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Abstract

Abstract

Porous carbon materials are widely used in electrochemical applications for intermediate energy
storage or water desalination. This work aimed to synthesize nanoporous carbons with well-controlled
properties (e.g., specific surface area, average pore size, chemical composition) to correlate them to
the performance in electrochemical applications (e.g., supercapacitors, LiS batteries). Especially the
surface chemistry of highly porous carbons with different oxygen and nitrogen groups influences the

electrochemical behavior.

The carbon materials were obtained from polymeric precursors, including phenolic resins and
polysilsesquioxanes. A physical activation with CO, or NH; that additionally introduced nitrogen groups
was applied to adjust the porosity of the phenolic resin-derived carbons. Thereby, it was possible to

obtain materials with different properties from the same precursor.

The polysilsesquioxanes were first pyrolyzed and then thermally treated with chlorine gas to produce
carbide-derived carbons. The porosity was tuned by the composition of the precursor and the synthesis
temperature. The intermediate product (silicon oxycarbide) is also an attractive electrode material for
Li-ion batteries. It was shown that optimization of the carbon content resulted in extended cycling

stability.
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Zusammenfassung

Zusammenfassung
Pordse Kohlenstoffe werden haufig in elektrochemischen Anwendungen zum Speichern von Energie

oder zur Wasserentsalzung verwendet. Ziel dieser Arbeit war die Synthese von nanopordsen
Kohlenstoffen mit definierten Eigenschaften (z.B. spezifische Oberflache, PorengroRRe, chemische
Zusammensetzung) um ihren Einfluss auf verschiedene elektrochemische Anwendungen (z.B.
Superkondensatoren, LiS Batterien) zu untersuchen. Besonders die Oberflaichenchemie von
hochpordsen Kohlenstoffen mit unterschiedlichen Sauerstoff- und Stickstoffgruppen beeinflussen das

elektrochemische Verhalten.

Die Kohlenstoffmaterialien wurden aus verschiedenen makromolekularen Vorstufen (Phenolharze und
Polysilsesquioxane) hergestellt. Die physikalische Aktivierung mittels CO, oder NHs, welche ebenfalls
Stickstoffgruppen erzeugt, erlaubten eine hohe Kontrolle Uber die Porositdt der phenolharz-
abgeleiteten Kohlenstoffe. Dies erlaubt die Synthese von Materialien mit unterschiedlichen

Eigenschaften aus den gleichen Vorstufen.

Die Polysilsesquioxane wurden zunachst pyrolysiert und thermisch in Chlorgas behandelt um karbid-
abgeleitete Kohlenstoffe herzustellen. Durch die Zusammensetzung der Vorstufe und die
Synthesetemperatur wurde die Porositat eingestellt. Die Zwischenprodukte (Siliziumoxykarbid) sind
ebenfalls attraktive Elektrodenmaterialien fiir Li-lonen Batterien. Durch die Optimierung des

Kohlenstoffanteils konnte dabei die Zyklenstabilitat deutlich verbessert werden.
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1. Motivation
In 2008, the US National Academy of Engineering selected 14 grand challenges for engineering,

including the improvement of urban infrastructure, secure cyberspace, and prevention of nuclear
terror.! Two other problems concern the power supply to stop global warming, namely, make solar
energy economically viable and provide energy from nuclear fusion.! Fig. 1A illustrates the power
demand for a generalized household and the electrical power produced by a solar cell on a sunny day.
There is an extended mismatch between the power demand and its supply that mandates intermediate
energy storage or additional power sources like wind or fossil energy. A stationary electrochemical
energy storage device could store excess power produced by photovoltaic systems during the day and
release them usable when the demand exceeds its production. These electrochemical energy storage
devices must be produced economically and ecologically for a large-scale application. Since present-

day technology fails to reach desired performance metrics, further improvements are needed.
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water
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fresh water
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Figure 1: (A) The power demand of a generalized household and power produced by photovoltaic on
a sunny day and (B) amount of fresh water on earth compared to saline water with data from Ref. 2.

Another challenge selected by the US National Academy of Engineering is the accessibility of clean
water since one out of six people worldwide lacks access to clean drinking water.! It is also needed in
large scales for the production of food and other goods. More than 97 % of the water on earth is saline
water as visualized in Fig. 1B. Therefore, advanced desalination techniques are required to provide
access to clean drinking water. One out of many desalination techniques is the capacitive deionization
(CDI), where the adsorption of ions on the surface of porous materials is triggered after applying an
electric potential difference.® Thereby the salt concentration of the solution is reduced, which could
be used to provide drinking water. In summary, advanced porous carbon materials offer the potential
to be used to stabilize the power supply, when they are used in an energy storage device, and to

produce fresh water with filtration and desalination techniques.3®
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2. Introduction

Electrochemical energy storage devices are commonly used in applications like mobile phones,
laptops, remote controls, (electric) vehicles, medical aids, and measuring instruments. Different
applications exhibit different requirements on the energy storage device, like high energy, high power,
or a long lifetime. Various batteries and supercapacitors fulfill the several requests and complement
each other. Supercapacitors on the one side operate at high powers and at relatively low energy, while
lithium-ion batteries have a much higher specific energy but a lower specific power, which is shown in
Fig. 2A. Low specific energy leads to a large mass of the battery to store the required energy.
Therefore, the selection of electrochemical energy storage technologies is based on the requirements
of the particular applications. A stationary energy storage device, for example, can be quite heavy
because it is not transported. An electric vehicle, on the other hand, requires a minimized battery mass
because it contributes to the mass of the car and thus directly influences its range. The energy
consumption for an electric vehicle like the BMW i3 is ~13.5 kWh per 100 km.” Fig. 2B shows the space
and mass of electrochemical energy storage devices required for an electric vehicle to drive 100 km.
Supercapacitors and lead-acid batteries have a very low specific energy, which results in a large device
volume and mass. Therefore, the use of electric vehicles which only store the energy capacitive is
limited to buses and metro trains, which can be recharged at each stop.®° Supercapacitors are
additionally used in combination with other techniques to provide high power for a short time to
increase the acceleration in electric vehicles.!® Nevertheless, the prevalent drive technology is based
on lithium-ion batteries, owing to their low volume and mass requirement. A further spatial or
gravimetric reduction can only be achieved with new high energy material types, for example, as

presented by the lithium-sulfur battery.
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Figure 2: (A) Ragone chart of selected electrochemical energy storage devices and (B) device volume
and mass per 100 km range of an electric vehicle (17.5 kWh) with data from Ref. 1113,
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Carbon materials are used in many electrodes for different electrochemical energy storage devices as
a conductive additive, intercalation, or adsorption material, owing to their beneficial electrical
conductivity, low density, abundance, and non-toxicity.'**® The carbon modification has a big influence
on its materials properties. Fig. 3 gives an overview on the density, hardness, transparency, electric

resistance, and elastic modulus of diamond, graphite, and glassy carbon.%?2

density

hardness elastic modulus
~ —
graphite
glassy carbon
diamond
transparency electric resistance

Figure 3: Radar graph of different properties of various carbon materials according to data from
Ref. 1922,

These carbon materials have a relatively low density ranging from ~1.9 g/cm3 for graphite to 3.5 g/cm?
for diamonds, due to their crystal structure.?? Diamonds are sp3-hybridized which leads to an
extraordinary hardness combined with high electrical resistance and transparent appearance.?r?
Graphite has many opposite properties compared to diamonds: it is sp*hybridized, electrically
conductive, mechanically soft, and optically non-transparent.?}22 Glassy carbon has similar materials
properties than graphite, because consists of disordered sp2-hybridized carbon atoms, but it is much

harder than graphite.!9-2%.22

Diamonds, graphite, and glassy carbon are in general non-porous materials with a low specific surface
area (SSA). The SSA of carbon materials can be expanded by reducing the particle size and the
formation of pores which leads to large SSA of up to 3000 m?/g.1* The high surface area materials
combined with low electrical resistance and density are interesting for electrochemical energy

applications like supercapacitors or CDI.14* 2
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2.1. Porous carbon materials

Porous carbon materials can be classified by the kind of porosity, the precursor, or the synthesis
method. The International Union of Pure and Applied Chemistry (IUPAC) distinguishes three different
types of pores based on their size, namely, micropores, mesopores, and macropores.2* Microporous
materials have a pore size below 2 nm, while mesopores range from 2 nm to 50 nm, and macropores

are larger than 50 nm.?*

Carbon materials can also be differentiated based on the precursor. The three main groups of carbon
precursors are ceramics (e.g., metal carbides), organic polymers, or biomass (which often contain
polymers as well). Examples of biomass-derived carbon materials are carbonized coconut shells®® or
lignin?®. These materials have usually a low porosity after pyrolysis which is increased with a physical
or chemical activation step. Common polymers to produce carbons are phenolic resins,? %
polyacrylonitrile,?® or pitch3’. The porosity of polymer-derived carbon materials is also often increased
by an additional activation step.?*3° An alternative method to obtain a highly porous polymer-derived
carbon material is the use of a template, which is initially filled and later removed during the pyrolysis
or in a separate step.332 Another carbon precursor is the family of metal carbides, like SiC or TiC, or
carbonitrides/carboxides, like SiICN or SiOC.* 333> The crystal structure maintains carbon and non-
carbon atoms. The removal of the latter usually directly introduces micropores, which makes an

additional activation step unnecessary. The details of the synthesis of carbide-derived carbons will be

explained in chapter 2.1.2.

The type of porous carbon can also be classified based on the synthesis method. The term “activated
carbon” refers to porous carbon obtained by so-called activation of an otherwise poorly porous or non-
porous material.2>25 283336 One can be distinguished between a physical activation, where carbon is
partially removed by a gaseous reactant or a chemical activation, where liquid or solid reactants
produce the porosity.2° The specifics of the physical and chemical activation are further discussed in

chapter 2.1.1.

Another synthesis method to produce porous carbons uses templates, and we can differentiate
between soft- and hard-templated-carbon materials.3'3? Soft-templates are usually polymers or
surfactants which co-assembly with the carbon precursor, and they often decompose in the following
pyrolysis.3>3>37 Hard-templates like zeolites or porous SiO; are usually infiltrated with small polymers
or monomers which crosslink within the template.3%*8 The carbonization of the polymers is carried out
in the present of the hard-template. This method includes an additional step to remove the template
with reactive chemicals (e.g., HF.q).3' However, some hard-templates can also be removed at high
temperatures with gaseous reactants (e.g., Clyg) during the carbonization.®® Thereby the number of

synthesis steps is reduced, and additional washing to remove the HF or other acids from the carbon
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surface is not necessary. The salt-templating represents a combined approach of the chemical
activation and the templating method.?® Thereby, the salt crystals (e.g., LiCl, NaCl, or ZnCl) serve as a
template, and some ions interact with the carbon during carbonization and produce a microporosity.
The remaining salt can easily be removed by washing the porous carbon with water. Nevertheless, a
combination of various synthesis methods with a carbon precursor is often applied to optimize the

properties of the carbon material for certain applications.

2.1.1. Synthetic organic polymers as carbon precursor

Carbon materials can be derived from numerous synthetic and biomass related organic polymers. This
work focuses on the use of synthetic polymers that are carbonized at high temperatures under an inert
atmosphere. Thereby, small organic compounds, often containing heteroatoms such as oxygen or
nitrogen, are released from the sample which leads to a precursor-dependent mass loss. Table 1
summarizes the carbon yield of selected precursors treated at high temperatures. These values are
approximate ones, and the carbon yield of a certain polymer can deviate due to a strong depends on
the polymer chain length and the synthesis conditions. Biomass is also often used as a carbon source
and consists of various low- and high-molecular organic compounds and have in general a relatively
low carbon yield (12-40 mass%). The most synthetic polymers have a carbon yield of 35-55 mass%. In
general, a high aromatic content is beneficial for an efficient synthesis, and phenolic resins (resol and
novolac) have one of the highest carbon yields of up to 55 mass%, only surpassed by certain pith phases
with up to 60 mass%.

Table 1: Carbon yield of different polymeric carbon (including biomass) precursors after pyrolysis at
high temperatures.

carbon precursor carbon yield after | carbonization Ref.
pyrolysis (mass%) | temperature (°C)
poly(furfuryl alcohol) 35 800 0
polyacrylonitrile 45 600 4
polyaniline 33-45 800 42-43
resol 55 800 a“
novolac 45-55 800-900 45-46
pitch 35-60 1000 47
cellulose 12 800 8
coconut shell 25 800 49
lignin 40 750 50
tobacco 22 750 51
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Phenolic resins can be distinguished as resol or novolac, which are both produced by the co-
polymerization of phenol and formaldehyde.>>>3 A scheme of the resol synthesis is shown in Fig. 4. The
reactants can attach to various active sites, which leads to the formation of different oligomers. One
possibility is exemplified in Fig. 4. In a first step, deprotonation of the phenol hydroxyl function
produces a phenoxide anion (CsHsO"), promoted via basic catalysis (Fig. 4A).5>3 Electron delocalization
statistically activates different reactive sites (2, 4, and 6) that enable the electrophile addition of
formaldehyde (Fig. 4B). The formed hydroxymethyl phenols pre-condensates at around 60 °C to
oligomers (Fig. 4C) that crosslink via condensation at around 95 °C and establish a polymeric network
(Fig. 4D).>>53 A change of the synthesis conditions led to various chain length and connections with
different chemical and physical properties. A significant difference between resol and novolac is that
the resol does not need a crosslinking agent to crosslink, due to the reactive hydroxymethyl

groups.>*>3

OH

n T i E i
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cH cH H
+ HO — + H0 | + + HO —s + HO
/ / H
OH OH OH OH
OH HO
+ —_—
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+xC,0,H, +yH,CO Q

Figure 4: Synthesis pathway of a resol. (A) deprotonation of the phenol, (B) reaction with
formaldehyde, (C) pre-condensation reaction at around 60 °C, and (D) formation of a polymeric
network by condensation according to Ref. 5253,

The synthesis of novolac includes an acidic catalyzed reaction (oxalic acid or hydrochloric acid) as
shown in Fig. 5. In contrast to the resol synthesis, the acid protonates with the formaldehyde (Fig. 5A)
to produce methylol cation (*CH,OH).>*>3 This cation undergoes a nucleophilic reaction with the phenol
preferentially towards para- and ortho-methylolphenol (Fig. 5B).>*>3 Then, the acidic catalyst forms a
methylene cation that condenses via dehydrogenation to novolac oligomers (Fig.5C).>? These

oligomers require the addition of a crosslinking agent to enable network formation.>*>3 The most
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common crosslinking agent for the novolac synthesis is hexamethylenetetramine which decomposes
to dimethylolamine. The dimethylolamine reacts with the aromatic groups of the novolac and forms a

polymeric network (Fig. 5D).>*>3

B B [
H H
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-H,0"
H H H H H H
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O 0= 0000
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Figure 5: Synthesis pathway of a novolac. (A) formation of methylol cation, (B) reaction of the methylol
cation with phenol, (C) formation of novolac oligomers via a condensation reaction, and (D)
crosslinking reaction of the novolac with dimethylolamine according to Ref. 5253,

The carbonization of a phenolic resin towards porous carbon materials is generally carried out by
pyrolysis at high temperatures in an inert atmosphere. It has been shown that low temperatures lead
to an incomplete graphitic carbon structure, mostly comprises amorphous carbon.?’ Higher
temperatures increase the mobility of the carbon atoms, which favors the degree of carbon ordering.>
The pyrolysis of phenolic resins can be classified in three (partially overlapping) phases: I. crosslinking
via condensation at 200-500 °C, Il. breaking of crosslinking bonds (i.e., amino, methylene, and oxygen

groups) at 400-800 °C, and llI. dehydrogenation of the benzene ring at 560-900 °C.>®

The mass loss during those steps by the release of small groups can produce pores in the pyrolyzed
carbon. These pores are in the sub-nanometer range, and the porosity is rather low, which makes an
activation step necessary to enlarge the specific surface area and the total pore volume.*® Both
chemical and physical activation methods are suitable for phenolic resin-derived carbons. The chemical
activation process requires the use of chemicals like KOH, K,COs, AlCls, ZnCl,, CuCl,, FeCls, or HsP04.%
% The activation mechanism is different for each reactant and the obtained pore structure also varies.>®
Therefore, an optimization of the carbon material with varying reactants for the chemical activation
can be quite challenging, but the synthesis procedure for all reactants is quite similar.>® The less porous
or non-porous carbon material is first impregnated with a solution that contains the activation species
(e.g., KOH). During evaporation of water, the activation reactant is statistically distributed on the

carbon surface. The mixture is then heated up to high temperatures typically in the range of 700-
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1000 °C. After cooling, washing is required to remove the remaining salt until a neutral pH is obtained.

The synthesis of the chemically activated carbon samples is finished after water evaporation.

KOH and K,COs are the most common salts used for the chemical activation following mostly identical
reaction pathways.”” >° The activation via KOH comprises three steps: formation of K,COs (Eq. (1)),
carbon oxide formation by the decomposition of K;CO3 with carbon at around 480 °C (Eq. (2)), and

evolution of CO by reactions of K,COs and K,O above 650 °C (Eq. (3-4)).>%%2

4 KOHs) + =CHa(s) > K2CO3(s) + K205 + 3 Haq) (1)
K2CO3(5) + Cis) = 2K(s) + CO(g) + COx(q) (2)
K20 + Cis) > 2K(s) + CO(g) (3)
Cis) + COyg) = 2CO(g) (4)

Eq. (2-4) indicates that the Boudouard equilibrium plays a significant role for the chemical activation
as well as for the physical activation with CO,. The gaseous CO; reacts with the solid towards
thermodynamically favored CO at elevated temperatures above 700 °C.%! Next to the temperature also
the activation time, the flow pattern of the gas in the furnace, and the flow rate of the gas influence
the activation.?® Longer activation and a lower flow rate usually increase the porosity due to the longer

dwell time of the reactive gas.?®

Physical activation requires fewer steps since a dry carbon powder is usually heated up in a furnace
and treated with a gaseous atmosphere which increases the porosity.* Therefore, no additional
washing or neutralization is needed which reduces the synthesis steps and costs. A synthesis involving

only solid and gaseous reactants can also be implemented efficiently in a chemical plant.®

Gases like H,0, O,, H,, and NHs can also be used for the physical activation of carbon.* All physical
activation methods aim to transfer the solid carbon to gaseous compounds reducing the yield and
enlarging the porosity. The chemical reactions for the activation with H,0, O,, and H; are shown below
in Eq. (5-7), where gaseous CO, CO,, or CH, are produced.* The required temperature for each
activation gas is different, based on their particular reactivity. CO, activation is usually carried out at

800-1000 °C,%® %> while the activation in more reactive air or oxygen (0>) is performed at only 350-

550 °C.%
Cis) + H20(g) = COyq) + Ha(q) (5)
Cs) + Oz(9) = CO2() (6)

Cis) + 2 Ha(q) = CHay(g) (7)
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Another gas that can be used for physical activation is NH; which decomposes at high temperatures in
the first step to NH; and NH (Eq. (8)).5° These molecules have reactive free radicals and electron pairs
which react with the carbon surface (Eq. (9)). The nitrogen functionalities decompose again at high
temperatures (>700 °C) to different nitrogen-containing products like HCN (Eq.(10)).°% Also
hydrogen is evolved during the activation with NH; which can also react with the carbon producing CH,4

as mentioned before (Eq. (7)).%®

3 NHsz(g) = 2 NHyg) + NH(g) + 2 Hy(g) (8)
Cis) + NH(g)= CNHys) (9)
CNHs) = HCN(g) (10)

In conclusion, polymers like phenolic resins are well suited as carbon precursor due to the high carbon
yield and processability because they are fusible and soluble in many solvents. An activation step is
usually necessary to produce a large porosity, which is favorable for applications like as electrode

material in supercapacitors.

2.1.2. Carbide-derived carbon

Other well-suited inorganic carbon precursors are metal carbides,®® carbonitrides,’® or oxycarbides’.
Carbide-derived carbon (CDC) is produced by the removal of the metal atom, which leaves a pore
within the carbon.* The metal can be removed by gaseous halogens (F,, Cly, Br,, or I,) or by a hydrogen
halide (e.g., HF, HCI).* The most common method is the removal of metals with gaseous chlorine at
high temperatures.* 7> Chlorine gas reacts with a binary carbide to metal chloride and carbon as
mentioned in Eq. (11) for metals with a valence of four. The metal atoms and the carbon within a metal
carbide are mixed on an atomic scale, and selective removal of the metal leads to small pores in the
(sub)nanometer range.* The pore structure is mainly influenced by the structure of the metal carbide

and the synthesis temperature.* %
M(IV)Cs) + 2 Clyg) = M(IV)Claig) + Cis (11)

Various metal carbides have been investigated for the synthesis of CDCs like SiC,*® FesC,”® ZrC,”* TiC,®
5'VC,® or Ti3SiC,,”” among others.* Also, silicon-based polymers like polysilsesquioxanes are suited to
produce CDCs when they are transformed to a silicon oxycarbide (SiOC).”* An advantage of these
polymeric precursors is that they can be processed in various shapes as they are soluble or liquid before
crosslinking.”®7® Crosslinking connects the oligomers to form large high-molecular-weight polymeric

networks.
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The variety of organosilicon polymers like polyborosilanes, polysilazanes, or polysilsesquioxanes
provides an array of chemical composition and structure of the polymer-derived ceramics (PDC).”®
These polymers are commonly synthesized by sol-gel processes, where silicon alkoxides form a
network by an acidic or base catalyzed hydrolysis and condensation reaction.”® 881 An example of the
sol-gel process is shown in Fig. 6 for trialkoxysilane that forms an organically modified silica (ORMOSIL)
network. It is also possible to use several different silicon alkoxides, which can introduce multiple

functional groups in the polymer. The sol-gel reaction often leads to a formation of oligomers, which

)79
’

have to be crosslinked by an additional crosslinking agent like, hexachloroplatinate(lV),”® zirconium

82 83

acetylacetonate,®* or zinc acetylacetonate,® which leads to an additional synthesis step, often

associated with introducing impurities to the synthesis products.
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Figure 6: Synthesis of polysilsesquioxanes via sol-gel processing.

A highly crosslinked network is essential to prevent the softening of the particles and to maintain the
morphology during the pyrolysis whereby SiOC ceramics are formed.” 8 Otherwise, the SiOC form
large monoliths which have to be milled before they can be further processed.”* The maintained
morphology after CDC synthesis is one key advantage enabling the synthesis of complex structures,

like free-standing fiber mats, aerogels, or spheres.* 7% 8384

The SiOC structure and properties strongly depend on the pyrolysis temperature.®% The polymeric
network is not entirely crosslinked after the sol-gel process or the reaction with a crosslinking agent.
This leads to further condensation during the pyrolysis at temperatures below 500 °C, characterized
by the evolution of H,0.8”# A dehydrocarbonation with a larger mass loss takes place from 500 °C to
~800 °C.8"88 Beyond 1000 °C, SiO,(1Cx undergoes phase separation, forming domains of SiO,, SiC, and
C.% The SiOCs produced at these temperatures are characterized by small amorphous silicon oxide

domains in the nanometer regime, which are surrounded by nanocrystalline graphite domains as
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shown in Fig. 7.8° The arrangement of these materials on a nanometer scale creates unique properties.
These SiOCs show a viscoelastic behavior, due to the graphitic domains and the electrical conductivity
highly increases along with the carbon content.® %© The carbon domains transition at high
temperatures from turbostratic carbon towards graphene layers by growth and ordered stacking.®
Pyrolysis temperatures above 1300 °C lead to a carbothermal reduction which results in the formation
of crystalline silicon carbides.’*? Therefore, the pyrolysis temperature for SiOCs is often carried out in
the range of 900-1300 °C. The optimum pyrolysis temperature for SiOCs as Li-ion anode material is
around 1100 °C, where graphitic domains can be obtained that improve the conductivity while no

crystalline SiC is formed.**

Figure 7: An exemplary structure of a SiOC ceramic with a large graphitic content.

The synthesis of SiC-CDC with gaseous chlorine (Eq. (12)) is well studied also because of the valuable
silicon tetrachloride as product, which was first established in 1918.% 99 Thereby, the carbide is
heated up to a synthesis temperature (>600 °C) before an excessive amount of chlorine is added.*
Higher temperatures up to 1200 °C leads to higher yields, a higher graphitic ordering, and higher pore
volume with larger average pore sizes.* ® The synthesis mechanism of the production of SiOC-CDC is
less studied, and further investigations have to verify the suggested reaction per Eq. (13). It is likely
that also silicon tetrachloride is one of the byproducts by the reaction of SiOC with Cl,. The yield of the
reaction is lower than the carbon content, which suggests that also carbon is removed.® It is possible

that the oxygen could be released by the formation of CO and CO, depending on the synthesis

temperature.
SiCs) + 2 Cly(g) > SiClagg) + Cis) (12)
(Si02xCx + ¥ Chree)(s) + 2 Clyg) = SiClaig) + 2 Cis) + i COyg) + j CO2(g) (13)

Depending on the process parameters, various carbon structures, such as turbostratic carbon,
amorphous carbon, onion-like carbon, polyhedral carbon, carbon-nanotubes, graphitic carbon, and

nanodiamonds, have been identified in CDCs.*® In addition to sp?-hybridized carbon, also an sp-
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hybridization can be found as minor carbon phase.®® The high porosity hinders the formation of large
graphitic domains. Therefore, nanocrystalline graphitic carbon is the most discovered carbon

modification for CDCs synthesized at around 1000 °C.%

2.1.3. Nitrogen-doped carbon

Doping graphene with heteroatoms (e.g., nitrogen) can benefit the electrochemical properties, for
instance via increasing the conductivity and the specific capacitance, by modifying the electronic
structure.®®*8 Nitrogen-doped carbons also form strong N-S bonds with the polysulfides in a LiS battery,

which reduces the detrimental polysulfide shuttling.9-1%°

Nitrogen-doped carbon materials may contain different types of nitrogen groups.’®1%® Fig, 8A
illustrates the structural formula of nitrogen groups in a graphene layer. Nitrogen-doping in this
context means that the nitrogen atom is replacing a carbon atom in the graphitic structure.'®! Graphitic
nitrogen (or quaternary nitrogen) is surrounded by three carbon atoms within a graphene layer.1%
Pyridinic nitrogen, pyrrolic nitrogen, and pyridine oxide groups also replace carbon atoms in a graphitic
structure, and at least one of their electrons contributes to the aromatic 1t system.®! They are typically
located on the edge of a graphene plane and have only two carbon neighbors.’®! Pyridinic nitrogen
groups donate one p-electron to the aromatic m system and have an additional electron pair.!
Pyridine oxide also contributes with one electron to the aromatic system, while the electron pair
establishes a bond to oxygen.'® Pyrrolic nitrogen bonds next to the carbon atoms to a hydrogen atom

and contributes two electrons to the 1t system.*!
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Figure 8: The structural formula of several nitrogen groups in a graphitic structure (A) and binding
energy measured by XPS of each group according to the Ref. 192193 (B),

The aforementioned nitrogen groups can be considered as nitrogen-doping groups; in addition, also
the formation of nitrogen functional groups can be found in nitrogen-containing carbon materials.

These functional groups (amine and amide) are located on the surface, and they do not contribute with
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one of their electrons to the aromatic nt system. The identification of nitrogen groups in carbon
materials is often carried out with X-ray photoelectron spectroscopy (XPS). The binding energies of the
aforementioned nitrogen groups are shown in Fig. 8B. Pyrrolic, amine, and amide groups have similar
binding energy that impedes clear identification.'%1% The binding energy of graphitic and pyridinic
nitrogen is also close to the value for the pyrrolic, amine, and amide groups.'°1% The close binding
energy combined with broad peaks make identification of nitrogen groups via XPS quite challenging
also considering that this technique is highly surface-sensitive with an information depth of only a few
nanometers. Therefore, other methods like thermal programmed desorption (TPD) may be needed to

complement the XPS analysis.

There is a large number of synthesis methods to produce nitrogen-doped carbons, which can be

104-106

classified as pyrolysis of nitrogen-containing carbon precursors, post-synthesis treatment of a

65-66, 107-108

carbon material with a nitrogen source, or in-situ pyrolysis of carbon precursors in nitrogen-

containing atmospheres'®, Suited nitrogen-containing carbon precursors for the direct synthesis are

104-105, 110 holypyrrole,i!! glucosamine,!'? polyaniline,*® or biomass®”- 113, The nitrogen

melamine resin,
content is reduced after the pyrolysis at high temperatures, while the ratio of graphitic to other
nitrogen groups increases.!*™11* Further activation steps to increase the porosity may reduce the
amount of nitrogen.'** Therefore, a templating method may be more attractive for nitrogen-containing
precursors. A post-synthesis treatment of porous carbon materials is well suited for activated and
templated carbon materials. Common liquid or gaseous reactants for this methods are NH3,%® HCN,®®
urea,’®” or HNO3!%®, Post-synthesis treatments often additionally form nitrogen functionalities instead
of pure nitrogen-doping, especially when they are carried out at low temperatures.®® 1% In-situ
pyrolysis in nitrogen containing atmospheres, like NHs, combines the physical activation according to
Eqg. (8-10) with the incorporation of nitrogen in the carbon structure and reduces the number of
individual synthesis steps.’® A formation of nitrogen-functionalities and nitrogen-doping depending
on the synthesis temperature can be obtained by the in-situ synthesis, which makes this method

attractive for further studies.

