redox battery and a
LISICON membrane for selective uptake and release of Li*-ions, a technology was proposed to recover
dissolved lithium with a purity of 93.5% from simulated seawater.

When more and more batteries reach the end of their life in the future, multi-layered recycling
approaches will be required in order to be able to return a large part of the resources directly to the
economic cycle in an energy-efficient way. In addition to the threateningly depleted Li resources, many
other metals, such as cobalt and nickel, which are used in many commercial battery cells, play a major
role. As a case study, it has even been demonstrated that electrode materials can deliver near-initial
capacities at the end of their life by simply washing the electrode and replacing the separator and

lithium or sodium counter electrode. MXene (TisC,T,) was employed as a pure electrode without
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additional conductive additive to evaluate the recycling performance of LIBs and NIBs. Freestanding
delaminated and annealed MXene electrodes deliver superior stability with a capacity retention of
94 % at 1 Ag" after 2000 cycles when applied as negative electrodes in LIBs. For NIBs, capacities of
108 mAh g*and 71 mAh g* at 0.02 Ag™ and 2 Ag ™ could be obtained, respectively. After the MXene
electrode reached the end of its battery life, simple direct recycling processes were used to recover
the electrodes, and the capacity recovery rate exceeded 90%. After reaching two times the end of life,
the material was transformed into a metal oxide/carbon/carbide nanohybrid for alternative use,

delivering a promising second-life application.

This study focused on developing (hybrid) electrode materials for various applications in energy
storage, water treatment, and recycling. Different intercalation, conversion, and alloying materials
were synthesized and incorporated into hybrid materials, and their electrochemical performance was
tested and optimized in LIB and NIB. Optimized electrode materials with sodium ion storage
performance were used in water desalination in a unique cell configuration to realize high-
performance sodium removal. Other Faradaic materials were applied in the aqueous medium for
capacitive deionization with high desalination capacity and long-term performance stability. Various
recycling processes were also investigated, starting from electrode material, which could be reused
after reaching the end of life by simple reprocessing steps, as well as finding an alternative application
as converted material after finally reaching the end of life. For example, heavily depleted lithium
resources can be relieved using an environmentally friendly redox flow battery for continuous and
energy-efficient lithium recovery from aqueous solution by recovering lithium from low-concentration

sources such as seawater, mine water, or dissolved spent battery.

Easy synthesis methods towards more sustainability could guide designing more hybrid materials for
different energy storage applications at the energy/water/recycling nexus. For next-generation energy
storage technology, it should be considered to improve all aspects of electrode material design and
electrolyte choice while improving energy and power density next to recyclability. Applying battery
electrode materials in water desalination could open more opportunities for further high-capacity
developments, even in flow-electrode CDI. Essential for all aspects will be the possibility to recycle
different cell parts. Approaches for electrode material recycling and element recovery show this topic's
relatively simple handling. Further progress can be achieved through further simplification and
research on suitable free-standing electrodes, which can be returned to the economic cycle. In
addition, lithium recovery can be extended to other key elements of the energy storage sector that do

not neglect future-oriented technologies such as NIB.
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ABBREVIATIONS

7 ABBREVIATIONS

A.1. Abbreviations

AEM anion exchange membrane

CDI capacitive deionization

CE Coulombic efficiency

CEl cathode electrolyte interphase

CEM cation exchange membrane

CcMC carboxymethyl cellulose

cv cyclic voltammetry

cv cyclic voltammetry

DEC diethyl carbonate

DMC dimethyl carbonate

DMC dimethylcarbonate

DMSO dimethyl sulfoxide

DTD 1,3,2-dioxathiolane-2,2-dioxide

e.g. exempli gratia = for example

EC ethylene carbonate

EES electrochemical energy storage
EFPN ethoxy(pentafluoro)cyclotriphosphazene
EMC ethylmethyl carbonate

ESR equivalent series resistance

etal. et alii 2 and others

FEC fluoroethylene carbonate

GBL y-butyrolactone

GCPL galvanostatic cycling with potential limitation
GVL y-valerolactone

ie. id est = for example

LCO lithium cobalt oxide

LFP lithium iron phosphate

LIB lithium-ion battery

LiDFOB lithium difluoro(oxalato)borate
LiDFP lithium difluorophosphate

LISICON lithium superionic conductor

LMO lithium manganese oxide

LTO lithium titanoxide (LisTisO12)

MCDI membrane-based capacitive deionization
Na sodium

NASICON sodium superionic conductors
NaTFSI sodium trifluoromethanesulfonimide
NIB sodium-ion battery

NMC lithium nickel manganese cobalt oxide
NMP N-methyl-2-pyrrolidone

ODTO 1,2,6-oxadithiane 2,2,6,6-tetraoxide
OER oxygen evolution reaction

oLc onion-like carbon

ORR oxygen reduction reaction

PAA poly acrylic acid

PC propylene carbonate

PC propylene carbonate

PE polyethylene
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PP
PST
PVdF
SA
SA
Sb
SEI
SEM
SHE
TMSP
TTE
VC
XRD

ABBREVIATIONS

polypropylene

propene sulfone
polyvinylidenefluoride
sodium alginate

succinic anhydride

antimony

solid electrolyte Interphase
scanning electron microscope
standard hydrogen electrode
tris(trimethylsilyl) phosphite
1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether
vinylene carbonate

X-ray diffraction

279
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A.2. Symbols and Constants
%
°C
A
Ag?t
C

2

280

percent

degree Celsius
Ampere

Ampere per gram
C-rate

square centimeter
elementary charge
redox potential
Farad

Faraday constant
gram

gram

hours

electric current
kiloton

molar

molar mass

mass

square meter per gram
milli-ampere-hour per gram
minutes

millimeter

amount of substance (mol)
Avogadro constant
nanometer

charge

time

terawatt hour
Voltage in volt

Volt

Watt-hour per gram
micrometers