2.2. Electrochemical applications

2.2.1. Supercapacitors

A supercapacitor is an electrochemical energy storage device, which provides high specific powers but
low specific energies compared to state-of-the-art Li-ion batteries, as shown in Fig. 2.1 8 The most
common kind of supercapacitors is the electrical-double-layer-capacitor (EDLC) that stores energy by

the formation of an electrical double-layer.®® This is accomplished by electrosorption of ions from an
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electrolyte at the fluid-solid interface on the surface of the electrode.!’® These non-Faradaic reactions
on the interface are much faster than the intercalation of ions in a bulk material, which leads to a high
specific power of supercapacitors compared to Li-ion batteries (further discussed in chapter 2.2.3.).1%6
Another kind of supercapacitors are pseudocapacitors, where a surface or surface near faradaic
reaction leads to an enhanced specific energy combined with a capacitor-like behavior.'® Depending
on the operational parameters, supercapacitors typically combine a long cycling performance stability

and high Coulombic efficiency.1>116
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Figure 9: Schematic cell model (A) and typical cyclic voltammogram (B) of a symmetric supercapacitor
with porous carbon particles as the electrode material.

A scheme of an EDLC cell is shown in Fig. 9A, where two porous carbon electrodes face each other with
a non-conductive separator in-between. The residual space in the cell is filled with an ion-containing
electrolyte. The ions move toward the electrodes when a cell voltage is applied and are electro-
adsorbed on the electrode surface. Fig. 9B shows a typical rectangular cyclic voltammogram (CV) of a
supercapacitor and the absence of redox peaks. The capacitance of a classical capacitor increases
linearly to the surface area according to Eq. (14).2'” Therefore, a high surface area is needed to achieve
a large charge storage capacity in an EDLC. Highly porous carbon materials which can have specific
surface areas of up to 3000 m?/g and sufficient electrical conductivity are well suited as the electrode
material for supercapacitors.®

E9'ErA

C=2=— (14)
U d

with C: capacitance, Q: accumulated charge, U: applied voltage, €o: dielectric constant of vacuum, &
dielectric permittivity of the isolator, d: charge separation distance, and A: surface area of the

electrode.'V’

Generally, smaller pores yield a larger specific surface area. Yet, too small pores may become too small

for certain ions to fit in.}'®1% For example, tetraethylammonium tetrafluoroborate (TEA-BF,) is a
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common salt used in organic electrolytes with a cation diameter of 0.67 nm and an anion diameter of
0.45 nm.'?° The diameters of the solvated ions are even larger, for example, 1.30 nm and 1.16 nm for
TEA* and BF4, dissolved in acetonitrile (ACN), respectively.'?! Pores smaller than the ionic diameters

do not contribute towards the storage of ions by electrosorption.!®

Aqueous electrolytes have the advantage that the ionic diameters are typically smaller (e.g., 0.23 nm
sodium cation??), but the disadvantage of a smaller electrochemical stability window of only 1.23 V.18
It can be expanded up to 2.1V by an asymmetrical cell design and pH variations on the positive and
negative electrode.’?*1% A wide electrochemical stability window of an electrolyte is essential since

the stored electrical energy (Ee)) in Eq. (15) is proportional to the square of the applied voltage.'® 17
1
Eq=[UdQ=3C-U? (15)

with Ee: stored electrical energy, U: applied voltage, Q: accumulated charge, C: capacitance.!”

An alternative to aqueous and organic electrolytes with their limited stability window of ~1.2 V and
~2.7V, respectively, are room temperature ionic liquids (RTILs).'® 12 These latter are molten salts
which have a higher ionic concentration than aqueous or organic electrolytes. Many of these RTILs,
like 1-ethyl-3-methyl imidazolium tetrafluoroborate (EMIM-BF,;), are stable up to 3.5V.!%*
Nevertheless, there are still many open questions regarding the freezing, and the electrosorption

mechanism of ionic liquids in carbon nanopores.'?’
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Figure 10: Models to describe the electrical double-layer formation at the electrode-electrolyte
interface, with @: potential; @.: potential at the electrode; @;: potential in the solution; x: distance
from electrode; HL: distance of closest approach of charges (ionic radius); *: Stern layer; IH: inner
Helmholtz layer; OH: outer Helmholtz layer.
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Several models have been developed over time to quantify the electrical double-layer, and some of
these are shown in Fig. 10. Helmholtz described the electrical double-layer as two static layers of
opposite charge.’?® He proposed that the distance between the electrode and the ions is similar to the
ionic radius and that the voltage drops linearly across the interface. Gouy and Chapman revised the
model of Helmholtz by considering the thermal fluctuation, the applied voltage, and the concentration
of the ions, which leads to an exponential decrease of the potential.’?>% Otto Stern combined the
Helmholtz model with the Gouy-Chapman model by introducing the so-called Stern layer close to the
electrode where ions are absent to overcome the issue in the model of Gouy and Chapman where ions
are approximated as volume-free point-charges.’3! The solvation of ions leads to a charge screening
which reduces the electron density, as considered in the Stern-Grahame model.’3? It introduces an
inner Helmholtz layer where the ions are desolvated and adsorbed directly on the electrode and an
outer Helmholtz layer where the solvated ions are adsorbed on top of the first layer. The electric
potential across the inner and outer Helmholtz layer drops linearly with different slopes, while a diffuse
layer on top of the outer layer shows an exponential potential drop like in the Gouy-Chapman model.
These models consider a planar surface, but it is more accurate to describe a nanopore as cylinder or
3D pore structure.'®13% Huang et al. proposed that the stored ions inside a cylindrical pore can be
described as an electric double-cylinder capacitor for mesopores or electric wire-in-cylinder capacitor
for micropores.'*3 A modeling of these complex systems with the ions confined in pores is often carried

out via molecular dynamic computer simulations.3* 136

2.2.2. Capacitive deionization

lon electrosorption can also be applied to desalinate water.> 137 The process of capacitive deionization
(CDI) removes ions from an electrolyte by immobilizing them via the formation of an electrical double-
layer at the fluid/solid interface of the porous electrode material with the aqueous medium.3 137-138
The principles for CDI are similar to these of supercapacitors, which means that highly porous and
conductive materials, like porous carbons, are well-suited electrodes.> 37 While the electrolyte of a
supercapacitor is highly concentrated (~1 mol/L) to provide sufficient ion mobility and to prevent the
emergence of ion depletion, the electrolyte used for CDI is low-concentration brackish water
(~5 mmol/L).> ¥ The desalination of brackish water with CDI is attractive because less energy is
needed to remove a low number of ions compared to other desalination methods.® The lower salt
concentration used for CDI changes the charge storage process, and we have to consider co-ion
expulsion and counter-ion adsorption. Non-permselective ion swapping happens at low cell voltages,
where cations (Na*) and anions (CI") replace each other inside the pores.!*1%! Thereby, no additional

ions are removed out of the solution.'®® Higher cell voltages align with a larger total amount of
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transferred charge; at low molar concentration, this translates to a transition of non-permselective ion
swapping to permselective counter-ion electro-adsorption.’*®1#! Too high cell voltages may lead to
parasitic Faradaic reactions which increases the leakage current and oxidizes the carbon

electrode.> 140

A schematic CDI setup is depicted in Fig. 11. It consists of one reservoir for brackish and one for
remediated (fresh) water. Brackish water flows through the CDI cell were the ions are adsorbed when
applying an electric potential. The produced fresh water is collected in the remediated water reservoir.
The electrodes recover their desalination capacity after subsequent discharging or voltage reversal.
That solution increases its salt concentration during the electrode recovery, and it has to be collected
separately. The energy is also partly recovered by the release of the ions.’®® A new desalination cycle

can begin with brackish water after electrode regeneration via discharging.
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Figure 11: Schematic CDI set-up with the brackish water tank on the left, the CDI cell in the middle,
and the remediate water tank on the right.

Anion and cation exchange membranes are often used to separate the electrodes from the electrolyte,
which reduces the carbon oxidation which increases the lifetime of the carbon electrodes, and the
added permselectivity enhances the desalination capacity.? The electrode material should have a high
pore volume consisting of micropores because their contribution towards the salt removal capacity is
larger compared to meso- and macropores.’3® 142 Next to a high porosity also the surface groups of the
carbon material influences the performance of a CDI cell.** 13% 143 This regards the wetting behavior,
the reaction mechanism, the open circuit potential, and the electrode balancing to optimize the CDI
process.*> 13918 Syrface groups can also adsorb ions due to their chemical charge; these ions can be
released by applying a cell voltage, which (depending on the sign and amount of the charge) leads to
an inverse CDI peak reducing the salt adsorption capacity and efficiency in conventional symmetrical
CDI experiments.'* An asymmetrical CDI cell or inverted CDI system may benefit from inverse CDI

peaks and enhance the performance.'#® 4
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Also other materials, like layered transition metal carbides (MXenes) or TiO,/C hybrids, have been used
in the past few years to improve the stability of the electrodes and the salt removal capacity.3” 146
Such materials capitalize on the enhanced ion storage capacity inherent to some Faradaic processes
and enhanced electrochemical stability. These materials are very promising for future desalination

technologies and open the field for hybrid CDI and Faradaic deionization.** %7

2.2.3. Lithium-ion batteries

Lithium-ion batteries are the most commonly used battery types due to their high specific energy, high
efficiency, and long lifetime.'*” The set-up of a Li-ion battery is shown in Fig. 12A, where two electrodes
face each other with a separator in between. The free space in the battery is filled with a lithium-

containing electrolyte, like LiPFs dissolved in a mixture of ethylene carbonate and dimethyl carbonate.
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Figure 12: Schematic model of a conventional Li-ion battery with lithium metal oxide as the cathode
and graphite as the anode (A) and a half-cell model with a SiOC working electrode and metallic lithium
as the counter electrode (B).

The electrode materials in a Li-ion battery determine amongst other things the specific energy. LiCoO;
as intercalation cathode material as for Li-ion batteries was investigated in the early 1980s by the group
of John Goodenough.'*® Today, common cathode materials are lithium metal oxides, like LiCoO,,
LiNiO, LiMn,0s, LiFePO4, or a mixture thereof.!#” 143151 The electrochemical reactions of the Li-ion
battery which has LiCoO, as the cathode and graphite as the anode are provided in Eq. (16-18).147 1>2
The lithium ions are released from the metal oxide (cathode) during charging and intercalate in the
graphitic carbon (anode). Thereby, the graphite is reduced, while the LiCoO; is oxidized to
LizxCo0; (with x ~0.5).247 152

Cathode: LiCoO; = LizxCo0; + x Li* + x (16)

Anode: C¢ + x Lit + e = LixCs (17)
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Cell reaction: Cs + LiCoO; = LixCs + Li(14¢C00> (18)

The theoretical capacities of some cathode and anode materials are listed in Table 2. These selected
cathode materials have a theoretical capacity up to 272 mAh/g.**° The actual specific capacity of a Li-
ion battery is generally much lower because the lithium metal oxide cannot be completely delithiated
and other components of the cell, like the separator, current collector, polymer binder, and conductive
additive increase the weight of the whole device. Therefore, it is common to normalize the capacity to
the active mass of the electrode to compare different electrode materials for one battery or electrode
type. A comparison of various energy storage devices should be normalized to the mass of the whole
device, for example, as illustrated in the Ragone plot depicted in Fig. 2A. The increase of the capacity
of batteries can be obtained by optimization, for example by reducing the mass of the inactive material,

or using electrode materials with higher capacities.

Table 2: The theoretical capacity of selected cathode and anode materials for Li-ion batteries.

material theoretical specific Ref.
capacity (mAh/g)
cathode lithium cobalt oxide (LiCoO,) 272 150
lithium nickel oxide (LiNiO;) 192 151
lithium manganese oxide (LiMn,04) 148 149
lithium iron phosphate (LiFePO4) 170 147
anode lithium (Li) 3862 153
graphite (C) 372 154
lithium titanate (LTO, LisTisO12) 175 153
silicon (Si) 4200 154
silicon oxycarbide (SiOC) 372-1300 155

Graphite is the most popular anode material for Li-ion batteries, and it has a theoretical capacity of
372 mAh/g.’>* Metallic lithium anode has a theoretical specific capacity of 3862 mAh/g, but it is highly
flammable and may present severe safety concerns.>*>* Another high-energy alternative for the anode
is silicon, which has a theoretical capacity of 4200 mAh/g.>* In contrast to graphite or the layered
lithium metal oxides where Li* intercalates, silicon forms an alloy with Li* and results in Li»2Sis when it
is fully lithiated (Eq.(19)). Consequently, silicon expands massively by 400 %, which leads to a

pulverization of the electrode over time and drastically reduces the lifetime.1>* 156

5Si+22 Li* +22 e = Li»Sis (19)
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Another promising anode material for Li-ion batteries is SiOC, which was investigated in the past
years.’> 15 The theoretical specific capacity of these materials strongly depend on the chemical
composition (SiO@-29Cx+Ciree) and structure.® It is in between the values of graphite and Si with a
proposed maximum of 1300 mAh/g.’>> The graphitic domains of the SiOC increase the electrical
conductivity and lead to a viscoelastic behavior, which mitigates electrode pulverization.?® *°
Nevertheless, the reaction mechanism of SiOC with lithium in a Li-ion battery is still not fully
understood, and the vast variety of SiOC materials and structures complicates the identification of

individual processes.’ 1%

2.2.4. Lithium-sulfur batteries

The cathode of a state-of-the-art Li-ion battery consists of lithium metal oxides, which are expensive,
rare, and they have a low theoretical specific capacity (Table 2).2>” Beyond reversible Li* intercalation
between two electrodes, other lithium battery concepts capitalize on conversion reactions. One of
them is the lithium-sulfur (LiS) battery, in which the lithium reacts with molecular sulfur to lithium
sulfide and lithium polysulfides (Li,S, LizS, ..., Li.Ss) according to Eq.(20).° Thereby, maximum 16
electrons are transferred per 1 sulfur molecule which leads to a high theoretical capacity of

1672 mAh/g.’
S+ 16 Li*+ 16 & = 8 LixS (20)

A typical CV of a LiS battery is shown in Fig. 13B where two peaks occur during discharge at ~2.4 V and
~2.1V vs. Li/Li* and one peak during charge at ~2.5 V vs. Li/Li*. Several intermediates species (lithium
polysulfides) are formed at different potentials. The peak during discharge at ~2.4 V vs. Li/Li* indicates
the oxidation of the sulfur molecule (Sg) by the lithium ions to longer polysulfides (Li,Sa.g).2°81>° The
formation of Li,S and Li,S; takes place at ~2.1 V vs. Li/Li*.1*° These reactions overlap during the charging

cycle, and only one peak at ~2.5 V vs. Li/Li* can be observed.'®!

Sulfur as a cathode material provides high capacity, is abundant, cost-attractive, and low-toxic.
Nevertheless, the low electrical conductivity of sulfur and the soluble intermediates (lithium
polysulfides) are the main disadvantages.® A conventional approach to overcome these issues is the
confinement of sulfur in a conductive matrix.> Porous carbon materials are well suited as sulfur host
for LiS batteries due to their high conductivity, low weight, and high porosity. Various microporous,®*
183 mesoporous,® and hierarchical porous carbon composites'®* % have been investigated as sulfur
host. The confinement of sulfur and some polysulfides also reduces the polysulfide shuttling which is
one of the main causes for the reduced lifetime of LiS batteries.®> During polysulfide shuttling, dissolved

lithium polysulfides diffuse to the anode due to potential and concentration gradients.> The lithium
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polysulfides oxidize at the anode leading to a rapid capacity fading, an increase of the internal

resistance, poor Coulombic efficiency, and enhanced self-discharge.’

The schematic LiS battery cell is presented in Fig. 13A. The carbon/sulfur cathode is paired with a
metallic Li anode and a separator. The use of metallic lithium as an anode is often used for research to
focus on the performance of the cathode. However, it would be replaced by other anode materials for
commercial LiS batteries, due to aforementioned safety concerns.® A lithium-containing electrolyte like
lithium bis(trifluoromethanesulfonyl)imidate (LiTFSI) dissolved in a mixture of 1,2-dimethoxyethane
(DEM) and 1,3-dioxolane (DOL) is often used in such LiS cells.® This work concentrates on the use of

porous carbon materials as host for sulfur and its use in LiS batteries.
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Figure 13: Schematic cell model (A) and typical cyclic voltammogram (B) of a LiS battery.

Many ways can be found in the literature to implement the sulfur in a porous carbon material, like
melt infiltration, in-situ formation of sulfur inside the pores, or vapor phase infiltration.> 1’ Melt
infiltration is the most common method to infiltrate porous carbons with sulfur. Thereby, the carbon
is mixed with the sulfur in optimized ratio and heated up in an inert atmosphere to around 155 °C,
where the viscosity of sulfur is low.> 1¢7 The capillary forces lead to an infiltration of the sulfur into
carbon nanopores.® In addition to an optimized pore structure to confine the polysulfides inside the
pores, also heteroatoms like nitrogen may further increase the performance stability of LiS
batteries.’%” %8 The strong N-S bond increases the capacity and performance stability of LiS due to a
reduced polysulfide shuttling.'°* 1% Thereby, it was possible to obtain a very high specific capacity of
up to 1200 mAh/gsurr after 200 cycles.’® It is common to normalize the specific capacity of a LiS
battery to the mass of sulfur in the electrode, but these electrodes usually contain also the carbon
matrix, an additional carbon black as a conductive additive, and a polymeric binder, which are doctor
bladed on a metallic current collector. The electrode-normalized specific capacity in usually only 50-
60 % of the sulfur-normalized capacity.> 1°° Therefore, the ratio of the carbon matrix material and the

sulfur should be at least 1:2 to provide a sufficient capacity of the LiS battery.’
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Porous carbon materials with optimized properties are essential for high-performance electrochemical

applications. This dissertation focuses on the synthesis of nanoporous carbon materials and the

fundamental relationships between the materials properties and their electrochemical performance.

An overview of the synthesized materials and the investigated application is provided in Table 3.

Table 3: Overview of the publications with the focus of this dissertation (Ch.: Chapter).
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Chapter 4.1 explores phenolic resins as carbon precursors.'®*14 A commercial low-cost novolac was

used to prepare novolac-derived carbon beads with a self-emulsifying process, followed by pyrolysis

and physical activation with CO,.1%®° These materials were applied as an electrode for supercapacitors

in an organic electrolyte, aqueous electrolyte, and redox-active aqueous electrolyte.
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Chapter 4.2 investigates the salt removal performance of these CO, activated novolac-derived carbon
beads in brackish water (5 mM NaCl), which was lower than predicted by the porosity.?”° Therefore,
we analyzed the surface chemistry of the novolac-derived carbon beads. The functional groups on the
surface of the CO; activated samples caused an inversion peak and fast performance decay. Removal
of the functional groups by a hydrogen treatment at high temperatures was efficient to increase the

performance stability and the salt removal capacity.

Another characteristic of the novolac-derived carbon materials is the narrow pore size, which increases
with the activation time.'®® Therefore, we chose the novolac-derived carbon beads with an average
pore size of 1.2 nm as a model material to investigate the electrosorption of ionic liquids (EMIM-BF,4
and EMIM-TFSI) in nanopores (Chapter 4.3).1! Combining data obtained from electrochemical
dilatometry and quartz crystal microbalance measurements yielded quantitative information about
the electrosorption mechanism. We found that the charge storage mechanism of these electrolytes is
different at low and high states of charges. Concurrent co-ion expulsion and counter-ion adsorption of
smallions are predominant at a low state of charge, while permselective counter-ion adsorption occurs
mainly at higher states of charge, increases the electrode volume, and causes macroscopically

measurable expansion.

The introduction of nitrogen in the novolac-derived carbon beads was accomplished by a combination
of the pyrolysis and activation in NH; containing atmosphere (Chapter 4.4).22 The ammonia physically
activated the carbon materials and simultaneously introduced nitrogen groups. The nitrogen content
varied between 5-7 mass% depending on the synthesis temperature (750-950 °C). The SSAper was
increased from 865 m?2/g of the sample produced at 750 °C to 1827 m?/g for the sample produced at
950 °C. The larger porosity of the material made it interesting for the use as the electrode in a
supercapacitor. Half-cell and symmetrical full-cell supercapacitors were investigated with an organic
electrolyte (1 M TEA-BF4 in ACN), and we compared the performance of the NH; treated samples with

the CO, activated novolac-derived carbon beads.

Polysilsesquioxanes pyrolyzed to SiOC can serve as an attractive precursor to carbon synthesis as
outlined in Chapter4.5.”) We used the continuous Microlet method to produce spherical
polysilsesquioxane particles, pyrolyzed them, and carried out a thermal chlorine gas to produce
nanoporous SiOC-CDCs.8 17> Vinyltrimethoxysilane (VTMS) was added to the phenyltrimethoxysilane
(PTMS) solution to prevent the softening of the polymer particles at high temperatures. We varied
different ratios of VTMS and PTMS monomers to adjust the total pore volume (1.3-2.1 cm?/g), and the
average pore size (1.4-2.9 nm) of the CDC materials.® The resulting CDC materials showed an SSAp¢r

of 2000-2200 m?/g and they were tested as electrodes for supercapacitors in an organic electrolyte
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(1 M TEA-BF, in ACN) and an aqueous electrolyte (1 M Na,SO4). This study investigated the influence

of the pore volume and average pore size for the performance at high specific powers.

As shown in Chapter 4.6, nitrogen-doping of the SiOC-CDCs can be achieved by using nitrogen-
containing precursor (3-(phenylamino)propyl)trimethoxysilane (PAPTMS)) mixed with VTMS.}> A
similar alkoxysilane without nitrogen was also tested as a comparison. The polysilsesquioxanes were
pyrolyzed at 1000 °C, and the chlorine gas treatment was carried out at 600 °C, 800 °C, and 1000 °C.
The sample produced at 600 °C had a nitrogen content of 7 mass%, which was reduced to 4 mass% and
1 mass% for the samples synthesized at 800 °C and 1000 °C, respectively. The SSAper was in the range
of 1400-2300 m?/g, and the samples produced at 600 °C showed the lowest porosity. The normalized
pore size distribution of all materials was quite similar with an average pore size of 1.6-1.9 nm.
Thereby, we were able to compare the supercapacitor performance of materials with and without

nitrogen-doping, while the pore structure was highly comparable.

SiOC, which are obtained by the pyrolysis of polysilsesquioxanes, are also well-suited anode materials
for Li-ion batteries (Chapter 4.7). Methyltrimethoxysilane (MTMS), VTMS, and a mixture of VTMS with
PTMS were used to produce SiOC with different carbon contents (22-40 mass%).'’® Electrodes were
prepared with 5 mass% of carbon black (C65) as a conductive additive, and 5 mass% of sodium
carboxymethylcellulose (NaCMC) as a binder and 1 M LiPF¢ in ethylene carbonate/dimethyl carbonate
(EC/DMC) was used as an electrolyte in a half-cell vs. metallic lithium. Thereby, we explored the impact

of the carbon content of the SiOC on the specific capacity and cycling stability of the Li-ion batteries.

Chapter 4.8 explores the microporous activated and non-activated novolac-derived carbon materials
as host for sulfur and applied two different synthesis methods (melt infiltration and in-situ formation
of sulfur).?”® The pore volume of 0.3 cm3/g of the non-activated samples was not sufficient to host a
high sulfur content of ~¥66 mass% inside the micropores. The CO; activated samples had a higher total
pore volume and produced with sulfur a homogeneous C/S mixture by melt infiltration and in-situ
formation. The micropore structure and the infiltration method had a major influence on the

performance of the C/S mixtures in the LiS battery.

A gyroidal mesoporous carbon may further reduce the polysulfide shuttling.'’”1’® Therefore,
Chapter 4.9 explores gyroidal porous carbon using a commercial resol and a block copolymer.'’* We
applied the CO; activation and NHs; treatment during the pyrolysis to produce highly micro- and
mesoporous carbons with and without nitrogen groups. Sulfur was introduced in the gyroidal carbons
via melt infiltration. We investigated the influence of the activation method (CO,/NHs) and the

nitrogen groups on the specific capacity and cycling stability of a LiS battery.
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Abstract:

Carbon beads with sub-micrometer diameter were produced with a self-emulsifying novolac—ethanol—
water system. A physical activation with CO, was carried out to create a high microporosity with a
specific surface area varying from 771 (DFT) to 2237 m?/g (DFT) and a total pore volume from 0.28 to
1.71 cm3/g. The carbon particles conserve their spherical shape after the thermal treatments. The
controllable porosity of the carbon spheres is attractive for the application in electrochemical double
layer capacitors. The electrochemical characterization was carried out in aqueous 1 M Na,S04 (127 F/g)
and organic 1 M tetraethylammonium tetrafluoroborate in propylene carbonate (123 F/g).
Furthermore, an aqueous redox electrolyte (6 M Kl) was tested with the highly porous carbon and a
specific energy of 33 W-h/kg (equivalent to 493 F/g) was obtained. In addition to a high specific

capacitance, the carbon beads also provide an excellent rate performance at high current and potential
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ABSTRACT: Carbon beads with sub-micrometer diameter were
produced with a self-emulsifying novolac—ethanol—water system. A
physical activation with CO, was carried out to create a high
microporosity with a specific surface area varying from 771 (DFT) to
2237 mz/g (DFT) and a total pore volume from 0.28 to 1.71 cm3/g.
The carbon particles conserve their spherical shape after the thermal
treatments. The controllable porosity of the carbon spheres is
attractive for the application in electrochemical double layer
capacitors. The electrochemical characterization was carried out in
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aqueous 1 M Na,SO, (127 F/g) and organic 1 M tetraethylammo-

nium tetrafluoroborate in propylene carbonate (123 F/g). Furthermore, an aqueous redox electrolyte (6 M KI) was tested with
the highly porous carbon and a specific energy of 33 W-h/kg (equivalent to 493 F/g) was obtained. In addition to a high specific
capacitance, the carbon beads also provide an excellent rate performance at high current and potential in all tested electrolytes,
which leads to a high specific power (>11 kW/kg) with an electrode thickness of ca. 200 ym.

KEYWORDS: supercapacitors, porous carbon, energy storage, redox electrolyte, self-emulsifying

1. INTRODUCTION

Electrical double layer capacitors, also known as supercapacitors
or ultracapacitors, store electrical energy via fast ion electro-
sorption processes at the fluid—solid interface between a
charged electrode and electrolyte." Due to the nonfaradaic and
interfacial nature of this process, a supercapacitor typically
shows a power handling ability superior to lithium ion batteries
where the ions intercalate into a solid material with a suitable
(often layered) structure.” In consequence, supercapacitors
have higher specific power (800—2000 W/kg) than lithium ion
batteries (typical specific power, 100 W/kg).> Another
advantage of supercapacitors is their long cycling performance
stability and high Coulombic efficiency. However, this comes at
the price of a comparably low specific energy of 5—15 W-h/k%
for supercapacitor cells (lithium ion batteries, ca. 100 W-h/kg).

Commonly, electrodes for supercapacitor applications
employ micrometer-sized particles of nanoporous carbon
consolidated by the use of polymer binder.”> To further
enhance the power performance via fast ion transport, sub-
micrometer particles are of high interest.””” For example, using
an emulsion synthesis process, we have recently shown the
superior rate handling ability of sub-micrometer carbide-derived
carbon (CDC) beads with diameters ranging from 20 to 200
nm.'’ This aligns with the enhanced performance of nano-
meter-sized TiC powders, which demonstrate an enhanced
power rating compared to their micrometer-sized counter-
parts.® Yet, the necessity of chlorine gas to etch all noncarbon
atoms makes the production of CDCs less attractive to large
scale industrial processing. Also alternative synthesis methods

-4 ACS Publications  © 2016 American Chemical Society
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for sub-micrometer-sized carbon particles (especially spherical
ones) have been reported, such as camphoric carbon nanobeads
(ca. 80 m?*/g specific surface area (SSA))'" or spongy carbon
nanobeads (16 m?/g SSA),"> but commonly high porosity
values cannot be achieved without postsynthesis activation.

A well-established method to synthesize spherical particles
(including sub-micrometer diameter) is emulsion polymer-
ization."” The advantages of particle synthesis from emulsions
are (i) the simplicity of the setup and scalability, (ii) the
possibility to prepare a great variety of materials with a broad
range in particle sizes, and (iii) a flexibility on adjusting the
composition.'* The diameters of the emulsion’s liquid droplets
may range from 10 nm to 100 ym, and phenolic resins can be
used as carbon precursor for emulsion polymerization.”™"
Phenolic resin systems are formed with a base or acid catalyst
to obtain resoles or novolacs.”” Resoles can cross-link without
the help of cross-linking agents in contrast to novolacs which
can only cross-link by adding a hardener (e.g,, hexamethyle-
netetramine).”’ As reported in the literature so far, as-pyrolyzed
beads from phenolic resin may exhibit a specific BET surface
area (SSAgpr) up to 1131 m*/g which can be further increased
by physical or chemical activation.'”*" Typical SSAggr, which
can be obtained with physical or chemical activations of carbon
materials, are between 500 and 3100 m?/g.'®**** For example,
the physical activation of carbon microspheres (200—1000 ym)
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with CO, gas has been investigated by Singh and Lal, varying
the CO, flow rate, the gasification temperature, and the
activation time.'® An increased flow rate decreased the porosity
because of a shorter dwell time, while increasing the
temperature from 850 to 1150 °C led to an enhanced SSAggr
of up to 1031 m?/g while sacrificing the total yield of the final
product.'® A prolonged activation time from 5 to 15 h at 950
°C was the most effective step to increase the porosity: the
burnoff increased from 32 to 88 mass% while the SSAggr
increased from 574 to 3101 mz/g.16

To establish industrial production, Tennison (MAST
Carbon) developed the synthesis of nonspherical phenolic-
resin-derived carbon particles with a particle size of 1—50 pm.”*
By using physical activation with carbon dioxide, it was possible
to achieve SSAggr from 800 to 1500 m?/g.”* Later, Tennison et
al. improved the synthesis procedure to obtain phenolic-resin-
derived carbon with adjusted particle sizes between 5 and 2000
pm by using a water-in-oil emulsion.”> Using this approach,
they reached a SSAgpr of up to 750 m*/g with total pore
volume of ca. 1 cm®/g. The unique feature of their synthesis is
the use of pore formers, such as diols, diol-ethers, cyclic esters,
cyclic and linear amides, or aminoalcohols. These pore formers
do not react with the polymer but remain within the cross-
linked resin and can be removed in a later stage. An initial study
of the electrochemical properties of such novolac-derived
carbon microbeads was provided by Fernindez et al.*® These
beads were pyrolyzed at 800 °C and activated with carbon
dioxide at 900 °C to obtain a SSAggr up to 1773 m*/g and up
to 124 F/g capacitance in 1 M TEA-BF, in acetonitrile (ACN).

To overcome the inherently limited specific energy of
electrical double layer capacitor, the use of redox-active
electrolytes has emerged as a facile and powerful
approach.”’ = Unlike supercapacitors, redox electrolytes do
not limit the energy storage capacity of the system to ion
electrosorption at the fluid/solid interface at the electrode.
Instead, the electrolyte volume actively participates in the
energy storage mechanisms through soluble redox couples, for
instance, quinone/hydroquinone, iodine/iodide/triodide, ferri-
cyanide/ferrocyanide, or vanadium oxide.”>”' Redox electrolyte
systems provide not only a very high specific energy (10—50
W-h/kg) but also high specific power almost close to that of
supercapacitors.”” The latter can be explained by the enhanced
diffusion kinetic of the redox ions in the carbon nanopores
where the pore size is smaller than the equivalent diffusion layer
thickness.”* Thus, an electrode should exhibit a synergistic
combination of larger transport pores for the transport of redox
ions and a total high pore volume to provide a large reservoir of
redox-active species. This requirement can be met with
nanoporous carbon spheres with sub-micrometer size, where
the large intraparticle pore volume serves as reservoir, short
diffusion path lengths are provided via the small particle size,
and an additional reservoir for ions is provided by large
interparticle porosity.

Our work presents the synthesis of sub-micrometer novolac-
derived carbon (abbreviated as NovoCarb or PNC) beads by a
simple emulsion polymerization, followed by carbonization and
physical activation. The self-emulsifying characteristic of the
emulsion (novolac—ethanol—water) makes this synthesis
method particularly practical because no high shear mixer or
ultrasonic device is needed. This and the small particle size set
our synthesis apart from established approaches, such as that
developed by Tennison.”> For the highly nanoporous
NovoCarb spheres, we first establish the performance as a
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conventional supercapacitor electrode in aqueous (1 M
Na,SO,) and organic media (1 M TEA-BF, in propylene
carbonate, PC). Finally, the very high energy storage capacity of
the material is demonstrated for aqueous 6 M KI (potassium
iodide). Such a high molar concentration of potassium iodide
has not been studied before, and we benchmark all data vs
conventional activated carbon (AC, YP-80F from Kuraray).

2. EXPERIMENTAL DESCRIPTION

2.1. Synthesis of Ultrasmall Novolac-Derived Carbon Beads.
A 25 g amount of novolac (ALNOVOL PN320, Allnex Germany
GmbH) was dissolved in 100 mL of ethanol. The cross-linker, 2.5 g of
hexamethylenetetramine (TCI Deutschland GmbH), was dissolved in
500 mL of Milli-Q water. The novolac—ethanol solution was added to
the aqueous phase in a 1 L autoclave. The transparent solutions
became milky directly after the addition of the second phase, and the
self-emulsifying effect of the system eliminated the need for additional
stirring of the emulsion. A pressure of approximately 3 X 10° Pa of
nitrogen was applied to the autoclave before heating. The autoclave
was heated to 150 °C (measured inside the autoclave) with a heating
rate of S °C/min and held at this temperature for 8 h. The pressure
increased from 3 X 10° Pa to approximately 4.3 X 10° Pa during the
reaction. After synthesis, the suspension was freeze-dried using liquid
nitrogen to minimize agglomeration so that a dry powder was
obtained.

The novolac beads were pyrolyzed at 700 °C with a heating rate of
20 °C/min in argon (purity, 4.6) and held at this temperature for 2 h.
Subsequently, physical activation via CO, treatment (purity of CO,,
4.5) was carried out by heating to 1000 °C with a heating rate of 20
°C/min while CO, flow rate was controlled to 100 cm®/min at 1000
°C. The process time (denoted as X; see Supporting Information
Figure S1) was varied between 0 and 3 h to adjust the porosity of the
carbon beads. In this work, the activation time is reflected by the
subscript in the sample’s name; for example, PNC,, refers to phenol
novolac carbon (PNC = NovoCarb) that has been exposed to 2 h of
CO, activation.

2.2. Materials Characterization. The carbon beads were imaged
by a field emission scanning electron microscope (SEM; JEOL-JSM-
7500F from JEOL Ltd.) and a transmission electron microscope
(TEM; JEOL JEM-2100F operating at 200 kV). The bead diameter
was measured on the basis of the SEM images with ImageJ 1.47t for a
number of 150 beads.”® Chemical characterization via CHNS analysis
was carried out with the Vario Micro Cube of Elementar GmbH with a
temperature of the reduction tube of 850 and 1150 °C of the
combustion tube. The device was calibrated with sulfanilamide.

Raman spectra were measured with a Renishaw inVia Raman
Microscope, equipped with a grating of 2400 lines/mm and a 50X
objective (numeric aperture, 0.9), reaching a spectral resolution of
~1.2 cm™". An Nd:YAG laser with an excitation wavelength of 532 nm
was used. The acquisition time was 20—30 s, and 3—10 accumulations
were used to enhance the signal-to-noise ratio. After the background
noise was subtracted from the obtained Raman spectra, the D- and G-
peaks were fitted with a Voigt function, as was the background
contribution.

The nitrogen and carbon dioxide gas sorption analyses were carried
out with a Quantachrome Autosorb iQ system. The pyrolyzed and
activated samples were degassed at 150 °C for 1 h and subsequently
heated to 300 °C and kept at this temperature for up to 20 h at a
relative pressure of 0.1 Pa to remove volatile molecules from the
surface. The nitrogen sorption analysis was performed in liquid
nitrogen at —196 °C and the carbon dioxide sorption analysis at 0 °C
using ethylene glycol as cooling agent. The relative pressure with
nitrogen was § X 10~ to 1.0 in 76 steps and 4.5 X 10™* to 1 X 10~% in
55 steps for the CO, measurements. The pore size distribution (PSD)
was derived using the quenched-solid density functional theory
(QSDFT), assuming slit-like pores, for the nitrogen measurements
and the nonlocal density functional theory (NLDFT) for the carbon
dioxide measurements.>* ™3¢ The specific surface area (SSA) was also
calculated using the Brunauer—Emmett—Teller equation (BET) in the
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linear regime of the measured isotherms, typically 3 X 107 to 2 X 107"
(relative pressure), with a Quantachrome Autosorb 6B.*7 All
calculations were performed with the ASiQwin-software 3.0, and the
average pore size was calculated by volume weighing (i.e., ds, value =
cumulative pore size corresponding with half of the total pore
volume).*®

The novolac beads were pyrolyzed in an Ar atmosphere (purity,
4.6) in a thermogravimetric analysis (TGA; TG209F1 Libra from
Netzsch) with a heating rate of 10 °C/min to 1100 °C. A similar
experiment was performed in a CO, atmosphere (purity, 4.5) with the
pyrolyzed sample. The pyrolysis in Ar (purity, 5.0) was also
investigated in a TGA with mass spectrometer (TGA-MS;
STA449F3 Jupiter and QMS 403C Aéolos from Netzsch). The
density of the NovoCarb particles was measured by helium
pycnometry (AccuPyc 1330 pycnometer from Micromeritics; purity,
5.0).

2.3. Electrochemical Measurements. Freestanding carbon
electrodes were prepared either with NovoCarb beads or commercially
available activated carbon (AC, YP-80F from Kuraray) by applying
polytetrafluoroethylene (PTFE; 60 mass % in H,O) as binder. After
dispersing the carbon material in ethanol, the PTFE solution was
added. Then, the mixture was crushed in a mortar during the
evaporation of the ethanol. The doughy carbon paste was then rolled
out via a rolling machine (HRO1 hot rolling machine from MTI
Corp.). Finally, 120—220 pm thick freestanding electrodes were
produced with 5—10 mass % PTFE for the AC based electrode and 9—
12 mass % for the NovoCarb beads. Afterward, the electrodes were
dried in a vacuum oven at 120 °C for 48 h at 2 X 10° Pa. For the cell
assembly, an electrode disc was punched out of the rolled blank with a
diameter of 12 mm. The active electrode mass varied between 2 and
1S mg depending on the activation time (Supporting Information
Table S1) since the particle packing and electrode thickness were kept
constant.

For the organic electrolyte (1 M TEA-BF, in PC; BASF, battery
grade) and the aqueous system (1 M Na,SO, in Milli-Q water; Sigma-
Aldrich), custom-built cells were assembled employing a symmetrical
two-electrode setup.’® In order to minimize the contact resistance
between the cell piston made of titanium and the electrode, a carbon-
coated aluminum current collector (type Zflo 2653, Coveris Advanced
Coatings, Matthews, NC, USA) was placed between the electrode and
the cell piston made of titanium for measurements in organic media. In
aqueous media, we used a platinum current collector instead. The
electrodes were separated with a glass-fiber separator with a diameter
of 13 mm (GF/A, Whatman, GE Healthcare Life Science). Before the
cells were filled with the organic electrolyte in an argon-filled glovebox
(MBraun Labmaster 130; O,, H,O < 1 ppm), they were dried at 120
°C and at 2 X 10° Pa for 24 h.

For the redox electrolyte system, a custom-made cell with graphite
current collectors (10 mm thickness) was used with two-electrode
configuration using two symmetric electrodes with a diameter of 12
mm. A schematic drawing is provided in Supporting Information
Figure S2. To prevent the possible redox shuttling of the redox ions
between anode and cathode,* a cation exchange membrane (FKS15,
FuMA-Tech; thickness, ca. 15 um) was used as a separator. In order to
provide an effective seal for the membrane, polymer gasket layers were
placed between graphite current collectors and the membrane.
Through the circular inner cut (1.33 cm?) of the gaskets, the
electrodes were placed between the membrane and the current
collector. Before the cell assembly, the electrodes were soaked in the
redox electrolyte (1 or 6 M KI) with application of vacuum (10* Pa)
for S min for degassing. During the cell assembly, the electrolyte was
dropped on the electrode and the empty space in the gasket inner cut
was completely filled with the electrolyte as the cell was sealed
afterward.

All of the electrochemical measurements were conducted with a
VMP300 potentiostat/galvanostat form BioLogic. From the obtained
data, the specific capacitance was calculated with eq 1 from cyclic
voltammograms (CVs) and with eq 2 for data from galvanostatic
cycling with potential limitation (GCPL). The calculated capacitance
values in this work are always the average of two measurements with a
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standard deviation below 10%. To compare the capacitance of
different materials, it is common to normalize the capacitance to the
active mass of the electrode material.*!

I(t)

ST (du(e)/deym (1)

where Cg is the specific capacitance per electrode; I(t), the discharge
current; dU(t)/dt, the scan rate; and m, the mass of carbon in the
electrode.

_ 4Qdis

C
s Um

)
where Cg is the specific capacitance per electrode; Qg the charge of
the discharging cycle; U, the IR-drop corrected cell voltage; and m, the
mass of carbon in the electrode.

For the calculation of the specific energy (W-h/kg) of the cells with
the redox electrolyte, eq 3 was applied by integrating the cell voltage
with respect to the discharging time measured in GCPL mode.

i

E = U dt

®)

where E is the specific energy of the cell; i, the constant current
applied during the measurement; and m,,, the total mass of the two
carbon electrodes of equal weight.

To determine the electrochemical stability window of KI aqueous
solution with AC activated carbon and NovoCarb beads, a voltage
opening test with cyclic voltammetry was initially applied to the cells at
the scan rate of 1 mV/s from 0.6 to 1.4 V in intervals of 0.05 V. In
order to characterize rate handling performance, CV, and GCPL were
carried out in a full cell (symmetric two-electrode setup) with 1 M
TEA-BF, in PC, 1 M Na,SO,, or 1 or 6 M KL

For long-term stability testing, voltage floating was performed with a
battery cycler (BAT-SMALL battery cycler from Astrol Electronic AG)
with a symmetric two-electrode cell configuration. The voltage was
kept at 1.2 V in aqueous and at 2.7 V in organic electrolyte for 100 h,
and the specific capacity was measured every 10 h by galvanostatic
cycling (aqueous, 1.2 V; organic, 2.5 V). In the case of the redox
electrolyte system, a galvanostatic cycling test was carried out at 1 A/g
from 0 to 1.4 V in a symmetric two-electrode configuration.

2.4. Electrochemical Dilatometry. The height change (strain) of
the carbon electrodes during charging and discharging was measured
with a ECD-nano dilatometer from EL-CELL. The dilatometer cell is
based on a two-electrode design using an oversized PTFE-bound AC
as counter and quasi-reference electrode. The investigated electrodes
were compressed between the separator and a movable titanium
plunger with a constant weight load of 10 N. Prior to the experiments,
the cell was dried for 12 h at 120 °C under vacuum (2 kPa). A DP1S
displacement transducer (Solartron Metrology), with an accuracy of
15 nm, was used. The experiments were performed at constant
temperature of 25.0 % 0.1 °C using a climate chamber (Binder). Prior
to the electrochemical characterization, the cell was conditioned with a
holding period at 0 V vs carbon for 10 h followed by five charge/
discharge cycles between 0 and 2.5 V vs carbon, and only data of the
fifth cycle are shown.

Myotal

3. RESULTS AND DISCUSSION

3.1. Morphology and Porosity. Electron microscopy
confirmed conservation of the spherical droplets structure
generated in the emulsion after polymerization and pyrolysis
(Figure 1A,B). Image analysis yielded an average number-
dependent sphere diameter of 302 + 142 nm for PNCy,.
Transmission electron microscopy (TEM) also showed the
highly homogeneous character of the beads with no differ-
entiation, for example, between core and shell. The overall
nonordered character of the carbon is also evident from the
absence of lattice fringes or visible crystalline domains (Figure
1B, inset). As seen from Figure 1C,D, the size of the particles
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Figure 1. SEM images (A, C) and TEM images (B, D) of PNCy, (A,
B) and PNCy;, (C, D). Box—whisker plot (E) with maximum and
minimum, upper and lower quartile, and number-dependent average
and median of the carbon beads after the pyrolysis PNCy, and after
CO, activation (PNCy,s5, PNCy sy PNCyy, PNC, 5, PNCyy, PNC, g,
and PNCy,).

after 3 h of CO, activation was significantly reduced to 104 +
40 nm as was the spread of minimum and maximum diameters
(Figure 1E and Supporting Information Figures S3 and S$4). No
significant change in bead diameter was encountered for CO,
activation up to 2.5 h. The noncrystalline character of the
carbon beads can be seen well from high resolution TEM
micrographs (Figure 1D, inset) and the increased transparency
of CO,-treated beads indicates that the particles became less
dense through removal of carbon by the physical activation (see
also Supporting Information Figure SS).

To further investigate the pyrolysis process and CO,
activation as a facile way to enhance the porosity of NovoCarb
beads, we carried out thermogravimetric analysis. The TGA
data presented in Figure 2A show the mass loss of the carbon
beads during the pyrolysis and the CO, treatment. The
pyrolysis of phenolic resins can be classified in three phases.”
The small mass loss at approximately 100 °C was not part of
the three stages of the pyrolysis and was caused by desorption
of water and other light molecules (e.g., ethanol and ammonia;
Supporting Information Figure SS). The first stage is identified
by the formation of cross-links and the evolution of water and
other condensates between 200 and 500 °C. The second stage
is dominated by breaking cross-linking bonds between 400 and
800 °C (i.e., amino, methylene, and oxygen groups). This leads
to the evolution of water, carbon monoxide, nitrogen, and
amino groups among others (Supporting Information Figure
SS). The oxygen signal is dropping at approximately 350 and
630 °C because of the evolution of carbon dioxide. The residual
oxygen of the Ar flow is also reacting with the sample during
the pyrolysis, and the final stage (560—900 °C) is dominated by
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the production of hydrogen by the splitting of hydrogen atoms
directly bonded to benzene nuclei”™™ Pyrolyzed carbon is
formed in this temperature range via the coalescence of
aromatic rings, and the yield is 48 mass % at 700 °C and 43
mass % at 1100 °C of the initial sample mass. During the CO,
treatment, we observed a massive oxidation-induced mass loss
above 950 °C and adjusted the activation parameters to 1000
°C for this study.

As seen from electron micrographs, the beads became
smaller and rougher with progressed activation (Figure IC—E).
With an additional decrease in contrast, TEM images indicate
an increase in particle porosity, while the small nanopores
themselves cannot be resolved by the imaging method directly.
A more detailed characterization of the porosity of the beads
prior to and after thermal activation with CO, for different
durations can be gained by gas sorption analysis (GSA), as
shown in Figure 2B—D.* Values for the mass loss, SSAzgy and
SSApgr, total pore volume, and average pore size are provided
in Table 1. The pyrolyzed carbon beads showed exclusively
micropores with pores only smaller than 0.8 nm and a SSApgr
of 771 m?/g. The average pore size was 0.5 nm which is similar
to the calculated molecular diameter of ethanol (0.52 nm),"
indicating the role of ethanol as a pore former. The CO,
activation and the increase in activation time led to a higher
total mass loss. The SSApgr also increased to reach a maximum
of 2237 m*/g (SSAggr, 3104 m?/g) with a total pore volume of
1.71 cm®/g at a mass loss of 90 mass %. These values are similar
to the highest SSAggT reported in literature for activated carbon
materials.'®**”* Progressing activation caused a coalescence of
the pores and a progressing increase of the average pore size.
Finally, the enhanced pore coalescence at an activation of more
than 2 h led to an ultimate decrease of the SSA and total pore
volume while the average pore size constantly increased (Figure
2B). Additionally, the width of the pore size dispersity
increased from 0.3 to 1.1 nm (PNCgy) to 04—2.0 nm
(PNCy;) and to 0.5-3.4 nm (PNCyy,).

3.2. Structure, Density, and Chemical Composition.
TEM micrographs (Figure 1) evidenced the amorphous nature
of NovoCarb beads and the lack of crystalline ordering after
pyrolysis and CO, activation. Further insights into the carbon
structure can be gained by means of Raman spectroscopy
(Table 2). The Raman spectrum of PNC, is shown in Figure
S6A (Supporting Information) with the fitted peaks for D-
mode (at 1345 cm™) and G-mode (at 1602 cm™). The Ip/Ig
ratio can be used to calculate the average in-plane domain size
(L,),** for example with the Tuinstra—Koenig45 or the Ferrari—
Robertson equation.46 To understand the data, we need to
consider that the two equations are only valid for different
domain sizes: the Tuinstra—Koenig (TK) equation can be used
for L, < 2 nm and the Ferrari—Robertson (FR) equation for L,
> 2 nm."”” We have to assume a transition in the values from the
TK to the FR model, as shown in Figure S6C. Starting from an
amorphous polymeric precursor, the pyrolyzed carbon showed
a relatively small L, of 1.4 nm. This value slightly increased after
activation due to the longer holding time at higher temper-
atures and the removal of nongraphitic carbon for PNC,s,
(1.5 nm) and PNCy, (1.7 nm). For longer activation durations
and L, close to the critical domain size of 2 nm, we have to
transition to the use of the FR model. Accordingly, the L,
values for PNC,;, to PNCjy, showed a small level of variation
between 2.3 and 2.5 nm.

The two competing effects of graphitic domain size growth at
high temperatures and the removal of carbon atoms by the
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Figure 2. TGA of the pyrolysis of novolac beads in Ar atmosphere and of the CO, treatment of the pyrolyzed beads recorded with a heating rate of
10 °C/min (A). Correlation of SSAppy, average pore size, and mass loss on the CO,-activation time (B). Nitrogen sorption isotherms at —196 °C on
carbon beads (C). Cumulative pore size distributions of the CO, (at 0 °C) and N, (at —196 °C) gas adsorption measurement of the samples PNCy,
PNC,,, PNC,,, and PNCy, (D).

Table 1. Mass Loss of the Beads Introduced by the Pyrolysis Table 2. Peak Fitting Results of the Raman Spectra, with

and CO,-Activation and Surface Characteristics of the Position of the D- and G-Mode, the FWHM, I,/I; Ratio and
Carbon Beads” L,
mass loss SSAppr  SSAggr  total pore vol  av pore mode position (cm™?) FWHM (em?) Ip/I; L, (nm)
(mass %) (m*/g)  (m’/g) (cm’/g) size (nm)
PNCy, D 1345.0 165.9 2.49 143
PNCy, 49 771 624 028 05 G 16019 667
PNCoasp §7 1125 998 0.44 0.6 PNCyys, D 1346.2 1735 232 185
PNCys; 63 1434 1433 0.57 0.7 G 1600.8 747
PNCyy 78 1921 2383 105 11 PNC,5, D 1345.7 164.5 200 171
PNC, 4, 84 1982 2633 1.32 14 G 1597.8 81§
PNCy, 20 2237 3104 171 18 PNC,, D 1339.6 1329 217 249
PNC,, 94 1792 2571 1.58 2.0 G 16012 612
PNCy, o7 851 1189 088 22 PNC,5, D 13394 1267 203 231
AC 1756 2347 L1s 16 G 16018 62.4
“For data on AC, see also ref 61. PNC,, D 1336.2 1229 2.07 2.39
G 1600.9 59.4
PNC, D 1335.1 1222 208 237
physical activation influence the domain size of the carbon G 1599.8 587
materials, as also seen from Raman spectroscopy (Supporting PNCs, D 1335.1 1220 211 241
Information Figure S6c). The position of the D-mode shifted G 1599.7 79
from 1345 to 1335 cm™ when increasing the activation time.
For comparison, the G-mode of all samples was located at The analysis of the skeletal density supports the transition
approximately 1600 cm™', which indicates partially graphitic toward a higher degree of carbon ordering. Initially, the density
carbon, as also supported by a range of I,/I; ratio between 2.02 of the pyrolyzed carbon beads was 1.99 + 0.01 g/cm® For
and 2.49."° For the physical activation, we have to consider the comparison, glassy carbon has a density of 1.48 g/cm’ and
preferential etching of less-ordered carbon in addition to graphite of 2.25 g/cm®* Activation led to an initial increase of
structural ordering caused by the thermal treatment. the skeletal density after 1 h (2.33 + 0.08 g/cm?), as shown in
9108 DOI: 10.1021/acsami.6b00669
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Table 3. Results of the CHNS Analysis”

C (mass %) H (mass %)

ALNOVOL PN 320 734 + 1.7 5.83 + 0.27
polymer beads 70.8 £ 1.3 6.32 £ 222
PNC,, 92.6 + 1.5 1.34 + 0.02
PNCoash 90.7 £22 1.04 + 0.03
PNC, s 904 + 1.6 113 + 0.02
PNC,, 90.1 + 2.8 0.82 + 0.05
PNC, 4, 90.4 + 8.7 0.77 £ 0.04
PNC,, 89.3 + 2.5 090 + 0.13
PNC,, 82.1 + 4.5 0.66 + 0.40

N (mass %) S (mass %) AO (mass %)

<0.2 b.d. 20.8 £ 1.7

23 +£0.1 b.d. 20.5 + 2.6
<04 b.d. 57+ 1§
<0.5 b.d. 7.8 £23
<04 b.d. 81+ 1.6
<0.5 b.d. 8.6 + 28
<0.5 b.d. 83 + 87
<0.8 b.d. 9.0 + 2.6
<0.7 b.d. 16.6 + 4.6

“The difference to 100% is attributed to oxygen and listed as AO; as no other elements were seen by elemental analysis with energy-dispersive X-ray
analysis (EDX), the value for AO is an approximation for the actual oxygen content (b.d.: below limit of detection).

Figure S7 (Supporting Information). This value is relatively
high compared to other CO,-activated resol-derived carbons in
the literature (2.2 g/cm?; see ref 24), and this can be explained
with the removal of less-dense material by the CO, activation
and enhanced structural ordering of disordered carbon at high
temperature. Continued CO, activation decreased the density
to 1.95 + 0.07 g/cm3 after 1.5 h and to 1.51 + 0.05 g/cm3 after
2 h (the latter is the sample with the highest SSA and pore
volume). The measured skeletal density after 2.5 h of CO,
treatment was the lowest, namely, 1.44 + 0.05 g/cm® (sample
showing an onset of decreasing SSA).

Chemically, as shown by EDX analysis exemplified for
PNCy, the beads predominantly consisted of carbon with some
amounts of oxygen (Supporting Information Figure S8). These
data were characteristic for all samples. The much higher
sensitivity and accuracy of CHNS analysis allow a more precise
quantitative analysis. Since EDX did not detect other elements
outside the CNHS system except oxygen, we used the latter
method to also assess the oxygen content (referred to as AO;
Table 3). Initially, the novolac beads showed a carbon content
of 70.8 mass %, which increased after pyrolysis to 92.6 mass %
and decreased after CO, activation to 90.7 to 82.1 mass %
(with a major decrease of the carbon content PNC, ;). While,
after pyrolysis, AO was decreased from 20.5 to 5.7 mass %,
CO, activation led to a slight increase to 7.8—9.0 mass % (for
PNCy,s, to PNC,,). The hydrogen content decreased from 6.3
mass % of the polymer beads to a nondetectable level after
pyrolysis. The nitrogen content was lowered after the pyrolysis
from 2.3 mass % to only <0.4 mass %, yet the nitrogen content
increased after the CO, activation to <0.8 mass %, which can
be explained by the preferred removal of carbon (ie., the
nitrogen content only increased relatively).

3.3. Supercapacitor Performance in Aqueous and
Organic Electrolytes. Electrochemical characterization
(Table 4) of NovoCarb beads as supercapacitor electrodes
was carried out for aqueous (1 M Na,SO,) and organic
electrolyte media (1 M TEA-BF, in PC). Aqueous media are
highly attractive because of the reduced energy required during
supercapacitor manufacturing invested for thorough drying of
the electrode materials and the low electrolyte costs.”’
Especially pH-neutral electrolytes are very promising because
of their high electrochemical performance stability and
beneficial voltage window.”' Organic electrolytes are currently
in widespread use for commercial supercapacitors because of
their extended voltage window up to 2.7 V, although ion
mobility is lower than in aqueous media.’® The cyclic
voltammograms of the carbon beads (Figure 3A,B) show that
even a short physical activation (e.g,, PNC,s,) was sufficient to
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Table 4. Specific Capacitance of the Carbon Beads in
Aqueous 1 M Na,SO, and 1 M TEA-BF, in PC (n.d., Not
Determined; for Comparison, Data for AC Given As Well)

specific capacitance in

specific capacitance
aqueous 1 M Na,SO, (F/g)

in 1 M TEA-BE, in PC (E/g)

AC 140 103
PNCy, nd. 1
PNCy,s, 84 44
PNCys, 89 84
PNC,, 117 112
PNC, 127 123
PNGC,, 123 123

enable enhanced double layer capacitance. As the only
exception, the nonactivated pyrolyzed material (PNC,,) did
not yield stable electrochemical performance in aqueous media
and was deselected for further characterization. In general,
longer activation enhanced the SSA and a higher specific
capacitance can be seen. The highest capacitance of 127 F/g at
1.2 V was achieved after 1.5 h of CO, activation, even though
the highest SSA was achieved after 2 h. Obviously, limitations
to the achievable specific capacitance of highly porous carbons
with high surface area are encountered,”” such as limited
interfacial capacitance in carbon nanopores with very thin walls
and incomplete charge screening.”

Like in aqueous media, the CVs showed also the behavior of
a near-ideal capacitor in 1 M TEA-BF, in PC (Figure 3B) for an
activation duration of 0.5 h or longer. A maximum of 123 F/g
was measured for PNC, 5, and PNC,;, at 2.5 V. All CV were
pronouncedly rectangular with a continuous increase in
capacitance for higher cell voltages (known as butterfly shaped
CV) stemming from electrochemical doping.>”** As an
exception, the CV of PNC, g, showed a continuous narrowing
and reduced capacitance at higher voltages which was not
observed in aqueous media (Figure 3A). This effect can be
explained by steric (volumetric) effects as shown by Segalini et
al. for nanoporous carbon with a very narrow pore size
distribution and an average size of 0.68 nm (TiC-CDC) for 1
M TEA-BF, in ACN as electrolyte.”> For comparison, the ionic
diameters of ACN-solvated TEA" and BF,” are 1.30 and 1.16
nm, respectively, and similar values are expected for PC (1.35
nm for TEA* in PC and 1.40 nm for BF*" in PC).*° Ion
electrosorption in pores smaller than this value is accomplished
by (partial)®” desolvation (ionic diameter, 0.67 nm for TEA*
and 0.45 nm for BF,”).”® Smaller ion diameters are expected
for the aqueous media, and, thus, no such effects were seen for
PNCy,q, in 1 M Na,$O,°° In our case, PNCy,s, had an
average pore size of 0.6 nm which poses severe accessibility
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Figure 3. CVs of the carbon bead film electrodes in aqueous 1 M Na,SO, (A) and in 1 M TEA-BE, in PC (B) with a scan rate of S mV/s. Rate
handling of the film electrodes in aqueous 1 M Na,SO, (C) and in 1 M TEA-BF, in PC (D) from a range of specific current of 0.1—50 A/g. For
comparison, the rate handling ability of a conventional activated carbon (AC) is added as well to panels C and D. Long-time floating stability testing
in aqueous 1 M Na,SO, at 1.2 V (E) and in 1 M TEA-BF, in PC at 2.7 V (F).

limitations to the electrolyte ions in organic media (Table 1).
CO, activation for at least 0.5 h was sufficient to yield an
average pore size of 0.7 nm or more and no steric hindrance,
and resulting CV deformation is observed.

In situ electrochemical dilatometry supports that PNCg,
suffered from volumetric restrictions to ion electrosorption in
sub-nanometer carbon micropores (Supporting Information
Figure S9). In particular, we see an increased strain of PNC,;,
when compared to PNCg,. At 75 C/g, PNC g, shows a small
expansion of 0.07%, compared to 0.05% of PNCyy, and the
values divert at 175 C/g, namely, 0.29% and 0.22%,
respectively. The ion sieving effect leads to a higher desolvation
of ions to fit into the pores of PNCy,s; and a higher total strain
of the electrode. PNCy, with even smaller pores (average pore
size = 0.5 nm) and moderate specific surface area (SSAppy =
771 m*/g) yielded a negligible specific capacitance of around 1
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F/g (since the ion radius of bare BF, is 0.45 nm) and, in
comparison, a severely enhanced strain of 0.28% at 75 C/g.>*
These data align well with the increased pore swelling caused
by steric effects when the pore size rivals the ion size shown by
Hantel et al. for TiC-CDC in 1 M TEA-BF, in ACN with in
situ electrochemical dilatometry.*’

All NovoCarb samples showed an excellent rate handling
ability in aqueous media with a loss of capacitance of less than
7% at 1 A/g (Figure 3C). Activation for 1 h or longer enabled
one to maintain more than 77% of the initial low rate
capacitance at a high specific current of 50 A/g. This high
power handling ability is also reflected by the very small
distortion of CVs at very high scan rates of 1 V/s, as
exemplified for PNC,, (Supporting Information Figure S10A).
For all activation conditions in aqueous Na,SO,, the measured
power performance was also superior compared to a conven-
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Figure 4. Galvanostatic charge/discharge curve at 50 mA/g (A) and the rate characteristics (B) obtained at various specific power in the cell voltage
range from 0 to 1.4 V for different redox electrolyte systems. AC is a standard activated carbon used for the comparison of the performance for 1 and
6 M KI (aqueous). The electrochemical stability window was evaluated by the S-value method for 6 M KI with AC or PNC,;,. The inset shows the
cyclic voltammogram of the cell with PNC,;, in 6 M KI at 1 mV/s for the cell stability window of 1.4 V. (C). Cyclic stability testing of PNC,;, in 6 M
KI in the cell voltage range from 0 to 1.4 V at 1 A/g for 10,000 cycles and galvanostatic charge/discharge curve of the first few cycles (D).

tional nanoporous AC, for which the specific capacitance
dropped to 86% at 1 A/g of the initial capacitance and to 73%
at 10 A/g. In PC, a much lower overall rate handling is
observed in agreement with the much lower ion mobility.®!
Perfectly aligning with the accessibility issues seen from CV and
dilatometry, we see a very poor rate handling for PNC, and
PNC,,s, (Figure 3D). On-setting for an activation time of 0.5 h
(corresponding to an average pore size of 0.7 nm), we see an
enhanced power performance and PNCy; already significantly
surpasses the values seen for the activated carbon reference. In
detail, PNC;, provided 78% of the initial capacitance at a very
high specific current of 10 A/g compared to 52% for AC. The
beneficial power handling ability of NovoCarb is also
exemplified for PNC,, when sweeping the scan rate in CV
up to 1 V/s.

The enhanced power handling ability may relate to the sub-
micrometer size of the NovoCarb beads used in this study. This
aligns with the conclusions drawn by Perez et al. that
nanosizing is an effective tool to enhance the rate handling
ability even when comparing materials with virtually identical
pore size distribution.” Consequently, the improved power
performance of NovoCarb beads over micrometer-sized
activated carbon is well-explained. When compared to spherical
carbide-derived carbon with an average particle diameter of ca.
150 nm, we still see an enhanced performance of NovoCarb. In
particular, the mentioned CDC beads material maintained at 20
A/g 80% of the initial low rate capacitance of 110 F/g (in
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relation to one electrode) in 1 M Na,SO,, which is lower than
what we obtained for the best-performing NovoCarb beads
(i.e., 88% PNCy, with an average bead diameter of 255 nm)."

The stability of the NovoCarb is shown in Figure 3EF for
the aqueous and organic electrolytes. Voltage floating is a more
demanding benchmarking to survey the electrochemical
performance stability compared to voltage cycling.”> For the
aqueous system, a very high electrochemical performance
stability was observed with a decrease in capacitance between 6
and 13% after floating at 1.2 V for 100 h. As such, the values
stayed above the industry-relevant level of 80% of the initial
capacitance.”” Yet, a significantly higher loss of capacitive
energy storage is observed in organic media. Albeit having a
vanishing small capacitance of 1 F/g, the nonactivated material
PNCy, showed a fair performance stability with a reduction of
27% after 100 h at 2.7 V. Interestingly, PNC,s, exhibited a
drastic performance drop of 90% after 100 h at 2.7 V, while the
PNC,s, maintained 67% of the initial capacitance. The
introduction of carbon heteroatoms and active surface sites
may have severely reduced the energy storage stability by an
enhanced electrolyte degeneration.”> Longer activation times
led to a significantly improved performance stability with
capacitive retention between 75 and 85% after 100 h at 2.7 V.
Seemingly, the enhanced structural ordering of the carbon and
removal of more disordered material as seen from Raman
analysis (Supporting Information Figure S6) leads to an
improved energy storage capacity retention.
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3.4. Electrochemical Performance in an Aqueous
Redox Electrolyte. Since the NovoCarb beads exhibit a
very high total pore volume with a large fraction of micropores
and the potential for facile ion transport, the material is highly
attractive for use with redox electrolytes. Besides the pore
volume, a highly concentrated redox electrolyte is expected to
be advantageous for maximizing redox activity and accomplish-
ing high ion conductivities.**> So far, potassium iodide (KI)
had only been explored up to 1 M concentration, yet the low
concentrated KI systems have shown already promising
performances such as high cyclic lifetime, high energy density,
and power density via the variety of halide oxidation states and
possibly no need of ion selective membrane through the
specific adsorption of the oxidized halide into carbon
micropores.”® The solubility of the KI aqueous solution is
very high as compared to other redox electrolyte solutions such
as vanadyl sulfate (<3.5 M), potassium ferricyanide (<1.2 M),
or hydroquinone solutions (<1 M) at room temperature.”® For
that reason, we provide first data for the potassium iodide
system at 6 M concentration and benchmark the performance
of PNC,;, (ie., the sample with the largest pore volume) in
comparison with conventional AC.

In our experiments, we were able to charge the cells using
aqueous KI safely up to 1.4 V cell voltage. Extended S-value
testing surveyed the entire range of cell voltages up to 1.4 V for
the 6 M KI system in AC and PNC,, (Figure 4C). S-value
testing indicates the onset of enhanced charge transfer related
to nonreversible reactions, and values below 0.1 are deemed
indicative of stable cell performance.”” Within the studied range
for both molar concentrations of potassium iodide, the second
derivative of S-values remained below 0.05.

The increase in energy storage capacity at higher
concentration can be seen from the galvanostatic charge/
discharge profiles in Figure 4A for AC when transitioning from
1 M potassium iodide to 6 M KI. By deriving the specific
energy by adequately considering the noncapacitive energy
storage mechanism and noncapacitive GCPL shape following
the procedure outlined in ref 67 and using eq 3, we calculate for
the 1 M KI system in AC a maximum value of 18.4 W-h/kg at a
low specific power of 36 W/kg. Note that due to the
noncapacitive and nonpseudocapacitive response of the system,
values for the specific capacitance (i.e., F/g) are disfavored to
avoid misleading data and values are just given for the specific
energy. For comparison, 6 M KI yielded at 40 W/kg a
maximum specific energy of 22.0 W-h/kg in AC. This
performance was severely surpassed when using PNC,;, and a
specific energy of 29.5 W-h/kg was obtained at 33 W/kg for 6
M KI. This corresponds with a Coulombic efficiency of 98%
and an energy efficiency of 74%. For comparison, Lahedir et al.
recently reported for a system employing 0.5 M KI and
operating at 1.6 V an energy efliciency of 52% and a Coulombic
efficiency of 91% (86% and 97%, respectively, at 1.2 V).”” At
even lower specific power (i.e,, 17 W/kg), a value of 32.6 W-h/
kg was calculated for PNC,;, in 6 M KI at 1.4 V, and at a high
specific power of 5.7 kW/kg, the system still provided a
performance of 13.3 W-h/kg. The PNC,, electrode with 6 M
KI maintained about 4.6 W-h/kg at a very high specific power
of 12.3 kW/kg. It seems that the system does not show a
complete diffusion limited feature of the iodine redox reactions.
The high power performance of PNC,, electrode with 6 M KI
can be explained by the confinement of redox ions in the
micropores which overcome the diffusion limitation through
micropores exhibiting pore size smaller than the equivalent
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diffusion layer.”” Cyclic stability testing (Figure 4D) showed an
excellent stability after 10,000 cycles (virtually no loss in energy
storage capacity). The specific energy increased slightly by 4%
after 10,000 cycles, due to improved wettability of carbon in
aqueonus electrolytes after an initial run-in period (condition-
ing).

3.5. Ragone Plot for Novolac-Derived Carbon Electro-
des. The energy vs power performance of the two high energy
electrolytes, namely, 1 M TEA-BF, in PC (high energy by
virtue of the high cell voltage) and aqueous 6 M KI (high
energy by virtue of the redox energy storage) is shown for
PNC,;, and AC (Figure S). The resulting Ragone chart shows

30
=) P Am— 2
X 20
=
=
> 104
= \
[}]
c 5 Y
) v
o —v—PNC,,, 6 M KI
5 —v—AC, 6 MKI
® 2| —=—PNC,,1MTEA-BF,inPC
o
%) —a—AC, 1 M TEA-BF, in PC

1 . . .

0.1 1
Specific power (kW/kg)

Figure S. Ragone plot of PNC,; and standard AC with an organic (1
M TEA-BF, in PC) and a redox electrolyte (aqueous 6 M KI).

the high potential of novolac-derived carbon beads for
electrochemical energy storage, constantly yielding higher
power handling and, at the same specific power, higher specific
energy when compared to a common activated carbon (Table
5). The zeolite-templated carbons (ZTC) have a SSA similar to
that of NovoCarb but have a higher specific capacitance, due to
ordered structure and narrow PSD of the ZTCs which makes
the pores well-accessible.”® The main disadvantage of ZTC is
the complex synthesis which requires toxic reactants (furfuryl
alcohol or acetonitrile) and hydrofluoric acid. The AC, BP2000,
activated carbon aerogel, biowaste-derived carbon, and onion-
like carbon (OLC) show a lower capacitance than PNC,; due
to their lower SSAs. The rate handling behavior of the PNC,, is
quite similar to OLC, which is known for its good conductivi?r
which makes it a promising material as a conductive additive.®'
The high rate performance of NovoCarb makes the use of
conductive additives redundant. The relative performance of
BP2000 at high rates is best, but the specific capacitance of the
NovoCarb is still higher. The beneficial performance is
particularly attractive when considering the very low raw
material costs of the novolac precursor of currently around 3
€/kg (as specified by the manufacturer) and the simple
synthesis procedure.

4. CONCLUSIONS

Our work presents a facile synthesis method to obtain
ultrasmall spherical carbon particles with a high specific surface
and pore volume. A key advantage of our synthesis route is the
facile self-emulsifying feature of the novolac—ethanol—water
mixture. Therefore, no high shearing forces are needed to
produce particles with an average diameter of 300 nm, setting
this process apart from the established MAST carbon process.
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Table 5. Overview of the Electrochemical Performance of NovoCarb-Material Compared to Other Carbon Materials for

Supercapacitor Applications in Organic Media“

SSAger specific capacitance at 0.1 A/g capacitance loss at 10 A/g
material ref (m*/g) electrolyte (F/g) (%)

PNC,, this work 3104 1 M TEA-BE, in PC 123 29
zeolite-templated carbon 68 3040 1 M TEA-BF, in PC 168 not reported
activated carbon (YP-80, Kuraray)  this work 2347 1 M TEA-BF, in PC 103 48
biowaste-derived carbon 69 1635 1 M TEA-BF, in PC 75 not reported
activated carbon aerogel 70 1408 1 M TEA-BF, in PC 101 not reported
activated carbon black (BP2000) 61 1389 1 M TEA-BE, in PC 90 18
activated carbon black (BP2000 61 1389 1 M TEA-BF, in ACN 86 9

carbon onions 61 398 1 M TEA-BE, in PC 18 28

carbon onions 61 398 1 M TEA-BF, in ACN 18 10

“The data are arranged by descending BET surface area.

Pyrolyzed material already exhibits a SSAppr of 771 m?/g with
a total pore volume of 0.26 cm?/g due to ethanol acting as a
pore former. The sub-micrometer spheres are ideal for a
physical activation which can further increase the SSApgr to
2237 m?/g (total pore volume, 1.71 cm?/g).

The specific capacitance of the novolac-derived carbon beads
can reach approximately 125 F/g in an aqueous or organic
electrolyte. The materials showed excellent performance at high
scan rates and current densities with capacitance retention of
approximately 80% at 50 A/g in aqueous and approximately
30% at 50 A/g in (highly viscous) organic electrolyte. For the
redox electrolyte system, the combination of high molar
concentration of potassium iodide (ie., 6 M) and the large pore
volume of PNC,; enabled a very high specific energy exceeding
30 W-h/kg. Thereby, it is possible with an aqueous redox
electrolyte to reach energy densities similar to that of an
organic electrolyte. Due to the adjustability of the porosity via
physical activation, novolac-derived carbon beads are highly
promising for not only electrochemical energy storage but also
for capacitive deionization as well as flow capacitor applications
where spherical particles are preferable for the low viscosity.
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Table S1: Electrode properties. Note the reduced active mass per electrode as a result of the increased
porosity at comparable electrode thickness.

Electrode density Active mass Electrode Electrode
(mg/cm3) (mg) diameter (mm)  thickness (mm)
PNCon 611 15.2 12 0.22
PNCo.25h 442 8.5 12 0.17
PNCo.sh 385 8.7 12 0.20
PNCin 230 3.9 12 0.15
PNCy.sh 169 2.3 12 0.12
PNCyn 161 3.1 12 0.17
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Figure S3: SEM images of PNCon (A), PNCo.2sh (B), PNCo.sh (C), PNCin (D), PNCysh (E), PNCan (F), PNCash
(G), and PNGCsp, (H).
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Figure S4: TEM images of the pyrolyzed PNCoh (a

PNCan (g, h).
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ABSTRACT

Novolac is a low-cost carbon precursor which can be used to derive nanoporous carbon beads in sub-
micrometer size. In this study, we introduce this material as a novel electrode material for capacitive
deionization (CDI) with high performance stability and superior desalination rate. The polymer beads
were synthesized employing a self-emulsifying system in an autoclave, pyrolyzed under argon, and
activated with CO,, yielding a specific surface area of 1905 m? g~! with a high total pore volume of
1.26 cm® g~ After CO, activation, the material shows a salt sorption capacity of ~8 mg g, but the
performance is highly influenced by functional groups, causing an inversion peak and fast performance
decay. However, de-functionalization via hydrogen treatment is outlined as an effective strategy to
improve the CDI performance. After hydrogen treatment of novolac-derived carbon beads, we obtained a
salt sorption capacity of 11.5 mg g ' with a charge efficiency of more than 80% and a performance
stability of around 90% over more than 100 cycles. Particularly attractive for practical application is the

very high average salt adsorption rate of 0.104 mg g

~1 571 outperforming commercial activated carbons,

which are commonly used for CDI, by at least a factor of two.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

With an increasing population and progressing scarcity of access
to clean drinking water, tremendous research efforts have been
invested to advance established desalination technologies, such as
distillation, reverse osmosis, and electrodialysis [1]. Over the last
decades, capacitive deionization (CDI) has emerged as a novel
desalination method which is particularly attractive for desalina-
tion of brackish water (salt concentration < 170 mM) [2] due to its
low energy consumption compared to other techniques [3—5]. CDI
operation is based on the reversible electrosorption of ions at the
surface of an electrically charged electrode, typically consisting of
nanoporous carbon [6]. During the desalination process, ions are
removed from the solution by electro-adsorption within the porous
electrodes. The electrodes can be regenerated by discharging to
electro-desorb the ions, creating an effluent stream with increased

* Corresponding author. INM - Leibniz Institute for New Materials, 66123, Saar-
briicken, Germany.
E-mail address: volker.presser@leibniz-inm.de (V. Presser).

http://dx.doi.org/10.1016/j.carbon.2017.02.054
0008-6223/© 2017 Elsevier Ltd. All rights reserved.

salt concentration. In contrast to this conventional CDI process,
inversed CDI was recently introduced, in which the surface of the
electrode is already charged due to the presence of functional
groups [7,8]. Such “chemical charges” [9] can also be employed as
an effective tool to enhance the desalination capacity of carbon
materials [10].

A key performance parameter for CDI is the salt adsorption ca-
pacity (SAC), which is highly dependent on the pore structure [11].
While micropores exhibit the highest differential salt removal ca-
pacity (SAC per pore volume), also the contribution of meso- and
macropores has to be considered [11]. The latter are of particularly
high importance to accomplish fast transport of ions within the
electrode, resulting in high deionization rates [6,11]. A suitable way
to evaluate the trade-off between SAC and desalination rate has
been introduced by Kim and Yoon by so called CDI Ragone plots
(also known as Kim-Yoon plots) [12].

The most common electrode materials for CDI are highly porous
carbons [3], although hybrid materials [13,14], and non-carbons
(like MXenes [15] or metal oxides [16]) have recently also been
introduced. Commercially available activated carbon materials
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typically show a SAC of up to 14 mg g~ ! (MSP-20) in 5 mM saline
solution (NaCl, de-aerated) at a cell voltage of 1.2 V [11]. Under
these conditions, other common activated carbons (like YP-50F or
YP-80F, Kuraray) show a SAC of 9—12 mg g~! which can be
increased by CO; activation to ~13 mg g~ [6,17]. Further, values up
to 21 mg g~ ! have been reported for highly developed designer
carbon (like nitrogen-doped graphene foam) [18].

To further facilitate the technological implementation of CDI, it
is particularly necessary to explore low-cost electrode materials.
For example, phenolic resins (resol or novolac) derived carbons are
a very attractive carbon sources, due to their high carbon yields,
availability, and low price (ca. ~3 € kg™ ') [19]. In a previous study,
we introduced a facile self-emulsifying synthesis for sub-
micrometer novolac-derived carbon beads (PNC), which were
COy-activated and applied for electrochemical energy storage in
supercapacitors [19]. In this study, we investigate the CDI perfor-
mance of novolac-derived carbon beads and present hydrogen
treatment as a strategy to improve the CDI performance in three
ways: increasing the SAC, charge efficiency, and performance sta-
bility. In addition, the salt adsorption rate is superior to other
porous carbon materials.

2. Experimental description
2.1. Synthesis of novolac-derived carbon beads

A detailed synthesis outline of the novolac-derived carbon
beads is provided in Ref. [ 19]. In short, novolac (20 g of ALNOVOL PN
320, Allnex Germany) was dissolved in 100 mL ethanol and added
to a mixture of 2 g of hexamethylenetetramine (TCI Deutschland)
and 500 mL deionized water. The self-emulsified mixture was
heated to 150 °C and held at this temperature for 8 hina 1L
autoclave. The crosslinked polymer particles were freeze-dried and
pyrolyzed at 1000 °C for 2 h using a heating rate of 20 °Cmin~!ina
graphite heated furnace (Thermal Technology). The pyrolyzed
sample is referred to as “PNC-Pyro”. CO; activation was carried out
in a rotary quartz-glass tube furnace (HTM Reetz) at 1000 °C for4 h
with a CO, flow of 3.6 mL min~". During heating at 10 °C min~! and
during cooling, the furnace was flushed with nitrogen gas. The CO,
activated sample is denoted “PNC-CO,”. Carbon de-
functionalization was carried out at 1000 °C with a heating rate
of 10 °C-min~"! in a wolfram heated high temperature furnace (G-
2200-91, Thermal Technology) under H; flow (~20 mL min~!). The
de-functionalized beads are labeled as “PNC-H;".

For comparison, also CDI data are shown for commercially
available activated carbons (MSP-20 from Maxsorb and YP-80F
from Kuraray), which were used as received. For previous CDI
work on these two carbons, see Refs. [11,17].

2.2. Materials characterization

The size of the polymer particles in suspension was analyzed via
dynamic light scattering (DLS; UPA 150, Microtrac) with a 3 mW
diode laser with a wavelength of 780 nm. In addition, scanning
electron microscopy (SEM) was carried out with a field emission
scanning electron microscope (JEOL JSM-7500F). The diameter of
the beads was determined via image analysis with Image] 1.47t
[20].

Raman spectra were recorded with a Renishaw inVia Raman
Microscope operating with a Nd-YAG laser (wavelength: 532 nm;
grating: 2400 lines-mm™'; objective: 50x; numeric aperture: 0.9;
spectral resolution: ~1.2 cm~1). The incident power on the sample
was ~0.02 mW with an acquisition time of 30 s and 10 accumula-
tions were collected. The amorphous contribution, the D- and the
G-modes were fitted with OriginPro 9.3 using a total of four Voigt

profile functions.

Gas sorption analyses (GSA) with nitrogen were performed with
a Quantachrome Autosorb iQ system. The vacuum degassing was
carried out at 200 °C for 1 h and afterwards heated up to 300 °C and
hold at this temperature for 20 h at a relative pressure of 0.1 Pa to
remove volatile surface species. The measurements were per-
formed in liquid nitrogen at —196 °C. The relative pressure of ni-
trogen was increased from 5-10~7 to 1.0 in 76 steps. A quenched-
solid density functional theory (QSDFT) was used to calculate the
pore size distribution (PSD) assuming slit-like pores [21—24] and
the Brunauer-Emmett-Teller equation (BET) [25] was applied in the
linear, low pressure regime of the measured isotherms to obtain the
specific surface area (SSA) as well. The total pore volume was
extracted at a relative pressure of p/pp = 0.95. The cumulative pore
size corresponding with the half of the pore volume (dsg value) is
referred to as average pore size [22]. The Quantachrome software
ASiQwin 3.0 was used for all GSA calculations.

The carbon samples were also analyzed by thermogravimetric
measurement combined with a mass spectrometer (TGA-MS;
STA449F3 Jupiter and QMS 403C Aéolos from Netzsch) with a
heating rate of 10 °C min~! to 1200 °C in Ar (purity: 5.0).

X-ray photoelectron spectroscopy (XPS) was carried out with an
Axis Ultra DLD (Kratos Analytical) with Al K, radiation (15 kV,
10 mA for general spectra and 15 kV, 15 mA for the highly resolved
measured C 1s peak). Data acquisition and processing were carried
out using CasaXPS 2.3.15 (Casa Software). After subtraction of
Shirley background, the peaks were fitted using Gaussian Lor-
entzian GL(30) peak shape, for the sp?-hybridized carbon compo-
nent an asymmetric line shape was used, which is described in the
Doniach—Sunji¢ function.

The streaming potential was measured with Miitek PCD.03 pH
(BTG Instruments). For the measurements, 100 mg of the novolac-
derived carbon powder was dispersed in 30 mL deionized water
(Milli-Q) with ultrasound and stirred for 10 h. The pH was adjusted
with NaOH to a value of 9 and 21 g of the dispersion were titrated
with HCl (30 mM) down to a pH of 3.

Contact angle measurements on carbon electrodes were carried
out with demineralized water in air using an OC 25 system (Data
Physics).

2.3. Electrochemical measurements

Polytetrafluoroethylene (PTFE, 60 mass% in HyO) was used as
binder to prepare free standing electrodes, as detailed in
Refs. [26,27]. First, carbon powder was dispersed in ethanol and
afterwards the PTFE dispersion was added. The slurry was ground
in a mortar during the ethanol evaporation. The resulting carbon
paste was rolled out to become a free-standing electrode with a
PTFE content of 5 mass% and a final thickness of 110—140 pm. A
vacuum furnace with 120 °C and 2-10% Pa was used to dry the
electrodes for 48 h. For the electrochemical measurements, round
electrode discs with a diameter of 10 mm were punched out of the
free-standing electrode sheet. A symmetrical two-electrode setup
was assembled with custom-built cells [26]. Graphite foils were
used as current collector and glass-fiber mats (GF/A, Whatman, GE
Healthcare Life Science) with a diameter of 13 mm as separator.

The cyclic voltammetry (CV) and galvanostatic cycling with
potential limitation (GCPL) were performed in a symmetric full-cell
with an Ag/AgCl reference electrode in aqueous 1 M NaCl with a
VMP300 potentiostat/galvanostat from BioLogic. The specific
capacitance was calculated with Eq. (1) from CVs and with Eq. (2)
for data from GCPLs. For a comparison of different materials, the
capacitance was normalized to the active mass of one electrode
material [28,29].
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I(t)
du(t)/g, -m

Cs: specific capacitance per electrode, I(t): discharge current,
dU(t)/dt: scan rate, and m: mass of carbon in the electrode.

Cs = (1)

4- Qdis
_ 2
GS=0Tm (2)
Cs: specific capacitance per electrode, Qgjs: charge of the dis-
charging cycle, U: IR-drop corrected cell voltage, and m: mass of
carbon in the electrode.

2.4. Capacitive deionization measurements

The free-standing electrodes, which were prepared like the
electrodes for electrochemical characterization, where also used for
the CDI experiments to obtain a good comparability. The PNC-CO,
electrodes had a total mass of 291 mg with a thickness of 135 pm for
each electrode and a density of 0.34 g cm~3. The mass of both PNC-
H, electrodes was 331 mg with a thickness of 120 um and a density
of 0.37 g cm 3. The CDI measurements were carried out using a
VSP300 potentiostat from Bio-Logic with a CDI device in flow-by
mode [30]. A porous spacer (glass fiber pre-filter, Millipore, com-
pressed thickness of a single layer: 380 pm) was used to separate
both electrodes. A constant flow rate of 22 mL min~' was adjusted
for the experiments. Prior of the CDI test, the dissolved oxygen was
removed from the electrolyte via nitrogen gas bubbling (3 h).

The ion adsorption half-cycles were carried out using constant
cell voltage of 1.2 V with a holding time of 30 min and the regen-
eration was accomplished at 0 V also for 30 min. The increase in
conductivity in the outlet stream is used to quantify the number of
released ions from the initially charged electrodes. The electrolyte
for all CDI experiments was 5 mM NaCl in a 10 L electrolyte
container which was continuously flushed with nitrogen gas to
purge the water from dissolved oxygen. A conductivity meter
(Metrohm) and a pH meter were inserted behind the CDI device.
The water conductivity was calculated with the following equation:

1 —-14

e? 0
To-pn Na-Don- ) (3)

Ow = k <1O pH NA DH 0+
B

aw: conductivity of water, e: elementary charge, kg: Boltzmann
constant, Na: Avogadro constant, Dy, o+: diffusion coefficient of
H30™, Doy-: diffusion coefficient of OH™.

The actual conductivity was calculated from the measured
conductivity and the water conductivity with Eq. (4).

On = 0m — Ow (4)

on: actual conductivity, o,: measured conductivity.

The concentration of the electrolyte in mmol L~! was obtained
from actual conductivity in mS cm~! by the following equation,
which was fitted to the calibration curve.

oy — 4.5 1/0-9826 013 5
B ( 121.29 ) e (5)

c: concentration.

The salt adsorption capacity (SAC) was calculated for the
adsorption and desorption step separately and the average value
was normalized to the active mass of the electrodes.

SAC — / cdr-P-Maa (6)
Migtal

SAC: salt adsorption capacity, t: time of each step (30 min), v:
flow-rate, Myaci: molar mass of NaCl, mgq: active mass of both
electrodes.

The charge efficiency was obtained by dividing the charge used
for ion sorption by the total charge as followed.

s (weien) / (J1ae/we) g

A: charge efficiency, I: current.

The mean deionization rate was determined by reducing the
integration time of the 15th cycle successively and dividing the SAC
by the adsorption time to construct a Kim-Yoon plot (also known as
CDI Ragone plot) [12].

3. Results and discussion
3.1. Material characterization

A key feature of novolac-derived carbon beads is their sub-
micrometer diameter. The DLS measurement of the polymer
beads in suspension yields a volume weighted average diameter of
244 + 137 nm, which is similar to the diameter of pyrolyzed PNC
beads (302 + 142 nm) [19], as inferred from SEM image analysis
(Fig. 1A-B). The similarity shows also that the beads consisting of
nanometer sized primary particles did not agglomerate during the
polymerization in the autoclave. The pyrolyzed novolac beads
(PNC-Pyro) agglomerated to form micrometer sized particles, as
can be seen from Fig. 1B.

After pyrolysis, as-synthesized novolac-derived carbon beads
demonstrate microporosity which can be further modified by
physical activation, for example, in CO; gas [19]. The isotherms and
the cumulative pore volume of the three novolac-derived carbons
are plotted in Fig. 1B, C and the porosity parameters are given in
Table 1. The sample PNC-Pyro has a specific DFT surface area of
641 m? g~! and a total pore volume of 0.25 cm® g~ ! with an average
pore size of 0.6 nm. Such a low porosity (surface area and pore
volume) would be unattractive for CDI [11,30], making an activation
process necessary. After CO; activation at 1000 °C, the DFT SSA was
increased to 1905 m? g~ ! with a pore volume of 1.26 cm® g~ ! and an
average pore size of 1.5 nm. The porosity was largely conserved
after the Hy treatment also at 1000 °C, which yielded a DFT SSA of
1755 m? g~ ! with the same pore volume than before. Thereby, the
average pore size increased slightly to 1.6 nm, which can be
explained with a collapse of microspores and the creation of more
mesopores. The hydrogen treatment led to a mass loss of ~7 mass%,
which is a consequence of the loss of functional groups and other
volatile compounds like adsorbed water.

Novolac-derived carbon is expected to yield nanocrystalline
graphitic carbon [19]. The Raman spectra of PNC-Pyro, PNC-CO,,
and PNC-H; are shown in Fig. 1E and the fitted values are provided
in Table 2. The D- and G-mode of PNC-Pyro is at 1351 cm~! and
1603 cm~! with a full-width at half maximum (FWHM) of
144.8 cm~! and 70.0 cm™), respectively. The Ip/Ig ratio is 2.78,
corresponding to nanocrystalline carbon [31]. The positions of the
D- and G-mode are slightly shifted after the CO, activation to
1337 em~! and 1601 cm~! and we also see more narrow peaks
(FWHMp: 123.6 cm™!, FWHMg: 62.1 cm™!). The Ip/Ig ratio of PNC-
CO;y increases to 3.35 and is further increased to 3.55 after hydrogen
treatment, which is according to the model of Ferrari and Robertson
indicating an increase in carbon ordering for crystalline domain
sizes below ~2 nm [32]. A higher degree of carbon ordering is also
indicated by a decrease of the FWHM (FWHMp: 97.5 cm™!, FWHMg:
53.7 cm™ 1), while the peak positions remain almost constant (D-
mode: 1336 cm~! and G-mode: 1601 cm™'). The higher structural



B. Kriiner et al. / Carbon 117 (2017) 46—54 49

novolac bead suspension
volume dependent
average: 244 nm

first maximum: 90 nm

number dependent
average: 120 nm

Frequency

10 100 1000

Size (nm)

PNC-CO,
-

g gcB@f,._—5=a==5=-=v:>—':>—0

PNC-H,

A

PNC-Pyro /2

AAAAA

0.0 02 0.4 06 08 10
Relative pressure

Pore volume (cm®.g™")

PNC-Pyro-

0.0 T T
1 10

Pore width (nm)

second maximum: 210 nm

—— Amorphous carbon

——D and G mode peaks
- = = Cumulative fit

PNC-H,
>
=
[7}
[
2
£

PNC-CO,

PNC-Pyro

1000 1250 1500 1750 2000

Raman shift (cm™)

Fig. 1. DLS results of the novolac suspension (A), SEM image of pyrolyzed novolac beads (B), Isotherms of the PNC-Pyro, PNC-CO,, and PNC-H, (C), cumulative pore volume derived
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Table 1

Specific surface area (DFT and BET), total pore volume, and average pore size of PNC-Pyro, PNC-CO,, and PNC-H,.

SSAprr (m* g7 1) SSAger (m* g™')

Total pore volume (cm® g~ 1) Average pore size (nm)

PNC-Pyro 641 529 0.25 0.6
PNC-CO, 1905 2317 1.26 15
PNC-H, 1755 2193 1.26 1.6
Table 2 utilized to further characterize differences in the samples after

Results of peak fitting of Raman spectra, with D- and G-mode position, the FWHM,
and Ip/Ig ratio.

Mode Position (cm™1) FWHM (cm™1) In/lg

PNC-Pyro D 1351 144.8 2.78
G 1603 70.0

PNC-CO, D 1337 123.6 335
G 1601 62.1

PNC-H, D 1336 97.5 3.55
G 1603 53.7

ordering after hydrogen treatment is in agreement with our recent
work on hydrogen treatment of activated carbon [33].
Thermogravimetric analysis and mass spectroscopy were

pyrolysis, after CO; activation, and after Hy treatment. The TGA
curves of PNC-Pyro, PNC-CO,, and PNC-H; in Fig. 2A are very similar
up to ~250 °C. Above 250 °C, sample PNC-CO; loses more mass than
the other two samples due to the loss of carboxylic functional
groups, which are released as CO, (Fig. 2C). The curve progressions
above 700 °C are very similar. At 1200 °C, the residual sample mass
of PNC-CO; and PNC-H; are very comparable (94.4 mass% and 95.1
mass%, respectively). The mass loss behavior can be explained by in
situ mass spectroscopy during the TGA experiment, as shown in
Fig. 2B—D. PNC-CO; shows an increased CO; signal intensity (m/z:
44) at approximately 340 °C which can be related to the decom-
position of carboxylic functional surface groups [33—35]. PNC-Pyro
sample exhibits also a very small increase in the CO, signal close to
400 °C related to carboxylic functional groups. Such a peak is absent
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Fig. 2. TGA of all samples (A), ionic current vs. temperature of PNC-Pyro (B), PNC-CO, (C), and PNC-H; (D). (A colour version of this figure can be viewed online.)

in case of PNC-Hj, indicating effective prior removal of corre-
sponding surface functional groups. Because PNC-Pyro and PNC-
CO, were produced at 1000 °C, the present functional groups
cannot originate directly from the pyrolysis or CO, activation at
high temperatures. It is more likely that dangling bonds were
generated by the activation process and reacted with air, when the
samples were removed from the furnace [36]. The samples have
another CO, peak starting at 600 °C up to 1050 °C. This is mainly a
result of the residual trace amounts of oxygen in the system. Above
1000 °C, the CO signal increases due to the Boudouard equilibrium
[37].

Further information on the chemical composition of the sam-
ples can be gained from X-ray photoelectron spectroscopy. The X-
ray photoelectron spectra show that all three samples consist
mainly of carbon (Table 3, Fig. 3A-C). PNC-Pyro has a carbon
content of 98.0 + 0.1 atom%, 1.3 + 0.1 atom% of oxygen, and

Table 3

0.7 + 0.1 atom% of nitrogen. No nitrogen was detected after CO,
activation for either PNC-CO, or PNC-H,, which show, besides
carbon, only oxygen 1.1 + 0.4 atom% for PNC-CO; and 0.4 + 0.1
atom% in PNC-Hj. The highly resolved measured C 1s spectra
(Fig. 3A, B) were fitted with four components (sp?, sp>, C—0, and
II-IT* transition). The pyrolyzed novolac shows a C=C sp? content
of approximately 94.5%, I1-IT* shake up of 1.9%, and 2.8% of C—C/
C—H sp>. A C—OH(R) functionality is only slightly distinguishable
(0.9%). The amount of aliphatic bonded carbon increases by the
COy activation to 6.4% and C—O bonds have a portion of 0.8%.
Around 89.4% of the C bonds in PNC-CO, are sp? hybridized and
3.4% are a II-IT* shake up [38]. The hydrogen treated sample has a
lower amount of sp? hybridization (86.3%), but a higher II-IT*
shake up of 5.8%. The sp> hybridization increased to 7.3%, while
the C—O bonds are reduced (0.5%). The II-IT* transition peak arises
from a valence electron at a higher state due to the

Chemical composition of the PNC-samples measured with XPS and bonding content of the C 1s peak. “n.d.” stands for “non-detectable”.

C (atom%) N (atom%) 0 (atom%) C=C sp? (%) C—C/C—H sp> (%) C-0 (%) I1-II* transition (%)
PNC-Pyro 98.0 + 0.1 1.3+01 0.6 + 0.1 94,5 2.8 0.9 1.9
PNC-CO, 98.9 + 0.4 nd. 1.1+04 89.4 6.4 0.8 3.4
PNC-H, 99.6 + 0.1 nd. 0.4 +0.1 86.3 73 0.5 5.8
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photoionization process and increased from the PNC-Pyro by the
activation and hydrogen treatment, which is an evidence for
higher aromatic carbon, due to more combinations of more II-IT*
orbitals [38]. The C=0 peak also arises at a similar energy than the
II-IT* shake up peak, but the reduction of the total oxygen of PNC-
H, makes that contribution insignificant. Because of the low
number of heteroatoms in these carbon materials, these values
confirm the trend of the Raman and TGA-MS measurements.

To further characterize the nature of surface functionalities, we
employed streaming potential measurements. The latter is an
efficient tool to characterize the influence of the nature of func-
tional groups and its effects in aqueous media [30]. The consumed
amount of HCl solution and the streaming potential are plotted in
Fig. 3D. PNC-Pyro consumes the lowest amount of acidic solution,
due to its low SSA and the relatively low amount of functional
groups [39]. The corresponding streaming potential is always in the
negative range and is not reaching the isoelectric point, which in-
dicates the presents of acidic groups. However, the narrow pores
might lead to a diffusion limitation, by what the solvent cannot
react with all functional groups during the measurement time. The
isoelectric point of PNC-CO; is at a pH 6.0 and was reduced by the
hydrogen treatment to a pH of 5.1, which are reasonable values for
activated carbons were carboxylic groups are predominately [40].
The consumed amount of HCI solution was also reduced for PNC-H,
compared to PNC-CO,, which means that the amount of surface
groups is reduced, due to their similar surface area.

The number of polar functional groups also affects the wetting
behavior of the carbon electrodes (Fig. 3E). PNC-CO, shows an
initial contact angle with Milli-Q water in air of 121°, which
increased for PNC-H, to 131°. This behavior illustrates the hydro-
phobic character of these electrodes, which is also influenced by
the PTFE-binder [41,42].

3.2. Electrochemical characterization

The electrochemical characterization was performed for PNC-
CO; and PNC-H; since PNC-Pyro has a relatively low SSA, low pore
volume, and only very narrow micropores, making it quite un-
suitable for supercapacitor or CDI applications. All measurements
were carried out in 1 M NaCl to avoid global ion depletion at low
molar concentration (which, in case of CDI, does not occur per the
constant re-supply of ions of the inflowing stream) [17]. PNC-CO,
and PNC-H; showed a typical rectangular shape of the CVs, as can
be seen in Fig. 4A. The specific capacitance of PNC-H; (127 Fg~ 1) is
almost identical to PNC-CO; (124 F g~1). The rate handling ability
(Fig. 4B) of both materials was almost identical. Also, the zero
charge potentials at 1.2 V measured versus a Ag/AgCl reference are
similar with —72 mV (PNC-CO;) and —74 mV (PNC-H;) and we see
the virtually identical potential development of positively and
negatively charged electrodes (inset in Fig. 4B).

3.3. Capacitive deionization performance

All CDI experiments were carried out in 5 mM NaCl in de-
aerated saline solution at 1.2 V cell voltage as a common setup
for assessing the desalination performance [3]. The SAC of PNC-CO,
drops immediately after the first cycle from 7.8 mg g ' to
5.7 mg g~! due to the rise of an inverse peak, in which ions are
adsorbed by surface charges without applying any potential and
later on released by a potential (Fig. 5A,C). This peak can be
explained by the generation of functional groups, leading to an
improved wettability which is an explanation for the SAC increase
after the fifth cycle to a maximum of 8.1 mg g~' [17]. After 100
cycles, the SAC has dropped to a value of 5.5 mg g~ !, compared to a
theoretical value 13.6 mg g~! based on the pore size distribution
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(calculated by the predictive CDI tool established in Ref. [11]). The pattern comparable to the SAC, but also decreases during the last 70
charge efficiency shows a similar pattern, as seen in Fig. 5B, and is cycles to 35% after 100 cycles. The low charge efficiency can be
40% at the beginning and drops to 31% in the fourth cycle. Then, the explained by electrochemical (Faradaic) side reactions [43—45]
charge efficiency is increasing to approximately 50%, following a indicated by the inversion peak [46] due to the chemical surface
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charges [9].

The pH over the first ten cycles is plotted in Fig. 5D. Several
effects contribute to the measured pH, like the width of the elec-
trochemical operation window, the measurement setup, and the
decomposition of water or functional groups [44,45]. As depicted in
Fig. 4B, the potential of the negatively polarized electrode at a cell
voltage of 1.2 V is in the range of the thermodynamic hydrogen
evolution potential [44]. Therefore, it is possible that H30™ is pro-
duced during adsorption, reducing the pH value. Even though the
system is constantly de-aerated by flushing nitrogen gas through
the water reservoir, small amounts of oxygen can still be present at
the electrodes. This residual oxygen can electrochemically react
with the PNC-CO, and PNC-H; during the first few cycles [7,47]. In
the PNC-CO, system, the pH at the adsorption peak drops from 7 to
5.6 during the first cycles and further to 3.6 during desorption of
the 10th cycle. This indicates the presence of acidic functional
groups which decompose to carbonic acid. The pH of PNC-Hj is also
decreasing, but with a lower amplitude as PNC-CO,. During the 9th
cycle, the pH at the adsorption peak is at 5.7 and at the desorption
peak at 4.4, which indicates the presence of fewer acidic groups.

PNC-H; shows a more stable CDI performance with significantly
higher SAC and charge efficiency (Fig. 5). The SAC is increasing from
the first cycle on due to low wettability of the initial carbon for the
first 10 cycles to maximum value of 11.5 mg g~ with a charge ef-
ficiency of 77%. For comparison: the ideal SAC value based on the
carbon pore size distribution (per Ref. [11]) would be very close to
12.6 mg g\ After 100 cycles, the CDI performance values are
slightly reduced to 10.4 mg g ! for the SAC and 71% for the charge
efficiency. The inverse peak of PNC-H; is negligibly small and is not
increasing during the test.

The carboxylic groups are also responsible for the low pH of the
PNC-CO; system which is the main reason for the low CDI perfor-
mance. This can be clearly seen from the emergence of an inversion
peak during CDI cycling (Fig. 5D). The lower degree of carbon
ordering found for PNC-CO,, as shown by Raman spectroscopy,
might also lower the overall CDI stability. In contrast, the hydrogen
treatment very effectively reduces the number of functional groups
and increases the carbon ordering, which is favorable to achieve
stable CDI performance [17,30].

The Kim-Yoon plot (Fig. 6) illustrates the advantage of novolac-
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derived carbon beads compared to common electrode materials
(i.e., commercial activated carbon). MSP-20 shows a very high SAC
with 15.2 mg g~ '; yet, its relatively narrow pore geometry impedes
ion transport, resulting in a maximum average salt adsorption rate
(ASAR) of 0.05 mg g~ ! s~ A slightly lower rate is displayed by YP-
80F with 0.04 mg g~ ! s~! and a maximum SAC of11.4 mg g~ .. These
values are in alignment with previous work [11,17,30]. For com-
parison, PNC-CO, displays a maximum ASAR of 0.09 mg g~ ' s—! and
a maximum SAC of 8.1 mg g~! and PNC-H; of 0.10 mg g~ ! s~
(ASAR) and 11.6 mg g~ ! (SAC). The high rates can be explained by
the small particle size of the primary particles (~300 nm) compared
to YP-80F or MSP-20 that consists of micrometer sized particles.

4. Conclusions

Novolac-derived carbons are a promising material for CDI when
being activated in CO, (to enhance the porosity) and de-
functionalized in H,. Hydrogen treatment was an efficient strat-
egy to reduce the number of carboxylic surface groups, which had a
major influence on the CDI performance regarding charge effi-
ciency, SAC, and longtime stability. For an economic, large scale
production of these kinds of materials, the combination of pyroly-
sis, CO,-activation, and hydrogen treatment in one step should be
explored to avoid several heating steps. Yet, the very low cost of the
carbon precursor novolac is of practical interest for scaled appli-
cations. While the total SAC of PNC-H; is comparable to other high
performance activated carbon materials (11.5 mg g~!), the mean
deionization rate of PNC-H; is much higher with a maximum of
0.104 mg g~ ! s~1. With these metrics, PNC-H; is ~3-times faster
than YP-80F and ~2-times faster than MSP-20, which are both
commonly used commercially available activated carbons. We also
showed that hydrogen treatment is an effective strategy to over-
come the poor CDI performance stability of PNC-CO, to yield a
stable long time performance with a decrease smaller than 10%
after 100 cycles in de-aerated saline solution.
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ABSTRACT: Electrochemical energy storage using nanoporous carbons and ionic liquids
enables large cell voltages and is a promising way to increase the energy density of electrical
double-layer capacitors. The structure of the double layer in solvent-free electrolytes is
fundamentally different from other systems with organic or aqueous solvents. In our study, we
investigate the physical behavior of nanoporous carbon electrodes in contact with ionic liquids
with a multilength scale approach by combining electrochemical quartz-crystal microbalance and
electrochemical dilatometry. Synergistic combination of both in situ methods allows one to
correlate system properties on particle and electrode level. We find that the charging mechanism
at low charge is characterized by the exchange of more smaller ions by fewer larger ions. At
higher charges, the system is changing to preferred counterion adsorption, which is resulting in a
strong increase in the electrode volume. The maximum linear strain for a bulk electrode is 2% in
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our study, which is quite high for a supercapacitor system.

1. INTRODUCTION

Energy storage in electrical double-layer capacitors (EDLCs,
also known as supercapacitors or ultracapacitors) via physical
ion electrosorption at the electrode/electrolyte interface is
highly reversible.' To achieve a high energy density, this
process requires electrodes with a high surface area, and an
enhanced capacitance can be achieved when most of the pores
are of similar size as the ion.””> Possible electrolytes are
aqueous, organic, or ionic liquids (or mixtures thereof), and
depending on the electrolyte, the electrochemical stablhty
window determines the maximum operational cell voltage.’
Ionic liquids are attractive because their use enables cell
voltages above 3 V and very high capacitance of up to 180 F/
g~ Yet, the power output is drastically reduced by the low ion
mobility in ionic liquids at room temperature compared to
organic electrolytes.lo'11 It is known that, in general, the
charging mechanism depends on the pore size, ion size, and
applied voltage."> Several competing mechanisms, such as
bond-length stretching, electrowetting, electrostatic screening,
and steric effects, which are all changing according to pore size
and amount of functional groups, make a precise prediction of
carbon swelling impossible at present."

To devise further ways to enhance supercapacitor perform-
ance, it is important to understand the double-layer formation
mechanism in nanoconfined spaces, like in (sub)nanometer-
sized pores of carbon electrodes. In general, the charge

-4 ACS Publications  © 2017 American Chemical Society

compensation in an electrical double layer can be achieved
either by co-ion expulsion, that is, expelling ions of the same
charge as the electrode from the interface, or by counterion
adsorption, that is, attraction of oppositely charged ions to the
interface."* To clearly identify the governing mechanism,
studies employing different in situ methods have revealed key
insights. For example, the ionic liquid spontaneously wets the
carbon surface but is unlikely to achieve full wetting. Such
partial filling was shown, for example, for microporous activated
carbon (YP-SOF from Kuraray) in 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMIM-TFSI) and N-prop-
yl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide
(Pyr,5-TESI).">' Further, cations play a dominant role in
the double-layer formation, which results in a more pronounced
counterion adsorption at negative potentials.ls’17

Molecular dynamic simulations show that for ionic liquids,
counterions can enter the micropores faster than co-ions can
exit.'® For larger pores (ie, mesopores), the diffusion of
cations in confined space is faster than in the bulk electrolyte,
and cations also seem to have a higher mobility in
micropores.'®'”'? Additionally, screening effects in highly
porous electrodes allow for ions to adsorb in closer proximity

Received: July 14, 2017
Revised: ~ August 15, 2017
Published: August 16, 2017

DOI: 10.1021/acs.jpcc.7b06915
J. Phys. Chem. C 2017, 121, 19120-19128


pubs.acs.org/JPCC
http://dx.doi.org/10.1021/acs.jpcc.7b06915

The Journal of Physical Chemistry C

to the pore walls in nanoconfined spaces as it would be possible
on a planar surface.'® Also, over most potential ranges, the
electrical double layer does not contain only counterions, but
both kinds of ions influence the structure of the double layer. A
significant number of co-ions can remain inside the micropores,
and a so-called superionic state of ions is created.””!
Calculations and experimental work showed that a preferential
adsorption of counterions (permselectivity) will only occur at
high voltages of 1.0—1.5 V above the point of zero charge
(pzc),'”*>* and the ion population in micropores increases up
to a certain threshold voltage (i.e., at 1.6 V above pzc) and stays
constant for higher voltages.”*

In the case of ionic liquids, the Gouy—Chapman—Stern
model cannot be used to predict electrowetting and the
potential-dependent structuring of ions in the double layers at
electrified interfaces but a different theoretical approach is
required.”>*° In a simplistic two-dimensional simulation of slit-
like pores and ions considered as hard spheres an oscillating
behavior of the capacitance was observed.””** This oscillating
capacitance vanishes as soon as the pore model is no longer an
ideal slit pore with infinitesimally narrow size dispersity, and a
broader, more natural pore size distribution is assumed.””*’
The structural ordering becomes even more complex when
taking into account the three-dimensional structure of ionic
liquids in confined spaces.”’ In addition, molecular dynamic
studies proclaim an exchange of ions with the bulk electrolyte
without changing the volume of liquid inside the electrode."

To further advance our nanoscale understanding of the
electrical double layer in ionic liquids, a thorough correlation of
atomistic/molecular simulations with experimental measure-
ments is required.”” With state-of-the-art in situ methods a
quantification of volumetric changes of carbon particles or bulk
electrodes can be monitored. These measurements are usually
done by means of electrochemical dilatometry,™® atomic
force microscopy,””*" or (small-angle) X-ray diffraction.” In
situ electrochemical dilatometry (eD) has confirmed that the
reversible (linear) expansion of microporous carbons in contact
with organic electrolytes can range up to several percent.”>”>®
In the case of highly porous carbons, ionic liquid ions in
nanoconfinement may enable favorable ion packing and
crowding,””*" causing pore swelling of the electrode material.*’
In all cases of previous dilatometric studies,” either with
organic electrolytes or with ionic liquids, the expansion for
negative potentials exceeds the expansion in the positive
potential regime, also at the same charge.33_35 Moreover, a
general trend was observed by an increased expansion for
smaller pores,33’35 and in ionic liquids, the expansion has a
linear correlation with the amount of micropores.*”

It was found that the theoretical expansion according to
either ion insertion into bulk electrodes or generated pressure
due to crowding of ions in the pores or carbon bond-length
variation has been smaller than the measured values on
electrodes. This results from the void volume inside the bulk
electrode and the possibility of particle rearrangement.” To
avoid such secondary effects and to gain further insights on the
particle level, different measurement techniques should be used.
In situ atomic force microscopy (AFM) with ionic liquids
evidenced the reversible expansion and compression of porous
carbon electrodes.””*® The AFM results combined with
molecular dynamic calculations showed that cations inside of
micropores contribute to increasing pressure to a greater extent
than anions, even at the same state of charge.38 This is in line
with the results from eD.***
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Although nanoscale expansions can be tracked by in situ
AFM, it remains a very localized probing of single
particles.””*** Therefore, such results cannot be extrapolated
directly to the behavior of bulk electrodes with a thickness of a
few hundred micrometers and characteristic scales of
heterogeneity depending on particle size and the use of binder.
The development of noninvasive in situ techniques for the
continuous monitoring of mechanical properties of composite
electrodes is therefore in high demand. Electrochemical quartz-
crystal microbalance (EQCM) measurements are known for
very sensitive tracking of mass differences resulting from ion
(de)insertion in supercalpacitors.17’20’46_51 In this way, we can
quantify the irreversible mass change after cycling or the
desolvation of ions in organic electrolytes, that is, stripping off
the solvation shell, when approaching narrow pores. To date,
there has been only a sin%le paper with EQCM in ionic liquid
(EMIM-TFSI) published,”” but there are no studies comparing
in situ measurements with different ionic liquids and a precise
description of the charging mechanism depending on the
choice of ions.

In our multilength scale approach, we combine EQCM to
monitor low mass changes and eD to observe volume changes
of the electrode on a bulk level. During EQCM measurements,
we monitor simultaneously the charge flow and the mass
changes. Since the ionic liquids contain only two mobile ionic
species (i.e, one type of cation and one type of anion) with
different mass and no solvent molecules, the simultaneous mass
and charge measurements allow us to quantify the contribution
of counterion and co-ions to the double-layer charge storage.
Considering the molar volumes of the ions, we can calculate
potential-dependent volume changes due to the ionic liquid
ions inside the pores. We show that these volume changes are
in good agreement with the measured volumetric expansion
from eD measurements. The much wider potential window
applied in eD further allows us to see the influence of both ions
on the structure of the double layer and the resulting
dilatometric behavior.

2. EXPERIMENTAL SECTION

The synthesis of the novolac-derived carbon beads (NovoCarb)
is described elsewhere.””** In short, the novolac pellets (20 g)
with 10 mass% of methenamine were dissolved in 100 mL of
ethanol. The solution was added to 500 mL of water in an
autoclave, heated up to 160 °C with a heating rate of 5 °C/min,
and held at this temperature for 8 h. The resulting dispersion
was freeze dried with liquid nitrogen. The novolac beads were
afterward pyrolyzed in a graphite heating furnace (Thermal
Technology) in argon atmosphere at 1000 °C with a heating
rate of 20 °C/min. CO, activation was carried out in a quartz
tube furnace (VG Scienta) at 1000 °C for 2 h.

Nitrogen gas sorption measurements were carried out with
an Autosorb iQ system (Quantachrome) with liquid nitrogen
(=196 °C). The electrode was degassed under vacuum at 150
°C for 10 h; the powder was degassed at 300 °C. Isotherms
were recorded at relative pressures (p/p,) from S X 107" to 1.0
in 74 steps. The specific surface area (SSA) and pore size
distribution were calculated with the ASiQwin software using
the quenched-solid density function theory assuming slit
pores.”™*

CHNSO analysis was carried out with a Vario Micro Cube
(Elementar GmbH). The temperature of the reduction tube
was 850 and 1150 °C in the combustion tube. The device was
calibrated with sulfanilamide. Oxygen quantification was
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Table 1. Physical Properties of the Used Ionic Liquids at 25 °C

cation size (nm®)  anion size (nm®)  conductivity (mS/cm)  density (g/cm®)  viscosity (cp)  melting point (°C) ref

EMIM-BE, 0.156 + 0.018 0.073 £+ 0.021 14 1.28 43 +14.85 70=72
EMIM-TESI 0.156 + 0.018 0.232 + 0.015 9.2 1.52 34 —-15.18 70,71,73

BMIM-PE, 0.196 + 0.021 0.109 + 0.008 14 1.36 207 +9.85 6972
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Figure 1. In situ dilatometric measurements of NovoCarb in (A) EMIM-TFS], (B) EMIM-BF,, and (C) BMIM-PF, with cyclic voltammetry at 1
mV/s. Electrochemical response of the working electrode (black line) can be simultaneously tracked with the height change (red).

conducted in a rapid OXY Cube with silver crucibles at 1450
°C. The calibration was done with benzoic acid. Room-
temperature ionic liquids (RTIL) from Iolitec were degassed
under vacuum at 120 °C for 24 h. The three used RTIL 1-ethyl-
3-methylimidazolium tetrafluoroborate (EMIM-BE,), 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM-
TFSI), and 1-butyl-3-methylimidazolium hexafluorophosphate
(BMIM-PFy) were stored in an argon-filled glovebox (MBraun,
H,0 and O, content below 1 ppm).

In situ electrochemical dilatometry was carried out with an
ECD-3-nano dilatometer from EL-CELL (setup adopting the
design in ref 35 and following the procedure from ref 55). The
measurements were conducted at 25.0 &+ 0.1 °C in a three-
electrode setup. The working electrode with 90 mass %
NovoCarb and 10 mass % sodium carboxymethyl cellulose
(NaCMC) in water were dropcasted on the platinum current
collector and dried at 200 °C for 30 min. The cell contained an
oversized activated carbon electrode and a carbon quasi-
reference electrode (type YP-SOF, Kuraray) and was vacuum
backfilled with electrolyte (approximately 0.5 mL) in the
glovebox.*® The working electrode was loaded with a constant
force of 1 N, and the strain was tracked with a DPI1S
displacement transducer (Solartron Metrology, accuracy +15
nm). After a resting period of 48 h, cyclic voltammograms were
recorded at 1 mV/s and galvanostatic data was recorded after
an appropriate equilibrium time (10—60 min) at the applied
potential. We used a VMP-300 from Bio-Logic.

Electrochemical quartz-crystal microbalance (EQCM) meas-
urements were conducted with RenLux Crystals at 10 MHz
resonance frequency with gold-sputtered electrodes and an
active surface area of 0.204 cm”. The electrodes were airbrushed
with a suspension of 90 mass % NovoCarb and 10 mass %
NaCMC in water on the gold surface at 200 °C and dried
afterwards in a vacuum oven at 60 °C for 24 h. According to
the electrochemical behavior and the assumption of exclusively
capacitive charge, we can calculate the active mass (i.e., carbon
mass, mc) via me = I/(Cev) with the current I during cyclic
voltammetry measurements, the calculated capacitance C¢, and
the scan rate v. The electrochemical cell TSC surface from

19122

RHD Instruments was assembled with the coated quartz crystal
as working electrode, a silver wire as quasi-reference electrode,
and a gold disc as counter electrode. The cell was filled with
electrolyte (approximately 0.6 mL) and sealed in the glovebox.
The electrochemical measurements were controlled with an
Interface 1000 system from Gamry, while the resonance
frequency of the crystal was tracked with a Gamry eQCM 10M.
Calculations for the number of ions and the volume changes are
presented in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Electrode Characterization. The novolac-derived
carbon beads (NovoCarb) were produced as described
elsewhere.*>*® This type of porous carbon provides a very
narrow pore size distribution” with an average pore size of
about 1.2 nm, which is larger than the ion size of the used ionic
liquids (Table 1). Furthermore, the noncarbon content is about
S mass % (Supporting Information, Table S1). The quenched-
solid DFT specific surface area (QSDFT-SSA) of the dry
carbon powder is 1958 m*/g with a total pore volume of 1.13
cm’/g and an average pore size of 1.2 nm. The electrodes
containing 90 mass% carbon and 10 mass% sodium
carboxymethyl cellulose (NaCMC) show a strongly reduced
SSA of 1338 m*/g (—32%) and a pore volume of 0.82 cm’/g
(—27%), whereas the average pore diameter does not change
(Supporting Information, Figure S1). The reduced SSA is
related to pore blocking effects of the NaCMC binder, which
especially blocks subnanometer pores.””**

3.2. lonic Liquid Properties. We used three room-
temperature ionic liquids (RTILs), namely, EMIM-TFS],
EMIM-BF,, and BMIM-PF,, with five different ion species.
These ionic liquids differ regarding the sizes, shapes, and
masses of the ions. For instance, in the case of EMIM-TFSI, the
molar volume and molar mass of the anions are larger than the
molar volume and molar mass of the cations, while the situation
is reversed in the case of EMIM-BF, (Table 1). Furthermore,
the ionic liquids show distinct transport properties (viscosity
and conductivity), which thus lead to different electrochemical
properties.59 Our work critically requires us to stay within a

DOI: 10.1021/acs.jpcc.7b06915
J. Phys. Chem. C 2017, 121, 19120-19128


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b06915/suppl_file/jp7b06915_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b06915/suppl_file/jp7b06915_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b06915/suppl_file/jp7b06915_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.7b06915

The Journal of Physical Chemistry C

13“ )‘ é epe s LS-“ %% Q. ;‘) 18. )h 3 3 020
) .)J) o \ o g 9 9~ J0 LJJ
1.6 . 1.6 4 J" 164
] " [EMIM]* [TFSI] Lol [EMIM]*  [BF,] val . [BM,M]. [p&]
-
s12] °* 3121 121 ]
c 10 - Z 1.04 c 1.04 .
Sos " S 08 S8 .
2] L] (%) 2] -
06 . 06 06- .
M - L]
0.4 1 " 0.4 . 0.4 1 .
02 g et 0.2 '.h. _' 02- L .r".
7 I Y S S UL 00 F ey
500 400 -300 -200 100 0 100 200 300 400  -500 -400 300 -200 -100 O 100 200 300 400  -500 -400 -300 200 -100 O 100 200 300 400
Specific charge (C/g) Specific charge (C/qg) Specific charge (C/g)

Figure 2. Galvanostatic results of NovoCarb in (A) EMIM-TFS], (B) EMIM-BF,, and (C) BMIM-PF with normalization of charge to the point of

zero strain (pzs).
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Figure 3. Galvanostatic response of the system at a specific current of 0.1 A/g. Data is derived from the in situ dilatometry system. Charge is
normalized to the point of zero strain (pzs) and plotted versus the resulting strain of the working electrode. Schematic drawings show the different
charging behavior according to the shape of the adsorbed ions with spherical anions (BF,” and PF¢~) and nonspherical ions (TFSI”). Effect is
exaggerated in the drawing to illustrate the trend but not to reproduce the amplitude shown in the eD data. In all cases the smaller ion is more

involved in energy storage, which results in either preferred co-ion expulsion or counter-ion adsorption.

stable electrochemical voltage window to avoid any Faradaic
reactions at the fluid/solid interface between ionic liquid and
carbon electrodes. To find the maximum potential window
when using NovoCarb, we conducted cyclic voltammetry at a
scan rate of 1 mV/s with increasing voltage window in 100 mV
increments (Figure 1).°” All RTILs were tested until an upper
vertex voltage limit of +1.5 V vs carbon. In the cathodic regime,
the lower vertex voltage differs with the limits for EMIM-BF, at
—1.6 V vs carbon, for EMIM-TESI at —1.8 V vs carbon, and for
BMIM-PF; at —2.0 V vs carbon. In accordance with the
viscosity and conductivity properties of the different RTILs, a
rectangular-shaped cyclic voltammogram (CV) is observed for
EMIM-BF, and EMIM-TFSI, while a more distorted CV with a

large resistive knee is seen for BMIM-PF¢ because of the 10-
fold lower conductivity of the latter (Table 1).

3.3. Electrochemical Dilatometry. Using in situ electro-
chemical dilatometry (eD) we can simultaneously record the
CV and the displacement of the working electrode (Figure 1).
This displacement is divided by the thickness of the electrode
to obtain the normalized strain values. We can see a clear
influence of the RTIL on the expansion of NovoCarb
electrodes. The largest expansion of 1.4% is measured for
EMIM-TEFSI at a negative potential of —1.8 V vs carbon. This is
followed by the expansion in EMIM-BF, (0.8%) and then
BMIM-PF; (0.7%). It can be observed that the expansion is
always more pronounced in the negative potential regime.

DOI: 10.1021/acs.jpcc.7b06915
J. Phys. Chem. C 2017, 121, 19120-19128


http://dx.doi.org/10.1021/acs.jpcc.7b06915

The Journal of Physical Chemistry C

—— An (EMIM®)
0.4+ —4n (BFy)
— — 0.24 —
© © ©
£ £ oo/ £
L) L] L)
2 2 oz 2
c c c
< . <1 -0.44 <
101 An (EMIM') = - - An if AV=0 (EMIM") 064 = = —An if AV=0 (EMIM')
——An - = = An if AV=0 - = = An if AV=0 (BF})
——An (TFSF) = - = An if AV=0 (TFSI) 084 =7 = = = An if AV=0
1.5 T T T T " T T T T T 1 T T T
2.0 -1.5 -1.0 0.5 0.0 -1.0 0.8 06 0.4 -0.2 0.0 0.0 0.2 0.4 06
Charge difference (mC) Charge difference (mC) Charge difference (mC)

Figure 4. Calculated number of ions in the pores according to the charge difference in (A) EMIM-TESI, (B) EMIM-BF,, and (C) BMIM-PF,. (A
and B) Measurements are compared with the calculated changes which would result in a nonvolumetric exchange of ions (dashed lines).

However, the measured expansion cannot solely be related to the total charge values also strongly differ, which is related to
the electroadsorbing cation, as both EMIM-containing electro- the slightly different voltage windows and the surface coverage
Iytes drastically differ in expansion depending on the type of per ion, which is changing in the case of nonspherical ions
anion present. At the most positive potentials (+1.5 V vs (Figure 3).°>°® The higher total charge values for EMIM-TFESI
carbon), the expansion is largest for the nonspherical TFSI, and EMIM-BE, in comparison to BMIM-PF,, which has the
which is also the largest anion, followed by PF,~ and the largest cation and a spherical anion, are related to the bare ion
smallest BF,". size and the volume occupied by each ion (Table 1). Hence, we
A strain hysteresis occurs during voltage sweeping at 1 mV/s would expect higher energy E for higher potentials or larger cell
and is enhanced for RTILs with lower ion mobility/higher voltages according to E = 1/2CV?* (with capacitance C and cell
viscosity as can be seen for BMIM-PF,. The hysteresis is related voltage V), but the size of the adsorbed ions seems to have a
to the limited ion migration inside narrow pores and the high greater impact on the possible surface charge.
viscosity of the used ionic liquids (Table 1). To avoid the strain The electrochemical stability of ionic liquids in the literature
hysteresis, we conducted galvanostatic measurements with the does not show a clear trend.******° The different pzs (+0.2 V
same voltage steps and an appropriate equilibrium time (Figure vs carbon for EMIM-BF, and 0.7 V vs carbon for EMIM-TESI)
2). The system is quasi-equilibrated at each voltage step, and might have an influence on the preferred electrosorption of
we can now correlate charge and strain. The curves are ions, but there might be also a steric hindrance according to the
normalized to zero charge at the minimum strain measured; we different shapes of the ions.” In the case of EMIM-TFSI, both
call this point the point of zero strain (pzs). This point is ions are nonspherical and can be approximated as cylindrically
assumed to be close to the point of zero charge (pzc). shaped. In confinement of nanometer-sized pores, these ions
Therefore, an equal number of cations and anions can be might slide easier along each other than spherical ions.”***
expected in the pores.'>®' A higher strain is seen again at Nonspherical ions may create a steric barrier for other ions to
negative charge compared to positive charge for all RTILs. The slide along each other by generating the double layer inside the
smallest expansion is observed for EMIM-BF, with 0.25% at small pores due to their larger diameter in the x—y direction,
+300 C/g and 0.5% at —300 C/g. In the case of EMIM-TESI, and the shape of the double layer is more affected by the larger
we observe a large strain of 0.7% at negative charges (—300 C/ nonspherical ions (Figure 3). In our case, the strain created at
g) compared to a smaller strain of 0.2% at positive charges the highest potential is similar for all three types of anions

(+190 C/g). At a positive charge of 100 C/g, the expansion is within a margin of about 0.3% (Figure 3). This is counter-
0.25% for BMIM-PF,, 0.13% for EMIM-TFSI and 0.03% for intuitive considering the different sizes of the ions, but

EMIM-BF,which shows that in general a larger strain at considering the vastly different charges a direct comparison is
negative potentials results also in a more pronounced expansion not possible this way.
at positive charges. For BMIM-PF the strain at —300 C/g is In general, we observe a larger strain at negative polarization
already 1.1%, which can be explained by the larger volume compared to positive potentials. The expansion is not only
occupied by the BMIM" in comparison to EMIM* (Table 1). related to the bare ion size as described above for EMIM-TESI
The effect of a more pronounced expansion at negative voltages and EMIM-BF,. Even at the same amount of charge, the
is measured for all RTILs, but it is not fully understood yet. expansion differs for the same type of counterion, which is
In the case of EMIM-TEFSI, the slope in the strain versus ascribed to an influence of the co-ions.
charge plot is smaller than that found for BMIM-PF,. The 3.4. Electrochemical Quartz-Crystal Microbalance
higher strain can be correlated to the larger size of BMIM* (EQCM). To better understand the charging mechanism in
(Table 1). It seems likely that the orientation of ions (co-ions the carbon nanopores, we conducted electrochemical quartz-
and counterions) influences the strain, especially for the crystal microbalance (EQCM) measurements. We note that in
nonspherical ions.”> A parabolic shape in the strain curve is the EQCM experiments the electrodes are much thinner
generated by the spherical BF,”, whereas a more linear increase compared to the bulk electrodes in electrochemical dilatometry.
in strain can be observed for TFSI™ and for the PF,~ that is This results in a more flooded electrode (the amount of
paired with the BMIM* cation. Hence, for the two EMIM*- electrolyte in comparison to the mass of electrode) and faster
containing electrolytes, the strain at —300 C/g differs, with charge transport in the electrolyte but should not affect the
0.5% for EMIM-BE, and 0.7% for EMIM-TESL* Moreover, charging mechanism of the nanopores in the quasi-equilibrated
19124 DOI: 10.1021/acs.jpcc.7b06915
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state. The thickness of the active mass should be in a range 3.5. Multilength Scale Behavior. The EQCM results in
where the full width at half-maximum (fwhm) of the resonance the previous subsection reveal that movement of smaller ions is
peak does not change significantly. A change of the fwhm the dominating part of the charging mechanism at lower surface
indicates viscoelastic behavior of the electrodes, and in this case, charges. We see at larger potentials an increase of the amount
the origin of the frequency changes would not be exclusively of counterion adsorption (Figure 3) due to the strong depletion
related to mass changes. Consequently, the Sauerbrey equation of the smaller ions and the need of further surface charge
would not be applicable.””*”*”*® However, in our measure- compensation. Considering the theoretical volume of each
ments, the viscoelastic effects were small, since the fwhm of the ion,69’70 we can estimate the volume change of the ionic liquid
resonance peak changed only by about S0—100 Hz, whereas inside the porous electrode (Figure 4) for the low charges in
the frequency shift was about 300—700 Hz (Supporting the EQCM measurements. Since we have different sized ions,
Information, Figure S2). the structure of the electric double layer can change without

Gravimetric in situ measurements of the electrodes with yielding strong volumetric changes. The volumetric ratio of

adsorbed ions can be used to calculate the change of the EMIM" to BF,” is, for example, more than 2:1; accordingly,

number of ions in the pores. In all cases, the mass of the two BF,” ions occupy the same volume as just one EMIM*
electrode is highest at the highest potential (Supporting (Table 1).

Information, Figure S3). The different masses of cations and
anions allow us to track adsorbing and desorbing ions in the
pores, even if there is just a 1:1 exchange of cations and anions.
A higher mass at positive potential results from a larger number
of ions in the pores or is just a result of ion swapping if the
mass difference of cation and anion is large. A clear
differentiation of the changes in ion population is possible
when calculating the change in the number of ions as described
in the Supporting Information. We see that for EMIM-TFS],
more cations enter the pores than anions are ejected when
applying a negative potential (Figure 4A). Accordingly, the total
number of ions (An) increases. This is in contrast to the
measured and simulated behavior of supercapacitors with
aqueous or organic electrolytes.” #**** This implies that the
absence of a solvation shell leads to a different double-layer
structure in the nanoconfined space.”””® We see a stronger
increase in the number of cations An(EMIM') compared to
the decrease of anions An(TFSI™) for negative polarization.
Thus, the charge storage is dominated by the insertion or

The chosen potential window for the eD measurements is
much wider, so we can see the effect of ion swapping without
volumetric changes and then a drastic increase in strain
according to crowding the pores with counterions to
compensate for the higher surface charge. In contrast to
systems with solvated ions, where the total number of ions in
the pore is constant,” we can see a crowding of pores which get
filled with more ions to compensate for the surface charge. For
EMIM-BE,, the volume neutral ion swapping occurs at very low
charge difference according to EQCM measurements and
confirmed by eD where no strain is measured for low charges
until —70 C/g (Figure 2B). This means that more BF,”
migrates than EMIM" since two anions fit into the space of
one cation. When applying more negative potentials, the strain
increases, as seen by eD. Hence, the slope in EMIM-BE, is
much smaller compared to EMIM-TES]I, which is caused by the
size difference of anions and the fact that the smaller ions are
more involved in the charge compensation. For BMIM-PFy, the

expulsion of the smaller ion (i.e., EMIM®, Figure 4A). This mechanism of charge storage is similar to EMIM-BF, without
charge storage mechanism leads only to a small increase of the any significant volumetric change around the pzc (Figure 5C)
volume for negative polarization (Figure SA). due to the larger BMIM" being exchanged for more of the
The mechanism changes when using EMIM-BF, or BMIM- smaller PF,~ ions (volumetric ratio BMIM" to PF,~ is 1.8:1).
PF; as electrolyte (Figure 4B and 4C). In the case of these ionic The volume increases for more negative charges, where the
liquids, the sizes of the spherical anions are smaller compared amount of counterion adsorption increases. Considering that
to the sizes of the cations. When the electrode is charged BMIM" is the largest ion in this study, the expected volumetric
negatively, the number of anions decreases more strongly than changes are highest, too. Moreover, the strain at the most
the number of cations increases. This mechanism leads also to negative charge is less for the quasi-equilibrated state (Figure
an almost constant volume of the ionic liquids within the pores 2C) in comparison to the dynamic measurement in Figure 3,

(Figure SB and SC). which is related to the very high viscosity of this IL.
19125 DOI: 10.1021/acs.jpcc.7b06915
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In summary, we see at first always smaller ions are being
exchanged for fewer large ions until a critical point is reached,
where the mechanism due to strong diminution of co-ions must
change to a larger amount of counterion adsorption. This aligns
with the dilatometer measurements, where no strain was
measured (up to +100 C/g for EMIM-BF,), while for higher
negative charges the increased counterion adsorption causes the
slope to rise (Figure 3).

A rigorous quantification is difficult since the pores are not
completely filled without an applied voltage and secondary
effects like electrowetting may occur.'> In the absence of
solvent molecules, ideal RTIL counterion adsorption must
cause an increase in the volume of the electrical double layer
and a crowding of ions in the pores.'”*>*° For potentials far
from pzc, counterion adsorption dominates as the charging
mechanism and the slope of volume expansion increases for
larger ions since each ion occupies a larger volume fraction
inside a narrow pore (Figure 3). However, the expansion differs
for EMIM-TFSI and EMIM-BF, even though both systems
employ the same cation. This must be related to strong ion—
ion interactions and a non-negligible number of the co-ions are
involved in the charging mechanism. According to the shape
and degree of freedom, also the adsorption sites inside of
micropores might differ strongly (Figure 3).*"** The spherical
anions seem to create less strain compared to the cylindrical
TESI™, which also might be caused by a lower degree of
freedc())gn and a larger steric hindrance as co-ion in the double
layer.

4. CONCLUSIONS

We present a systematic study on capacitive energy storage at a
microporous carbon surface with different ionic liquids. The
electrochemical properties at the fluid/solid interface were
investigated in situ by a multilength scale approach. Electro-
chemical dilatometry on bulk electrodes and electrochemical
quartz-crystal microbalance on thin electrodes were used to
fundamentally understand the charging mechanism and the
resulting bulk behavior. Close to the potential of zero charge,
smaller ions are more involved in the charging mechanism.
Since more smaller ions are exchanged by less larger ions, the
charging takes place at almost constant volume. For potentials
far from the pzc, the mechanism changes to a preferred
counterion adsorption due to depletion of co-ions. Moreover, a
spherical anion creates less strain compared to a nonspherical
one, which might be caused by a lower degree of freedom and a
larger steric hindrance as co-ion in the electrical double layer.
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1. Quantification of ions

To calculate the number of ions in the double-layer we expect an exclusive capacitive energy storage
behavior. The surface charge Q is balanced by adsorption of counter-ions or expulsion of co-ions via:

Q=-F(n, —4n_) (1)

with the Faradaic Constant F and the change in number of cations An. and the change in number of
anions An.. All used ionic liquids contain single charged (monovalent) ions and we can simplify the
equation by calculating the difference x between co-ions and counter-ions:

—2=fn, —In_=—x (S2)
The total change of number of ions An is the sum of the changes of co-ions and counter-ions:

In =An, +A4n_ (S3)
Since there are only monovalent ions Eq. (5S3), we can write the following:

An =24n, +x (84)

The mass change according to the Sauerbrey equation Am = k - Af is linear related to the change in
frequency.! Assuming only ion adsorption and desorption 2 we can correlate the mass change with the
change in number of ions and mass of ion M as:

dm=A4n, M, +A4n_-M_ (S5)

By combination of £q. (5S3)-(S5), we can calculate the change in number of a single type of ions as:

Am=An, * M, + (An, +x) * M_ (S6)

Im=An,* (M, +M_)+x*M_ (57)
Am—x*M_

tny = (58)

2. Volumetric changes

The changes in volume related to the changes in number of ions in the pores are correlated by the
molar volume of the ions Vi, and the Avogadro constant Na

V,=V-N, (S9)

Since the volumes of the ions are quite different there are possible changes of ions in the pores without
any volumetric changes. If we know the free of volumetric change state of (dis-)charging we can
calculate the number of ions which is related to the occurring volumetric change. If we assume AV=0,
then we see:

AV =0 = AV, + AV_ = Ang, Vs + Ang_Vi_ (S10)

_ Q*Vim+
Ao = T v (S11)

Angy =2 — An,_ (512)

with 4ng is the number of ions which can be exchanged without any volumetric changes.
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3. Gas sorption analysis

Nitrogen gas sorption measurements were carried out on the dry NovoCarb powder and the electrode
containing 10 mass% NaCMC. The resulting quenched-solid density functional theory (QSDFT) plots
show a decreased total pore volume in the electrode (Fig. S1A). This is resulted from the pore blocking
of the binder, which is especially pronounced for the smallest pores below 1 nm as seen when
normalizing the total pore volume to 100 % (Fig. S1B). Hence, the average pore volume stays constant.
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Figure S1: Cumulative pore volume for dry powder (red line, dashed) and electrode containing
10 mass% NaCMC (black line, solid).
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4. EQCM measurements

The EQCM measurements for all three ionic liquids show changes in frequency Af and changes in
FWHM of the peaks (dissipation AW) when applying a potential. To avoid any viscoelastic influence of
the electrode on the frequency changes the change in dissipation must be much lower than the
changes in peak shift Af.2 This is confirmed by our measurements where the change in W is 3-10 times
less than the change in frequency (Fig. S2). The signal is smoothed with a 20-point Savitzy-Golay filter.
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Figure S2: Change in frequency Af and dissipation W according to the applied voltage (A,B) or to the
charge (C) in (A) EMIM-TFSI, (B) EMIM-BFs4, and (C) BMIM-PFs.

With cyclic voltammetry, the change in mass of the working electrode Am can be traced in situ with
the electrochemical response of the system. In all cases the mass increased when applying positive
potentials (Fig. S3).
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Figure S3: In situ tracing of mass changes of the working electrode (red line) and the electrochemical
response (black line) of the thin EQCM electrodes in (A) EMIM-TFSI, (B) EMIM-BF,4, and (C) BMIM-PFg.

The measured changes in mass are correlated to the change in number of adsorbed ions on the
working electrode. Since we know the volume of each ion,* a direct calculation of volumetric changes
according to the composition of the double-layer is possible (Fig. 5).
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5. Chemical analysis

Table S1: Chemical analysis of the dry carbon powder via CHNSO analysis.

Carbon Hydrogen | Nitrogen Sulfur Oxygen
(mass%) (mass%) (mass%) (mass%) (mass%)
94.1+1.3 0.5%0.1 0.7+0.1 Not detectable | 2.8+0.5
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ABSTRACT

We pyrolyzed and activated novolac beads in one single step with ammonia at different temperatures
(750—950 °C), which leads to a highly porous carbon with nitrogen-doping. The chemical and physical
properties were characterized and correlated with the electrochemical performance as supercapacitor
electrodes. The average pore size varied at 0.6—1.4 nm dependent on the synthesis temperatures. Three
different electrolytes (aqueous, organic, and an ionic liquid) were tested. The specific capacitance in a
symmetrical supercapacitor reached up to 173 Fg~' and was strongly dependent on the porosity of the
electrode material and the kind of electrolyte. We found that the presence of nitrogen enhanced the
electrochemical performance stability and led to a high specific energy of 50 Wh-kg~! using an ionic
liquid as electrolyte.

Supercapacitor
Electrochemical energy storage

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Porous carbon materials are attractive for many applications like
catalysis [1], gas storage [2,3], energy storage [4], or water treat-
ment [5,6]. To enhance the electrical conductivity and overall per-
formance, nitrogen-doped porous carbons have been developed
[7—10]. A particularly promising technology for rapid and highly
efficient energy storage is the electrical double-layer capacitor, also
known as supercapacitor [11]. The latter uses highly porous carbons
as electrode material and stores energy by fast ion electrosorption
[12]. Supercapacitors are characterized by a high specific power due
to fast interfacial processes, but suffer from relatively low specific
energies compared to batteries [4]. It was shown that nitrogen-
doping in graphene can improve the specific capacitance by
modifying the electronic structure of the material [13,14]. There-
fore, it is promising to implement this enhanced electrochemical
performance via nitrogen-doping to nanoporous carbon materials
[15,16]. Salinas-Torres et al. investigated the influence of different
nitrogen groups and showed that aniline groups on porous carbon

* Corresponding author. INM - Leibniz Institute for New Materials, Campus D2 2,
66123 Saarbriicken, Germany.
E-mail address: volker.presser@leibniz-inm.de (V. Presser).

https://doi.org/10.1016/j.carbon.2018.02.029
0008-6223/© 2018 Elsevier Ltd. All rights reserved.

electrodes can improve specific capacitance more than pyrrolic or
graphitic nitrogen groups [17]. Aniline groups also led to a lower
capacitance retention over time when operating in an organic
electrolyte because they facilitate the electrolyte decomposition,
which leads to pore blocking [17,18]. A similar effect was observed
for carbons with a high amount of oxygen-containing functional
groups [19,20].

The synthesis strategies to introduce nitrogen in porous carbons
can be classified into two distinct groups [21]. The first approach is
the direct synthesis from nitrogen-containing precursors, like
melamine resin [22—24], polypyrrole [25], glucosamine [9], bean
shells [26], or other biomasses [27,28]. The porosity of these ma-
terials is often accomplished by a templating route or activation
step at high temperatures. The pyrolysis and the activation at high
temperatures increase the porosity, but also often reduce the
amount of nitrogen in the structure [21]. Chen et al. showed by the
pyrolysis of polypyrrole that a higher temperature (500—1100 °C)
leads to a higher ratio of graphitic and pyrrolic nitrogen, while the
total amount of nitrogen was reduced from 12 at% to 5 at% [25]. The
second approach to produce nitrogen-containing carbon materials
is a post-treatment of a porous carbon with nitrogen-containing
compounds, like NH3 [29], HCN [30], urea [31], or HNO3 [32,33]
in a gaseous or liquid phase. This approach often forms nitrogen
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functionalities instead of leading to actual nitrogen-doping of the
carbon structure [21,29,33,34]. A treatment at high temperatures
leads to a decomposition of ammonia to NH, and NH [30]. These
radicals can further react with carbon and form nitrogen func-
tionalities, which decompose at high temperatures to HNC or other
components like CHy4 leading to an increase in porosity [29,35,36].

A new method to produce nitrogen-enriched carbons was
introduced by Wang et al. in 2013 by the direct pyrolysis of a
phenolic resin in ammonia [37]. Ammonia is reacting during the
pyrolysis with the polymer which leads to nitrogen-doping and at
higher temperatures, the NH3 decomposition activates the carbon
as well. By this way, high surface area and nitrogen-doping are
accomplished at the same time. The carbon precursor used by
Wang et al. was combined with a block-copolymer as soft-template
to produce mesopores. Micropores were created by carbon reacting
with ammonia at high temperatures of 700—850 °C. This procedure
led to a specific surface area (BET) of 795—1415m?g~! and a total
pore volume of 0.69—1.20 cm> g~ .. The nitrogen content produced
by this method was 7.1-9.1 at%. The type of nitrogen groups (i.e.,
pyridinic-type, amide or imine, pyrrolic-type or pyridonic-type,
graphitic-type, and pyridine N-oxide) was identified with X-ray
photoelectron spectroscopy (XPS) and varied depending on the
holding time at high temperatures. The presence of ammonia
during the pyrolysis eliminates the need for a nitrogen-containing
precursor, additional activation, or post-treatments. The materials
were also tested in a symmetrical supercapacitor using 1M tet-
raethylammonium tetrafluoroborate (TEA-BF4) in propylene car-
bonate (PC) as electrolyte, achieving a specific capacitance of
76 Fg~1[37].

In a previous study, we introduced the synthesis of sub-
micrometer sized novolac-derived carbon beads, which were
physically activated and used for energy storage (supercapacitors,
lithium-sulfur batteries) and water treatment (capacitive deion-
ization) [38—41]. We now applied the method of Wang et al. [37] to
our novolac beads to effectively synthesize nanoporous, nitrogen-
doped carbon beads in one step at high temperatures. We varied
the synthesis temperature in presence of ammonia from 750 °C to
950°C, which resulted in different microporous carbon. These
materials were characterized via temperature-programmed
desorption (TPD) and XPS to identify the nitrogen groups, which
have a major influence on the electrochemical stability of the
supercapacitors. We also studied the influence of the temperature
and ammonia during the pyrolysis on the non-graphitic structure of
the materials with Raman spectroscopy and wide-angle X-ray
scattering (WAXS). Additionally, we benchmarked the nitrogen-
containing novolac-derived carbon beads as electrode materials
for supercapacitors in an aqueous electrolyte, an organic electro-
lyte, and an ionic liquid. Our work gives further insights into the
impact of the nitrogen-doping on the carbon material properties
and electrochemical performance, especially in ionic liquids.

2. Experimental description
2.1. Synthesis of novolac-derived carbon beads

The novolac beads were prepared with a method described
before [38,40]. In short, 20 g of the novolac (Alnovol PN 320 from
Allnex) was dissolved in 100 mL ethanol together with 2 g of hex-
amethyl tetralin as crosslinker. The solution was added to 500 mL
deionized water in an autoclave and heated to 150 °C for 8 h. The
resulting suspension was freeze-dried with liquid nitrogen to avoid
strong agglomeration.

1 g of the dried polymer powder was placed in a quartz glass
crucible for the temperature treatment in an argon/ammonia at-
mosphere. The argon gas (purity: 4.6) constantly flowed at

50 cm® min~! and the ammonia (purity: 5.0) flow of 20 cm? min !

was added during the heating and holding time. The heating rate
was 1°C min~! and the target temperature of 750 °C, 850 °C, or
950 °C was held for 3 h. The ammonia flow was switched off during
the cooling of the quartz tube furnace (Carbolite Gero). One sample
was prepared without the addition of ammonia as reference (py-
rolysis temperature: 950 °C).

2.2. Material characterization

The porosity of the powder and electrode samples was analyzed
via CO, and N, gas sorption analysis (GSA) with a Quantachrome
Autosorb iQ system. The powder samples were degassed at 200 °C
for 1 h and heated to 300 °C at a relative pressure of 0.1 Pa and kept
at this temperature up to 20 h to remove volatile molecules from
the samples. The electrode samples were only degassed at a
maximum temperature of 150 °C with the same procedure. The N,
measurements were performed at —196 °C and the CO, measure-
ments at 0 °C. The relative pressure for the nitrogen isotherms was
varied between 5-10~% and 1 in 73 steps for measurements with N
and between 2-10> and 1 relative pressure in 40 steps for mea-
surements with CO,. A quenched-solid density functional theory
(QSDFT) kernel assuming slit-like pores was applied to obtain the
pore size distribution and specific surface area (SSA) above 0.9 nm
from the N, isotherms and a non-local density functional theory
(NLDFT) kernel for deconvolution of the CO, isotherms for pore
sizes below 0.9 nm [42—44]. The average pore size was obtained by
the dsp value and relates to the pore size of half of the cumulative
pore volume at 10 nm. The Brunauer-Emmett-Teller (BET) equation
was also applied in the linear part of the isotherms to obtain the
SSAget. The calculations were carried out with the software ASiQ-
win 3.01 [45].

Scanning electron microscopy (SEM) was performed with a field
emission scanning electron microscope (JEOL JSM-7500F). The
samples were fixed to a steel holder with carbon tape. The particle
size was determined by measuring 100 beads from the SEM images
by Image] software [46]. Transmission electron microscopy (TEM)
was performed with a JEOL JEM-2100F system at 200 kV. The
samples were prepared by sonication in ethanol and drop casting in
copper grids with carbon film.

Raman spectra were measured with a Nd-YAG laser with a
wavelength of 532 nm and a grating of 2400 lines. The objective
had a 50 times enlargement and the numeric aperture was 0.9 with
a spectral resolution of ~1.2cm™!. The laser power was approxi-
mately 0.02 mW. An acquisition time of 30 s was chosen, and 10
accumulations were recorded. The Raman spectra were fitted with
four Voigt profile functions between 500 and 2000 cm™! and the
Tuinstra-Koenig (Eq. (1)) and Ferrari-Robertson equations (Eq. (2))
were used to calculate the average graphene layer extent L,.

Lo = b

- (1)
In/y.

with (532 nm) of 4956 nm (C,=0.033 A\, - 12.6 nm; with the
wavelength of the laser Ap) [47].

Inyj
La = C;‘G (2)

with C'(532 nm) of 0.6195 nm~2 (C' = (3/8) [48].

A X'Pert Pro powder diffractometer from PANalytical (6-6 ge-
ometry) with Cu-K, radiation (0.15418 nm) at 40 kV and 40 mA was
used for WAXS measurements in an angular range of 26 = 10—100°.
The powder samples were flattened on a silicon single-crystal
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sample holder to a thickness of 1 mm and measured at room
temperature. We used a 4° anti-scatter slit and an automatic
divergence slit, affording a fixed irradiated length of 7 mm on the
sample surface. A step size of 0.1° and a scanning speed of 0.03 °s~!
were chosen for the measurements.

The software Wolfram Mathematica 11.0 (Wolfram Research)
and CarbX (Justus-Liebig University Giessen) were used for the
fitting of the WAXS data [49]. The WAXS data were fitted applying
the algorithm by Ruland and Smarsly [50,51]. The starting values of
the parameters were determined manually in CarbX and then the
fit was optimized using the NonlinearModelFit operation imple-
mented in Mathematica 11.0. The experimental data were not
altered for the fitting, that is, no background subtraction was
applied. The values for the concentration of nitrogen, oxygen, and
non-organized carbon were fixed to the results of the elemental
analysis.

The chemical composition was characterized with a CHNS
analyzer from Vario Micro Cube from Elementar calibrated with
sulfanilamide. The reduction tube had a temperature of 850 °C and
the combustion tube of 1150 °C.

A thermogravimetric measurement coupled with mass spec-
trometry (TGA-MS) was carried out up to 1400 °C with a heating
rate of 10 °C-min~! in argon with a STA449F3 Jupiter and QMS 403C
Aéolos from Netzsch.

The functional groups and the chemical composition were also
studied with X-ray photoelectron spectroscopy (XPS). We used an
Axis Ultra DLD (Kratos Analytical) with Al-K, radiation (15KkV,
10 mA for general spectra and 15kV, 15 mA for highly resolved
measured C 1s and N 1s peaks). Data analysis was performed with
CasaXPS 2.3.15 from Casa Software. After subtraction of the Shirley
background the peaks were fitted using a Gaussian-Lorentzian
GL(30) peak shape. The full-width-at-half-maximum (FWHM) of
the carbon peaks was kept constant for the fitting. An asymmetric
line shape was used for the sp? component, which is described by
the Doniach-Sunji¢ function [52,53].

2.3. Electrochemical measurements

Free-standing electrodes were prepared from the electrode
materials with 5 mass% polytetrafluoroethylene (PTFE) using a 60
mass% PTFE suspension in water from Sigma-Aldrich [54]. We
dispersed the carbon powder in ethanol before the PTFE suspension
was added in a mortar. The resulting dough was rolled out to a
thickness of 120—190 pm and dried at 120°C at 2103 Pa for 48 h.
Disc electrodes with a diameter of 6—8 mm were punched out of
the electrode sheets. The samples were analyzed in a symmetrical
full-cell with a spectator reference electrode and a half-cell setup
with an oversized carbon counter electrode (>10 times heavier
than the working electrode; composed of YP-80F from Kuraray) in
custom-built cells (see Ref. [54] for cell design). The reference
electrode for the organic electrolyte (1M tetraethylammonium
tetrafluoroborate in acetonitrile, TEA-BF; in ACN) and the ionic
liquid (1-ethyl-3-methylimidazolium tetrafluoroborate, EMIM-BF,)
was YP-50F from Kuraray and the current collector was a carbon-
coated alumina foil (Zflo 2653, Coveris Advanced Coatings). The
reference electrode for the aqueous 1 M NaCl system was Ag/AgCl
and the current collector was graphite foil. Glass-fiber mats (GF/A
from Whatman, GE Healthcare Life Science) were used as separator
for all electrochemical measurements, which were carried out us-
ing a potentiostat/galvanostat VMP300 from Bio-Logic. The cyclic
voltammetry (CV) was conducted at 10mVs~! and the galvano-
static cycling with potential limitation (GCPL) with a 10 min hold-
ing step at each potential for the half-cells. The specific capacitance
was calculated following Eq. (3):

Lend
/ I dt
to

Cop = U-m

(3)
with specific capacitance Cp, starting time of discharge to, end of
discharge time tepg, applied potential difference U, discharge cur-
rent I and active mass of the working electrode m.

The specific capacitance of the full-cells was calculated with Eq.
(4), where the specific capacitance Csp, is multiplied with the factor
of 4 for the comparison with the half-cell results and the IR-drop is
subtracted from the applied voltage Upg.

Lend

4. Idt

_Jb (4)

CSP - Upg -m

The performance stability was surveyed with voltage floating
with the symmetric full-cell at high cell voltages (1.2 V for aqueous
electrolyte, 2.7V for organic electrolyte, and 3.2V for the ionic
liquid) for 100 h. The specific capacitance was measured via GCPL at
1Ag ! every 10h.

We compared our electrochemical measurements with the CO,
activated novolac-derived carbon beads (PNC-CO,; activated for
1h) and two commercial activated carbons (YP-80F and Kynol-
5092-20) which were characterized in previous works
(Ref. [38,55—57]).

3. Results and discussion
3.1. Material characterization

The spherical shape of the primary particles is clearly seen from
electron micrographs displayed in Fig. 1. The beads of the sample
pyrolyzed in argon, NC-950, have a number-dependent average size
of 230 + 103 nm (volume-dependent: ca. 426 nm), which is similar
to the reported value from our previous work (Ref. [38]). The
activation with ammonia (N-NC-950) decreases the number-
dependent average primary particle size to 177 + 80 nm (volume-
dependent: 333 nm). The reduction of the particle size was also
observed for highly CO,-activated novolac-derived carbon beads
[38]. The TEM images in Fig. 1C+F show that there is no ordered
carbon structure.

The nitrogen sorption data of the samples pyrolyzed in argon
(NC-950) and ammonia (N-NC-750, N-NC-850, and N-NC-950) are
presented in Fig. 2A and show the characteristics of a type I
isotherm, indicative of micropores [58]. The pore size distribution,
which results from the CO, and N, GSA measurements, is plotted in
Fig. 2B and the extracted data are shown in Table 1. The patterns
show pores below 2 nm (micropores), which are inside the beads,
and mesopores, which are interparticle pores resulting from the
agglomeration of the beads. The non-activated material NC-950
shows a sub-nanometer porosity with an average pore size of
0.55 nm and a SSApgr of 616 m? g~ L. The treatment with ammonia
increases the average pore size as well as the surface area. N-NC-
750 has an average pore size of 0.60 nm with a SSAprrof 865 m? g~ L
By increasing the temperature, the activation degree increases as
well. The mass loss increases from 45 mass% for NC-950 to 53 mass
% for N-NC-750 and up to 86 mass% for N-NC-950. The latter sample
presents the largest average pore size of 1.43nm, SSApgr of
1827 m? g, and total pore volume of 1.32cm> g~ .

On the Raman spectra (Fig. 2C + D), peak fitting was performed
(Table 2), obtaining the position of the D-mode at 1332-1349 cm ™!
and of the G-mode at 1602-1605 cm ™. These findings are indicative
of nanocrystalline or non-graphitic carbon [59]. The full-width-at-
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Fig. 2. Nitrogen sorption isotherms at STP (standard temperature and pressure; A) and pore size distributions obtained by the combination of the nitrogen and CO, sorption
measurements (B) of NC-950, N-NC-750, N-NC-850, and N-NC-950. Raman spectra of these samples (C) and fitted Raman spectrum of N-NC-950 (D). (A colour version of this figure
can be viewed online.)

Table 1
Mass loss during pyrolysis. Porosity data obtained by CO, and N sorption of the powder samples of NC-950, N-NC-750, N-NC-850, and N-NC-950.
Mass loss SSAprr SSABET Total pore Pore volume at Average pore
(mass%) (m?g™) (m?g™) volume (cm® g ") 10nm(cm3g1) size (nm)
NC-950 45 616 536 031 0.26 0.55
N-NC-750 53 865 742 0.38 0.30 0.60
N-NC-850 66 1159 1145 0.54 0.45 0.73

N-NC-950 86 1827 2358 132 1.09 143
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half-maximum (FWHM) and the Ip/lg ratio decrease with an
increasing activation degree. NC-950 has the widest FWHM for the
D- and G-mode with 171 cm™! and 73cm™), respectively. The
ammonia-treated samples have a narrower FWHM ranging from
152 cm~! to 126 cm™! for the D-mode and from 64 cm™! to 63 cm ™!
for the G-mode and there is a decrease when increasing the syn-
thesis temperature. N-NC-750 and N-NC-850 have Ip/I; ratios of
2.73 and 2.72, respectively, which are lower than NC-950 with 2.90
even though they were produced at lower temperatures. It seems
that the removal of carbon by the activation with ammonia is
stronger for less ordered carbon. N-NC-950 has the lowest Ip/Ig
ratio of 2.63 due to its high synthesis temperature and the activa-
tion with ammonia. With the Ip/I; ratios it is possible to estimate
the average graphene layer extent (L,) using the Tuinstra-Koenig
and Ferrari-Robertson equation [59,60]. The Tuinstra-Koenig rela-
tion is in general valid for an average graphene layer extent above
2 nm; yet, when we apply this equation to our samples, we obtain
values of 1.71—-1.88 nm. A similar issue occurs when we use the
Ferrari-Robertson relation, were we obtained L, values of
2.06—2.16 nm even though the model is valid for amorphous car-
bon materials with a L, below 2 nm [59]. These findings show that
both models (Tuinstra-Koenig and Ferrari-Robertson) are not
suitable for the analysis of the studied carbon materials. Yet, Faber
et al. stated that the real limiting value for L, is 3 nm instead of
2 nm, which would make the Ferrari-Robertson relation valid for
the samples in this study [48]. Therefore, we also applied a model
from Ruland and Smarsly to fit the WAXS data, which gives us a
further understanding of the carbon structure [50,51].

The non-graphitic nature of novolac-derived carbons is
confirmed with WAXS (Fig. 3A). Three X-ray reflections can be
observed at a scattering vector s = (2 sin(f)/A) of 0.27 A~
(20=23°), 048 A1 (20=44°), and 0.83A~! (20=80°), which
relate to the (002), (10), and (11) plane of non-graphitic carbon,
respectively. NC-950, N-NC-750, and N-NC-850 have very similar
scattering patterns and we see the typical broad reflections for a
turbostratic stacking of sp? carbon [61]. The high degree of acti-
vation of N-NC-950 led to a reduction of the first (002) peak,
because the large porosity hinders the ordering of several graphitic
sheets. The WAXS patterns were all fitted with the parameters for
non-graphitic carbon materials listed in Table 3 [50,51]. The fitted
average graphene layer extent L, obtained from WAXS analysis are
in the same range as the values which were calculated using the
Tuinstra-Koenig or Ferrari-Robertson equation from our Raman
data. The low carbon ordering is also in alignment with the TEM
images in Fig. 1. N-NC-750 has the smallest L, of 1.1 nm; L, is
increased at higher synthesis temperatures to 1.7 nm for N-NC-850
and 2.4 nm for N-NC-950. The latter value is even larger than for the
pyrolyzed sample without nitrogen (NC-950) with only 2.0 nm.

In addition to L,, additional structural parameters can be ob-
tained from the WAXS analysis, namely the average C-C bond
length (Icc), the average stack height (L.), and the average interlayer

spacing (as). The values for Icc of NC-950 and N-NC-950 are both
0.141 nm, which corresponds to the value for Icc in graphite
(0.142 nm) [62]. N-NC-750 and N-NC-850 have a higher level of
nitrogen-doping and an almost identical value for Icc of 0.142 nm.
The L. of the samples NC-950, N-NC-750, and N-NC-850 are very
similar and range from 0.9 nm to 1.1 nm. This finding shows that the
precursor is not easily graphitizable. N-NC-950 has an even lower L
of 0.8nm because its high porosity prevents further stacking
[48,61]. The average interlayer spacing as of NC-950 (0.385 nm) is
reduced for the sample N-NC-950 to 0.364 nm due to stronger van-
der-Waals interactions caused by the presence of nitrogen [61]. For
comparison: graphite has a much lower a3 value of 0.335 nm [63].
Also, the number of graphene layers per stack (N*) was calculated
via dividing L. by a3 [51] and is reduced after the NH3 treatment
from 2.4 (NC-950) to 2.2 (N-NC-950). The samples produced at
lower temperatures with ammonia have the highest N* of 2.7 (N-
NC-750) and 2.9 (N-NC-850).

The elemental analysis in Table 4 shows a significant number of
heteroatoms within the porous carbon materials. NC-950 has the
highest carbon content of 91.5 mass%. The ammonia-activated
samples have a carbon content of 84.4—86.5 mass%. The
hydrogen content of the pyrolyzed samples is 1—-2 mass% and the
oxygen content (AO), which was obtained by the difference of the
initial mass and the measured elements, is about 6.4—7.6 mass%.
The sample NC-950 was pyrolyzed under Ar atmosphere and con-
tains no measurable nitrogen. N-NC-750 has the highest nitrogen
content of 7.1 + 1.8 mass%. By increasing the temperature, the ni-
trogen content decreases to 6.5+ 0.8 mass% for N-NC-850 and
4.9+ 2.0 mass% for N-NC-950. As expected, samples treated at
higher temperatures show a lower amount of nitrogen, because
nitrogen groups desorb at high temperatures [64—66].

The identity of the functional groups in the samples was studied
by TGA-MS and XPS. The TGA curve in Fig. 3B shows the mass loss of
the four samples normalized to the value at 150°C (i.e., after
removal of adsorbed surface water). The mass loss of all samples
increases when the measurement temperature exceeds the syn-
thesis temperature. The sample NC-950 presents the highest mass
loss at the beginning and a total mass loss at 1200 °C of 6.6 mass%.
The ammonia-treated samples N-NC-750, N-NC-850, and N-NC-
950 are initially more stable, but reach higher total mass loss values
at 1200 °C, namely, 8.9 mass%, 7.4 mass%, and 5.2 mass% for N-NC-
750, N-NC-850, and N-NC-950, respectively. The latter was also the
ammonia-treated sample with the lowest amount of nitrogen.

Online monitoring the evolving gas species via mass spec-
trometry during heating (Fig. 3C-F) provides more information
about the character of the heteroatoms in the porous materials.
Decomposition products of nitrogen functional groups are N, NH3,
HCN, their fragments, and NO when we assume the presence of
oxygen groups [29,67,68]. A complication is that CO and N; have the
same mass of 28 g mol~, which is also the desorbing signal with
the highest intensity. Residual oxygen in the argon flow also burns

Table 2
Peak characteristics of the D- and G-mode of the Raman spectra.
Position FWHM Ip/l L, (nm) L, (nm)
(em™) (cm™) Tuinstra-Koenig Ferrari-Robertson
NC-950 D-mode 1349 171 2.90 1.71 2.16
G-mode 1603 73
N-NC-750 D-mode 1334 152 2.73 1.82 2.10
G-mode 1605 64
N-NC-850 D-mode 1332 146 2.72 1.82 2.10
G-mode 1603 64
N-NC-950 D-mode 1344 126 2.63 1.88 2.06

G-mode 1602 63
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Fig. 3. X-ray diffractograms (A) and TGA curve (B) of the carbon samples after the pyrolysis in argon and ammonia. Mass spectra of the TGA-MS measurements of each sample to

identify functional groups (C—F). (A colour version of this figure can be viewed online.)

Table 3

Structural parameters obtained from the WAXS data fits including the errors of each parameter based on the work of Faber et al. [51].

Parameter Comment NC-950 N-NC-750 N-NC-850 N-NC-950 Error (%)

L, (nm) Average graphene 2.0 1.1 1.7 24 +10-15
layer extent

lec (nm) Average C-C bond length 0.141 0.142 0.142 0.141 +0.2-0.4

71 Standard deviation of the 0.12 0.13 0.13 0.10 +5-12
first-neighbor distribution

Lc (nm) Average stack height 0.9 1.0 1.1 0.8 +10-15

K¢ Polydispersity of stack height 0.47 0.32 0.31 0.11 +10-15

as (nm) Average interlayer spacing 0.385 0.370 0.374 0.364 +1-2

a3 (nm) Standard deviation of 0.89 0.94 0.96 0.66 +10
interlayer spacing

N* Number of graphene 24 2.7 29 2.2 +10-15

layers per stack

the carbon, producing CO and CO,, which are influenced by the
Boudouard equilibrium [69]. No nitrogen was detected for NC-950
and this sample is also the only one where no intensive peak

ranging from 900 to 1200 °C is occurring. The mass-to-charge value
of 14 corresponding with nitrogen is increasing in that temperature
range. The mass-to-charge value of 28 has two maxima for N-NC-
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Table 4
Elemental composition of the CHNS analysis of NC-950, N-NC-750, N-NC-850, and N-NC-950 (n.d.: not detectable). Sulfur was always below the limit of detection.
C H N AO
(mass%) (at%) (mass%) (at%) (mass%) (at%) (mass%) (at%)
Polymer beads 73.0+0.2 46.1+0.1 58+0.1 43.7+0.8 1.9+0.1 1.0+0.1 193 +04 9.2+0.2
NC-950 915+1.1 848+1.0 0.9+0.1 99+1.1 n.d. n.d. 76+1.2 53+08
N-NC-750 84.4+4.0 70.1+3.3 2102 20.8+2.0 71+18 51+13 6.4+6.0 4.0+3.7
N-NC-850 844+26 70.8 +2.2 2.0+03 20.0+3.0 6.5+0.8 47+0.6 7.1+3.7 45+23
N-NC-950 86.5+0.6 79.04 +0.5 1.1+0.1 12.0+1.1 49+2.0 38+1.6 75+2.7 51+19

750at ~900°C and at ~1020°C. These two maxima shift for the
samples treated at higher temperatures to ~960 °C and ~1090 °C for
N-NC-850. Due to the steep decrease of the CO; signal at ~900 °C
and 960 °C, it is likely that the first maximum is more influenced by
CO. The sample N-NC-950 has only one broad signal with a
maximum at ~1100°C. The decomposition of nitrogen at high
temperatures is an indicator for pyridine groups or graphitic ni-
trogen, since they only contain one nitrogen atom [29]. N-NC-750
and N-NC-850 show a peak for the NH3 group (m/z: 17) at around
840°C and 920 °C, which occurs most probably from protonated
aniline or amide structures [29].

Nitrogen groups can also rearrange during the TGA-MS mea-
surement depending on the heating rate and experimental pres-
sure conditions [67]. HCN is produced as decomposition of pyrrolic
nitrogen forming pyridinic nitrogen at temperatures of about
200°C, which can further react towards graphitic nitrogen at
higher temperatures [67]. For N-NC-750, only a low amount of the
m/z of 27 can be detected at around 200°C. Another minor
desorption group has the mass-to-charge ratio of 30 at around
800 °C, which can be related to NO. Its intensity is reduced by
increasing the ammonia-treatment temperature.

The samples were also characterized by XPS and the results are
listed in Table 5. The chemical composition obtained by the XPS is a
bit different compared to the values from CHNS analysis. One
reason for that is that hydrogen cannot be detected by XPS. Also,
the extreme surface-sensitivity of XPS limits the information depth
to a few nanometers. All XPS measurements were also carried out
in high vacuum, whereby volatile components evaporate and
thereby avoided detection. Nevertheless, CHNS analysis and XPS
yield similar trends. NC-950 and N-NC-950 have the highest
amount of carbon (96.6 + 1.7 at% and 96.7 + 0.1 at%), since they both
were synthesized at the highest temperatures. NC-950 shows no
detectable amount of nitrogen for the CHNS and XPS analysis and
has a relatively high amount of oxygen. The nitrogen content is
decreasing for the ammonia-treated samples when the tempera-
ture is increased. NC-950 and N-NC-750 have according to XPS the
highest oxygen content of 3.4 + 1.7 at% and 3.8 + 0.3 at%, while N-

Table 5
Chemical composition measured with XPS and bonding content of the C 1sand N 1s
peak (n.d.: not detectable).

C N 0] N1 N2 N3
@%) @%@ % ®) %)
NC-950 96.6+1.7 n.d. 34+17 nd. nd n.d.
N-NC-750 913+08 49+05 38+03 438 332 23.0
N-NC-850 95.1+0.1 38+02 1.1+0.1 400 323 27.7
N-NC-950 96.7+0.1 21+0.1 13+0.1 343 280 37.7
C=Csp?> C-C/C-H C-N C-0 C=O0/N-C- II-IT*
(%) sp? (%) (%) (%) (%) transition (%)
NC-950 929 3.6 0 22 0 1.3
N-NC-750 92.5 33 2.8 04 09 0.2
N-NC-850 88.0 6.4 2.0 03 1.0 24
N-NC-950 82.5 9.5 1.2 23 1.0 3.6

NC-850 and N-NC-950 contain less oxygen with 1.1 + 0.1 at% and
1.3 + 0.1 at%, respectively.

The spectra of the C 1s peaks of all samples are plotted in Fig. 4A-
D. NC-950 has the highest C=C sp? ratio with 92.9%. The addition of
ammonia and the higher treatment temperature lead to a decrease
in the sp? component to 82.5% for N-NC-950, which indicates that
the radicals of the ammonia react more strongly with the sp? than
with the sp> hybridized carbon. The structural difference between
the non-graphitic samples NC-950 and N-NC-950 is a slight in-
crease in L, and N* even though the C=C sp? ratio of the N-NC-950
is lower. The pyrolyzed sample (NC-950) shows no C-N bonds, since
no nitrogen was detected. The ammonia-treated samples show
such C-N bonds and their ratio is decreasing with an increasing
temperature from 2.8% for N-NC-750 to 1.2% for N-NC-950.

The identity of the nitrogen groups can be further clarified from
analyzing the N 1s peak position in the XPS spectra [67,68,70]. The
N 1s peak is plotted in Fig. 4E and was fitted with three peaks (N1,
N2, and N3). The N1 peak has in our study an energy of 397.7 eV
which can be related to pyridinic nitrogen [67,70]. The energy of the
second peak (N2) is 399.5 eV and can be related to pyrrolic nitro-
gen, amide, amine, or nitrile [70]. The nitrile group is unlikely to
remain on the surface after a NHs treatment at high temperatures
[29,71]. Therefore, the N2 signal represents a mixture of pyrrolic
nitrogen, amide, and amine. The TGA-MS results show also that
these groups can be present in low amounts on the carbon surfaces.
The nitrogen component with the highest energy is the N3 at
401.1 eV, which relates to graphitic nitrogen [67,70]. By comparing
their amounts, we see that the N1 and N2 intensities are reduced
from 43.8% to 34.3%, and from 33.2% to 28.0% after increasing the
temperature of the ammonia treatment. Concurrently, the relative
content of N3 increased from 23.0% to 37.7%. Possibly the total ni-
trogen content was reduced when the treatment temperature was
increased, but a higher temperature leads also to a higher content
of graphitic nitrogen in the carbon structure.

3.2. Electrochemical characterization

The samples were first tested in a half-cell setup with 1 M TEA-
BF; in ACN as electrolyte with activated carbon as oversized counter
and reference electrode. The CV and the specific capacitance ob-
tained by GCPL measurements are plotted in Fig. 5 and key per-
formance data are provided in Table 6. The pyrolyzed sample (NC-
950) has almost no capacitance (4Fg~! at —1V vs. carbon) in the
negative potential range, because the average pore size of ~0.6 nm
is smaller than the solvated (1.3nm) and non-solvated size
(0.67 nm) of TEA" in ACN [72]. The BFs ion is smaller than the
cation and we can assume 1.1 nm for the solvated and 0.45 nm for
the non-solvated anion [72]. Therefore, the capacitance at a positive
potential is higher with 36 Fg~! at 1.2 V vs. carbon. Such steric ef-
fects are often observed when nanoporous carbon materials are
used as electrodes for supercapacitors [38,73—75]. The activated N-
NC-750 material shows these effects even more clearly with its
average pore size of 0.6—0.8 nm, whereby the non-solvated BFs can
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Table 6

Overview of the supercapacitor performance of the nitrogen containing novolac-derived carbon beads in a half-cell configuration versus carbon in 1 M TEA-BF, in acetonitrile.
SSAprr of the electrodes as well as the accessible SSApgr for each ion and the average pore size of the electrodes obtained by CO, and N, GSA measurements.

Specific capacitance (F-g~!) SSApFr Accessible Accessible Average
+
2 n 0 0 0 0 cleguode - SSAorrforTEAT - SShofor - pore
-0.1V -1.0V -12V +0.1V +1.0V +12V .
(m*g™) (nm)

NC-950 7 4 4 10 35 36 — — — —
N-NC-750 70 39 37 65 95 100 692 272 586 0.8
N-NC-850 89 95 96 94 102 108 1108 598 999 1.0
N-NC-950 90 107 111 86 101 110 1319 1036 1313 1.5

partially fit inside some of the pores. This results in a rectangular
shape of the CV on the positive potential and a specific capacitance
of 100Fg ! at +1.2 V vs. carbon.

For negative potentials, steric ion hindrance becomes notice-
able, where the rectangular shape is obtained only for a very low
negative potential. The average pore size of the N-NC-750 is similar

to the non-solvated cation size. It is likely that only the smaller
anions exit the pores at low negative potentials, similar to what was
reported for ionic liquids in small pores at low potentials [39].
These effects lead to a decrease of the specific capacitance for N-
NC-750 (Fig. 5B) when a higher negative potential is applied. The
specific capacitance at —0.1V vs. carbon is 70Fg~! and reduced to
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37Fg~!at —1.2V vs. carbon.

The slightly higher average pore size of 0.8 nm of N-NC-850
improves the ion accessibility significantly. A rectangular shape of
the CVs at a positive and negative potential was obtained, because
the pores are larger than both non-solvated ions. Nevertheless, the
specific capacitance at the positive potential is slightly higher
(108 Fg™') than on the negative side (96 Fg~!). This can also be
explained by a smaller ion size of the BF; and its lower space
requirement. A larger number of anions than cations can therefore
fit inside the pores [73]. A further increase in the specific surface
area by the activation leads to an expected higher specific capaci-
tance, which was obtained for N-NC-950. The capacitance of N-NC-
950 at —1.2 V and +1.2 V vs. carbon is similar to 111 F g~! and
110Fg~!. A minimum of capacitance of 85Fg~! is measured at
0.2 V vs. carbon, which correlates to the point of zero charge (PZC),
where the total surface charge is compensated [39].

The capacitance of porous carbon depends on the pore size and
may additionally be increased via Faradaic reactions of the nitrogen
groups with the electrolyte. To gain more insights in these influ-
encing parameters, we have normalized the measured capacitance
by the accessible surface area and plotted these values versus the
average pore size in Fig. 5C[73,76]. To obtain a reasonable value for
the surface area, we carried out CO, and N; sorption measure-
ments. The average pore size of the electrodes is slightly larger
compared to the powder due to the blocking of small pores which
also reduces the SSA [55]. The accessible SSApgr of the electrodes
was calculated by subtracting the surface area at 0.4 nm for the BFz
and at 0.6 nm for the TEA™ due to their ionic radius (Table 6). As
seen from Fig. 5C, N-doped carbon and non-doped carbon from
previous work yield very similar results for different average pore
sizes. The data also align with the work from Huang et al. who
calculated an increase of the capacity for smaller pores from
theoretical considerations [77]. Thereby, it is implied that pore size
is the more determining parameter for the resulting capacitance
compared to the presence or absence of nitrogen in nanoporous
carbon.

We further characterized the electrochemical performance of
the electrode materials in a symmetrical full-cell with 1 M TEA-BF4
in ACN as electrolyte. The resulting specific capacitances are listed
in Table 7 (including the SSAgg of the electrodes for comparison)
and plotted in Fig. 6. The non-activated NC-950 has a negligible
specific capacitance below 1Fg~'. The specific capacitance of N-
NC-750 was 56 Fg~!, which is between the values measured for
positive (100 Fg~1) and negative (37 Fg~ ') polarization in the half-
cell setup. N-NC-850 shows very similar specific capacitance values
in the full-cell of 92 Fg~! and the half-cell at negative potential of
96 Fg~ L. The same was found for N-NC-950 with 105Fg~! in the
symmetrical full-cell. In a symmetric full-cell, the electrode with

Table 7

Overview of the supercapacitor performance of the nitrogen containing novolac-
derived carbon beads in 1M TEA-BF, in acetonitrile and the comparison with
other carbon-based electrode materials for supercapacitors. SSAggt of the electrodes
measured via N, GSA.

1 M TEA-BF, in acetonitrile SSAggt of the
. - - electrode
Capacitance Capacitance  Capacitance 2 1
at 0.05Ag~! loss at loss at (m”g™)
(Fg™h 10Ag~' (%) 100Ag ' (%)
NC-950 0.3 >95 — —
N-NC-750 56 69 — —
N-NC-850 92 23 — 634
N-NC-950 105 20 79 1615
PNC-CO, 107 20 52 1784
YP-80F 108 11 92 2105
Kynol-5092-20 118 67 — 2070

the smaller capacitance is limiting the device performance.

We further quantified the rate handling ability for full-cells in
the specific current range of 0.05—100 A g~ ! and the data are shown
in Fig. 6B. NC-950 exhibits the narrowest pores and the poorest
power performance. By increasing the average pore size of the
nitrogen-containing novolac-derived carbon beads, also the
normalized capacitance at high rates increases. The ion transport is
significantly enhanced with increasing pore size. For comparison,
CO,-activated novolac derived carbon beads (PNC-CO,) and two
commercial activated carbon materials (YP-80F and Kynol-5092-
20) were tested under the same conditions. Further information
on the chemical composition and pore structure of these materials
is found in Refs. [38,55—57]. Very similar to N-NC-950 with
105Fg~!, the specific capacitance of PNC-CO, and YP-80F is
107 Fg~! and 108 Fg~ ], respectively, even though the surface area
of the latter two is much higher (up to 2105m?g~1) [57]. At a
specific current of 10 Ag~!, the YP-80F electrodes had the highest
residual capacitance of 89%, while the N-NC-950 and the PNC-CO,
have a residual capacitance of 80%. Only by increasing the mea-
surement rate to very high specific currents, the advantage of the
small primary particle size of both novolac-derived carbon beads
becomes clear. At 100 Ag~', the capacitance loss of YP-80F is 92%,
while the N-NC-950 has a loss of 79% and the PNC-CO only of 52%.
Seemingly, the nitrogen functional groups hinder the ion transport
at high rate, which results in a better performance of the CO»-
activated beads at very high rates with an even smaller average
pore size of 1.1 nm and similar SSA [38].

The performance stability was quantified with voltage holding
at a high cell voltage of 2.7 V for 100 h and the results are plotted in
Fig. 6D. The NC-950 shows a large relative increase of the
normalized capacitance after a holding time of 10 h, because of the
enhanced penetration of the ions in the very small pores; yet, we
note that the specific capacitance is negligible to start with. N-NC-
750 shows also an increase of the normalized capacitance after
20 h. After 30 h of voltage holding, the capacitance of N-NC-750
decreases very fast, which can be explained with the asymmetric
voltage profile seen in Fig. 6C. Since the cations cannot easily fit
inside the pores, the potential value at the negative electrode is
much higher (—1.73 V vs. carbon) than at the positive electrode
(+0.67 V vs. carbon; measured at a cell voltage of 2.5 V). Therefore,
the potential at the negative electrode is higher than the stability
window of —1.7 V vs. carbon for this electrolyte [78]. N-NC-750 has
the less negative PZC of the nitrogen-containing carbons of —0.08 V
and the PZC for N-NC-850 is more negative with —0.27 V vs. carbon.
N-NC-950 has a PZC of —0.13 V vs. carbon which is similar than the
value obtained by the half-cell measurements. N-NC-850 and N-
NC-950 have a relatively symmetrical potential distribution of both
electrodes (Fig. 6C). Besides NC-950 and N-NC-750, all the other
samples show no increase of the capacitance by the voltage holding
experiment, because their pores were large enough for the ions.

The loss of capacitance in a supercapacitor is often related to the
electrochemical degradation of the electrolyte with functional
groups on the carbon surface. The products of the decomposition of
the electrolyte can block pores and reduce the accessible surface
area [19]. Therefore, a lower amount of functional groups is pref-
erable to obtain good performance longevity [19,79]. The CO;
activated novolac-derived carbon beads (PNC-CO-) have a relatively
high amount of carboxylic groups, which are formed after the
synthesis by a reaction of surface active sides with oxygen and
moisture from the environment [40]. These groups might be the
reason for the fast decrease of the capacitance during the voltage
holding experiment. The presence of these unfavorable functional
groups is reduced by the NH3 treatment and increases the stability
to 86% after 100 h of voltage holding for N-NC-950, which is like the
stability of the commercial YP-80F with 88%. Kynol-5092-20 shows
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the highest residual capacitance of 95% after the holding experi-
ment, aligning with the absence of any binder and a low oxygen
content of 1.5 mass% [57]. This is an indicator for a small number of
functional groups.

The material with the highest porosity and highest specific
capacitance (N-NC-950) for the organic electrolyte was also tested
in an aqueous electrolyte (1M NaCl) and in a neat ionic liquid
(EMIM-BF,). The CVs in Fig. 7A show the typical rectangular shape
of a supercapacitor for all electrolytes. The specific capacitance for
the aqueous electrolyte is 134 Fg~! at the beginning and increases
after the voltage floating experiment at 1.2 V to 173 F g~ L. This effect
can be explained by improved wetting [80]. The specific capaci-
tance with the ionic liquid is 136 Fg~'. A small peak at around a cell
voltage of 1.5V is noticeable during the discharging, which is a
result of the reversible reaction of the EMIM-BF,4 [78,81]. The ionic
liquid showed an excellent stability of 95% after a voltage floating at
3.2V for 100 h (Fig. 7B).

The high stability and the high potential for the ionic liquid leads
to a high specific energy of 48 Wh-kg~!, as can be seen from the
Ragone plot provided in Fig. 7C. The organic electrolyte has a
maximum energy of 22 Wh-kg~!. A comparison with the literature
shows that even higher specific energies can be achieved for
nitrogen-containing porous carbon materials with supercapacitor
using ionic liquids (like 64 Wh-kg~! for lignin-urea derived carbon
with EMIM-BF4; Ref. [27]). The performance of the organic elec-
trolyte is only outperforming the ionic liquid for very high specific
powers (>14kWkg~1). The aqueous electrolyte has the lowest
specific energy of 9Wh kg~

4. Conclusions

In this study, we showed that the addition of ammonia during
the pyrolysis of a carbon precursor like the novolac beads is a facile
method to combine the pyrolysis, the activation of the material, and

the introduction of nitrogen heteroatoms in one step. Thereby, no
nitrogen-containing precursor or follow-up treatment is necessary
to produce nitrogen-doped porous carbon materials. The nitrogen
content and the kind of nitrogen group are mainly influenced by
the reaction temperature. By increasing the temperature from
750°C to 950 °C, the nitrogen content is reduced from 7.1 mass¥% to
4.9 mass%. The relative amount of graphitic nitrogen in the carbon
structure increases while other pyridinic and pyrrolic nitrogen
groups are reduced when the synthesis is carried out at higher
temperatures. These temperatures and the presence of ammonia as
well lead to a more ordered non-graphitic structure, which was
shown by the Raman and WAXS results.

The obtained materials showed a promising performance as
electrode material for supercapacitors reaching a specific energy of
up to 50 Wh kg~! using ionic liquids as electrolyte. By comparing
the surface-normalized capacitance of the nitrogen-containing
carbon beads with other porous carbon materials, we saw that
the capacitance is mainly influenced by the pore size distribution.
Our work also shows the influence of functional groups on the
electrochemical stability with certain electrolytes. Some materials
might work very well for only few electrolytes. For example, the
CO-activated novolac-derived carbon beads are a good and stable
material for a supercapacitor with an aqueous electrolyte or TEA-
BF, in propylene carbonate (PC) [38], but it has a very low stability
in TEA-BF4 in ACN due to the high amount of carboxylic groups. The
treatment with ammonia leads to different heteroatoms and
functional groups that increase the stability in this electrolyte even
though the specific capacitance and the performance at high scan
rates is not improved. Therefore, the physical activation of carbon
with ammonia is an interesting alternative. It combines the acti-
vation of the carbon material with heteroatom doping, which
might be also interesting for other applications like catalysis or
electrochemical water treatment.
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Abstract:

The Microlet reactor technique is an excellent continuous method to produce spherical and
homogeneous organically modified silica (ORMOSIL) particles in a large scale (10-15 g min™). We
applied this method to manufacture polyorganosilsesquioxanes with different ratios of phenyl and
vinyl functional groups, which were later pyrolyzed to obtain silicon oxycarbides. Such polymer-derived
ceramic (PDC) materials are highly suited as precursor for carbide-derived carbon (CDC) synthesis.
Chlorine etching of PDC at high temperatures removed silicon and oxygen, yielding the formation of
nanoporous carbon. Pure poly(phenyl-silsesquioxane) spheres lost their shape during the thermal
process by undergoing further condensation reactions. Yet, the spherical shape was conserved during
thermal processing after adding vinyl functionalities. The ratio of vinyl and phenyl functionalities
controlled the pore structure and the total CDC yield, enabling an increase from 2 mass% to 22 mass%.

The total pore volume varied between 1.3-2.1 cm?® g™! and the specific surface area between 2014—

GH, # 5

2114 m? g%, The high surface area and large pore volume
makes these materials attractive for high power
supercapacitor electrodes. The specific capacitance of the
best sample at low rates in 1 M tetraethylammonium
tetrafluoroborate in acetonitrile was 116 F g™ (at 5mA g 1)

and still 80 F g™ at very high rates (at 100 A g2).
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The MicroJet reactor technique is an excellent continuous method to produce spherical and homogeneous
organically modified silica (ORMOSIL) particles in a large scale (10-15 g min™Y). We applied this method to
manufacture polyorganosilsesquioxanes with different ratios of phenyl and vinyl functional groups, which
were later pyrolyzed to obtain silicon oxycarbides. Such polymer-derived ceramic (PDC) materials are
highly suited as precursor for carbide-derived carbon (CDC) synthesis. Chlorine etching of PDC at high
temperatures removed silicon and oxygen, yielding the formation of nanoporous carbon. Pure
poly(phenyl-silsesquioxane) spheres lost their shape during the thermal process by undergoing further
condensation reactions. Yet, the spherical shape was conserved during thermal processing after adding
vinyl functionalities. The ratio of vinyl and phenyl functionalities controlled the pore structure and the

total CDC yield, enabling an increase from 2 mass% to 22 mass%. The total pore volume varied between
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1. Introduction

Highly porous carbon materials are attractive for many appli-
cations such as gas storage,"” catalysis,® or electrochemical
energy storage.* Electrical double-layer capacitors, also known
as supercapacitors, are particularly efficient energy storage
devices, capitalizing on rapid and reversible ion electro-
sorption.” Due to fast polarization, it is possible to achieve
a high specific power, but only a moderate specific energy.*
Beside high power ratings, supercapacitors exhibit a very long
lifetime and high Coulombic efficiency.®

Carbide-derived carbons (CDCs) are a broad family of carbon
materials,” which can be obtained from metal carbides,® car-
bonitrides,® or oxycarbides.'*'* Depending on the precursor and
the synthesis temperatures it is possible to produce CDC mate-
rials with different pore architectures'* and carbon structures.*?

“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
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acetonitrile was 116 F g~* (at 5 mA g™%) and still 80 F g~* at very high rates (at 100 A g~9).

Oxycarbides, like SiOC, are promising precursors to synthesize
highly porous CDCs with a high BET specific surface area (SSA) of
3089 m? g~ ' and a large pore volume of 1.8 cm® g~ *.** SiOC-CDC
micrometer-sized particles have been obtained from commercial
polymethyl- and polymethylphenylsilsesquioxanes by pyrolysis of
monoliths, followed by chlorine etching at 1200 °C of the grinded
monoliths.* Thereby, it was possible to obtain BET SSA up to
2600 m> g " and a total pore volume up to 1.7 cm® g~ . Poly-
methylsilsesquioxane can also be used in an emulsion process to
obtain spherical particles with a diameter of 50-600 nm, 1-10
um, and 10-100 pm, which were successfully converted to
polymer-derived ceramics (PDCs)."* Sub-micrometer CDCs with
a diameter of 20-200 nm and a SSA of ~2300 m® g were
successfully obtained by emulsion soft templating using
a commercial allylhydriopolycarbosilane precursor.'® The specific
capacitance of this material in 1 M tetraethylammonium tetra-
fluoroborate (TEA-BF,) in acetonitrile (ACN) was 130 F g ' and
110 F g~ " in aqueous 1 M Na,SO,.** The small size of the indi-
vidual particles is beneficial to achieve a high power within
supercapacitor applications. Yet, a disadvantage of the
mentioned methods to produce PDC precursors for CDC
synthesis is the need to add a hazardous metal crosslinking agent
like hydrogen hexachloroplatinate(w),”” zirconium acteylaceto-
nate,'® or zinc acetylacetonate.” The crosslinking agent is
necessary because the oligomers can melt before converted to
PDCs."

This journal is © The Royal Society of Chemistry 2017
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Wet chemical preparation methods for the synthesis of
defined nano- and microparticles are commonly used as batch
processes which exhibit several disadvantages like a variation in
the product quality from batch-to-batch and a limited and
complex scale-up. Continuous preparation methods offer in
general a better controllability and reproducibility and are
attractive for industrial scale production.'”*®* There are few
continuous pathways to obtain spherical particles from oxy-
carbides. For example, electrospraying yields spherical particles
and can be carried out with a commercial poly-
methylphenylsilsesquioxane.’® The diameter of these particles
was 1-6 pum, which is significant larger than soft-templated
emulsion beads. The BET SSA of these micrometer spheres
was up to ~2230 m” g~ " and the specific capacitance was 112 F
g ' for 1 M TEA-BF, in ACN.

An advanced continuous method is the MicroJet reactor
technique.™ Thereby, two reagent solutions are forced with high
pressure through micro-nozzles into the reactor which is
exposed to a constant gas flow. A fast and homogenous mixing
is obtained due to the high shear forces that are generated by
the impinging jets. The gas flow pushes the products out of the
reactor into a reservoir, which also effectively avoids clogging.
The MicroJet reactor technique was already used to synthesize
inorganic nanoparticles, such as TiO,,** BaSO,4,** ZnO, Fe;0,, or
CaHPO,.22

In this work, we synthesized for the first time poly-
organosilsesquioxane spheres with different ratios of phenyl
and vinyl groups from organotrialkoxysilanes by using a Micro-
Jet reactor. Poly(benzyl)silsesquioxane or poly(phenyl)silses-
quioxane beads obtained by a sol-gel process have a softening
point at ~50 °C and ~140 °C.**** This property makes them
unsuitable to produce PDCs that conserve the initial shape
during pyrolysis. By adding vinyl groups to the system, it was
possible to obtain a higher condensation degree and to
conserve the spherical shape of the particles after the pyrolysis
to obtain SiOC-PDCs. Afterwards the samples were treated in
chlorine gas to obtain highly porous SiOC-CDCs. The variation
of the organic groups of the silanes has a strong influence for
the yield and porosity of the CDCs, which relates directly to the
rate performance in the supercapacitor.

1. MicroJet reactor
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2. Experimental description
2.1. Materials

Phenyltrimethoxysilane (PTMS; 97%) and vinyltrimethoxysilane
(VIMS; 99%) were obtained from ABCR GmbH. Ammonia (25%)
was purchased from VWR International GmbH. All chemicals
were used as received.

2.1.1. Synthesis of siloxane beads. For the synthesis of the
polymer microparticles, two precursor solutions (A and B) were
used as schematically shown in Fig. 1. Solution A was prepared
by dissolving the respective amount of trialkoxysilane(s) in
methanol (MeOH) followed by the addition of an aqueous
solution of HCI (Table 1). A prehydrolization of the silane(s) was
performed by stirring the solution overnight at room tempera-
ture. For solution B, we used an aqueous solution of ammonia
(2.2 mol L7Y).

The particles were synthesized at room temperature in
a MicroJet reactor of stainless steel (Synthesechemie Dr. Penth
GmbH). The precursor solutions A and B were transported
through the system with two HPLC-pumps (LaPrep P110
preparative HPLC pumps, VWR International GmbH) with
a flow rate of 250 mL min~". The solutions were forced through
opposing nozzles (nozzle diameter 300 pum) into a reaction
chamber where they collide as impinging jets and a fast mixing
occurs effected by the high jet velocities. A nitrogen gas flow
helped to transport the product out of the reactor and avoided
clogging. The outlet tube was 1.5 mm in diameter and ca. 85 cm
in length. The product suspension was collected in a poly-
ethylene flask. The particles were isolated by centrifugation
(8000 rpm, 7012 G, 10 min) and dried in vacuum at 30 °C.

2.1.2. Pyrolysis and chlorine treatment. The polymer beads
were pyrolyzed in a graphite heated furnace (Thermal Tech-
nology) in an argon atmosphere (flow rate: 50 cm® min™') at
1200 °C for 2 h with a heating rate of 2 °C min~". The resulting
polymer-derived ceramic samples were labelled with the ending
SiOC in the following. The materials were then transferred to
a quartz tube furnace (Carbolite Gero) and heated to 1200 °C
with a rate of 15 °C min". An argon flow (50 cm® min™") was
constantly supplied and the chlorine flow (10 cm® min™") was
added when the target temperature (1200 °C) was reached

2. Argon furnace 3. Chlorine furnace
etching
Temp. = 1200 °C
Rate = 15 °C/min
Duration=3 h

i ! i
1 ! 1
1 ! 1
!‘f +H,at600°C;3h !
1 ! 1
i ! i
1 ! 1
1 ! 1
1 1 1

pyrolysis
Temp. = 1200 °C
Rate = 2 °C/min
Duration=2h

ORORCRONN

f

rd N 5P

Carbide-derived carbon
(PDC) (cDC)

Fig.1 Schematic overview of the synthesis method: (1) the production of the polymer beads with the MicroJet reactor, (2) the pyrolysis, and (3)
the chlorine treatment. VTMS: vinyltrimethoxysilane; PTMS: phenyltrimethoxysilane; MeOH: methyl alcohol; RT: room temperature; (A and B):
solution A or solution B; HPLC: high performance liquid chromatography.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Compositions of precursor solutions A and B that were used for the synthesis of polysilsesquioxane microparticles. VTMS: vinyl-

trimethoxysilane; PTMS: phenyltrimethoxysilane; MeOH: methyl alcohol

Solution A Solution B
nvrums) (Mmol) nprms) (Mmol) Nveor) (mol) N0y (mol) ey (mmol) Cm,) (mol L’l)
Vi-SiO 5 138.8 — 3.2 2.8 0.03 2.2
Phy »5Vig 75-Si0; 5 104.1 34.7 2.8 2.8 0.03 2.2
Phyg 5Vig 5-SiO; 5 69.4 69.4 3.0 2.8 0.03 2.2
Phy 75Vig 25-Si0; 5 34.7 104.1 3.2 2.8 0.03 2.2

(holding time: 3 h). Afterwards chlorine gas was switched off
and the furnace was cooled to 600 °C under argon flow and hold
at that temperature for 3 h under inlet of additional hydrogen
(10 em® min™") to remove residual chlorine from the sample.
The cooling from 600 °C to room temperature was carried out in
argon atmosphere. The carbide-derived carbon materials are
referred to as CDC.

2.2. Material characterization

Solid-state CP-MAS NMR spectra were recorded at 25 °C using
a Bruker AV400WB spectrometer (**C 100.62 MHz, *°Si 79.50
MHz). A contact time of 2.0 ms and a variable power contact
time (ramp 10050) were used. The spin rate was 13 kHz and the
delay time 3-6 s. For '*C NMR, adamantane, and for *°Si NMR,
octakis(trimethylsiloxy)silsesquioxane was used as external
standards. The intensity of all NMR spectra was normalized.

Fourier transform infrared (FT-IR) spectroscopy was applied
on the dried polysilsesquioxane samples in attenuated total
reflectance (ATR) mode on a Vertex 70 spectrometer (Bruker
Optics). The measurements were accomplished in the wave
number range of 500-4500 cm ' and under ambient air. For
each spectrum, 32 scans were averaged with a spectral resolu-
tion of 4 cm ™.

The XRD patterns were measured with a D8 Advance
diffractometer (Bruker AXS) using Cu-K,, radiation (40 kV and 40
mA) and a Goebel mirror with point focus and a two-
dimensional X-ray detector (Vantec-500). The sample holder
was a sapphire single crystal.

Raman spectroscopy was carried out with a Renishaw inVia
Raman microscope with a wavelength of 532 nm and a grating
of 2400 lines mm . The spectral resolution was 1.2 cm™*, the
numeric aperture 0.9, and the incident power on the sample
~0.02 mW. A spectrum was recorded for 30 s and averaged over
10 accumulations. The D- and G-mode with the amorphous
contribution of carbon in the Raman spectra were fitted using
five Voigt functions for the SiOCs and four Voigt functions for
the CDCs.

The thermogravimetric measurements combined with
a mass spectrometer (TGA-MS) were carried out with
a STA449F3 Jupiter and QMS 403C Aéolos from Netzsch. The
heating rate for the measurement was 10 °C min~ " to 1200 °C in
Argon (purity: 5.0).

Scanning electron microscopy (SEM) was performed in
a field emission scanning electron microscope JSM-7500F from
JEOL. The samples were sputtered with gold to increase the

1590 | Sustainable Energy Fuels, 2017, 1, 1588-1600

surface conductivity. The size of 150 individual spheres was
measured to obtain an average diameter with the image analysis
software Image].”> A X-MAX silicon detector from Oxford
Instruments was used to perform the energy dispersive X-ray
spectroscopy (EDX) attached to the SEM chamber. The oper-
ating voltage for the SEM and EDX was 5 kV.

High-resolution transmission electron microscopy (TEM)
was executed with a JEM-2100F from JEOL at 200 kV. The
polymer samples were dispersed and sonicated in water to
deposit them on a lacey carbon film on a copper grid (Gatan).
Ethanol was used instead of water to perform this step for the
CDCs.

Nitrogen gas sorption analysis (N, GSA) was performed with
an Autosorb iQ system from Quantachrome. The samples were
degassed at 100 mbar at 200 °C for 1 h and at 300 °C for 20 h.
The temperature during the measurement was —196 °C and the
relative pressure was varied between 5 x 10~ to 1.0 in 76 steps.
A quenched-solid density functional theory (QSDFT) kernel
assuming slit-like pores (QSDFT) was applied to obtain the pore
size distribution from the adsorption isotherms.*® The Bru-
nauer-Emmett-Teller (BET) surface area was calculated with
the BET equation in the linear region of the isotherm between
0.02 and 0.3 partial pressure.”” The value of the total pore
volume was obtained by the adsorbed volume at a relative
pressure of 0.95 and the average pore size (dso) represents the
pore size with a half of the total pore volume." The data analysis
of the nitrogen sorption isotherms was performed with ASiQwin
3.0 from Quantachrome.

Contact angle measurements of the CDC electrodes were
carried out with an OC 25 system from Data Physics with
demineralized water (volume per drop: 3 pL) in air.

2.3. Electrochemical measurements

Free-standing carbon electrodes were prepared by dispersing
the CDC powder in ethanol and adding 5 mass% of polytetra-
fluoroethylene binder (PTFE, 60 mass% in water, Sigma-
Aldrich). The slurry was crushed in a mortar until a doughy
carbon paste was formed, which was rolled with a rolling
machine from MTI Corporation to a thickness of ~110 pm. The
electrodes were dried for 48 h at 120 °C in a vacuum oven at 2 X
10° Pa. For electrochemical measurements, electrode discs with
a diameter of 8 mm were punched out (geometrical information
about the electrodes is given in ESI, Table S1t). Custom-built
symmetrical two-electrode cells were assembled with carbon-
coated aluminum current collectors (type Zflo 2653, Coveris

This journal is © The Royal Society of Chemistry 2017
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Advanced Coatings) for the organic electrolyte (1 M TEA-BF, in
ACN; BASF, battery grade).”® Graphite foil current collectors
were used for the aqueous electrolyte (1 M Na,SO, prepared
with Milli-Q water; pH 5.2). A glass fiber separator (GF/A from
Whatman) with a diameter of 13 mm was used between the
electrodes. The cell for the organic electrolyte was placed in
a vacuum oven (2 x 10° Pa) at 120 °C for 16 h.

All electrochemical measurements were carried out in
a climate chamber (Binder) at 25 + 1 °C with a VMP300
potentiostat/galvanostat from BioLogic. Electrochemical
impedance spectra were recorded in a symmetrical full cell for
100 kHz to 100 mHz at 0 V with ten points per decade and
averaged over five measurements. The electrical serial resis-
tance (ESR) and the electrical distribution resistance (EDR) were
normalized to the geometrical area of the electrode. The
capacitance from cyclic voltammograms (CV) was calculated
with eqn (1) and from galvanostatic cycling with potential
limitation (GCPL) with eqn (2). The specific capacitance was
normalized to the active mass (95%) of one electrode. The IR-
drop of the GCPL measurements was obtained after a resting
time of 10 s. The electrochemical performance is benchmarked
against PTFE bonded film electrodes from YP-80F (Kuraray Co.),
which is referred to as AC (activated carbon).

41(1)

&= TUm/dixm (1)

Cs: specific capacitance per electrode, I(t): current, dU(¢)/d¢:
scan rate, and m: mass of carbon in the electrode.

4 Qdis
Cq =
s Um

(2)

Cs: specific capacitance per electrode, Qqis: charge of the dis-
charging cycle, U: IR-drop corrected cell voltage, and m: mass of
carbon in the electrode.

Stability testing via voltage floating for 100 h was also con-
ducted in the climate chamber at 25 °C at 1.4 V for the aqueous
and 2.7 V for the organic electrolyte. Every 10 h, galvanostatic
cycling was performed at a cell voltage of 1.2 V (aqueous) or
2.5 V (organic). After voltage floating, the electrodes with the
aqueous electrolyte were washed with Milli-Q water for further
post mortem analysis.

3. Results and discussion
3.1. Particle characterization

FT-IR measurements of the polymer particles confirm the
presence of the desired organic groups (Fig. S11). All samples
exhibit peaks from the inorganic backbone in the range of 935-
1230 cm™* from -Si-O-Si- vibrations. In addition, the samples
show vibration bands from the organic groups. At 2800-3095
em ™', in each spectrum C-H stretching vibrations are present
and at 1600 cm ™' peaks from C=C vibrations. Samples with
phenyl groups show characteristic signals from Si-C-vibrations
at 1430 cm ' and 1130 cm ™. Samples that contain vinyl groups
also show well-defined modes at 1275 cm™ " from Si-C vibra-
tions and peaks at 1410 cm™ ' that can be assigned to =CH,
bending vibrations.>** The increasing vinyl content of the

This journal is © The Royal Society of Chemistry 2017
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samples Phg 75Vig.25-5i01.5, Phg 5Vig.5-5i01.5, Phg 25Vig.75-Si01 50,
and Vinyl-SiO, 5 is reflected by the increasing intensity of the Si-
vinyl vibration (1275 cm™") compared to the Si-phenyl vibration
(1430 cm™).

3C NMR spectra (Fig. 24) of the prepared polysilsesquioxane
particles show characteristic signals for the vinyl and phenyl
groups. For the samples with both organic groups overlapping
peaks were obtained. Samples exhibit no or only weak signals
from residual alkoxy groups (at ca. 60 ppm), which suggests that
almost all alkoxy groups were hydrolyzed during polymerization
and that in T> units OH-groups are present in addition to the
vinyl and phenyl groups. *°Si NMR spectra (Fig. 2B) give
important information about the network structure. The peaks
at =—73 ppm and = —82 ppm of the organically modified silica
(ORMOSIL) particles can be assigned to T> and T° species,
meaning silicon atoms that are connected to the network with
two or three bonds. The spectra also show that the T to T° ratio
decrease with an increasing vinyl content. This behavior
confirms the incorporation of vinyl groups into the network,
which leads to an enhanced cross-linking that is desired to
obtain a better thermal stability.

The XRD pattern of the mixed polymers in Fig. 2C show
a shift of very broad peaks to higher 26 values with an increasing
amount of vinyl groups. Polyphenylsiloxanes can have a ladder
like structure and two peaks in the XRD pattern can be identi-
fied with the plane-to-plane peak at ~7.3° 26 and the chain-to-
chain peak of the Si-O-Si frame at ~18.8° 26.*> Poly-
vinylsiloxanes with a ladder structure exhibit a plain-to-plain
peak at ~10° 26.** The corresponding chain-to-chain peak is
at around 23° 26 due to the lower required space of the vinyl
group compared to the phenyl group.*® The measured peak
positions of the Vi-SiO, 5 is similar to the reported values in the
literature.*® The three samples with mixtures synthesized with
different ratios of phenyl- and vinyltrimethoxysilane show peaks
in between the pure polyphenyl- and polyvinylsiloxanes, which
indicates a homogeneous mixture. From the peak width, it is
possible to estimate domain sizes by use of the Scherer equation
which were below 5 nm.** These small domain sizes point out
the mainly amorphous character of the synthesized polymers.
The absence of long-range order can also be seen in the trans-
mission electron micrographs in the ESI, Fig. S2.t

The pyrolysis of the polysiloxanes was monitored with TGA-
MS (Fig. 2D and E, ESI Fig. S1C and Df). All four polymers show
a degradation of the ladder structure around 560 °C (Fig 2D),
which would be an untypical degradation behavior for a cage
structure.*® The mass loss of the vinyl-polymer is the lowest and
the mass loss increases constantly with the amount of added
phenyl-groups. The mass spectra of the most important
evolving groups are plotted in Fig. 2E, while all relevant leaving
groups of Phy 5Viy 5-Si0; 5 are displayed in the ESI (Fig. S1C and
Dt). The mass spectra in Fig. 2E identify evolving groups during
heating. Water (m/z: 18) is removed from the samples in two
main temperature regimes: first, between 135 °C and 430 °C,
and second, at temperatures from 450 °C to 800 °C, where also
the other organic groups are being removed. Samples with more
phenyl groups (m/z: 78 at ~570 °C) or vinyl groups (m/z: 28 at
~550 °C) show a larger loss of these functional groups. The

Sustainable Energy Fuels, 2017, 1, 1588-1600 | 1591


http://dx.doi.org/10.1039/C7SE00265C

Published on 17 July 2017. Downloaded on 6/19/2018 2:00:45 PM.

Sustainable Energy & Fuels

3C NMR
Ph, ,4’\/i_ ;,_—S\O‘ .

2 . 2
2 Pha.SV'o.s‘S'01.5 E
o (=
2 g
= c
Phy Vi, 75'Si01,5
M Vi-Sio,

BSiNMR
N
/ \/ \

J ' Ph Vi -sio. / 7\ ‘
e N J
15

PhMViM-Si’/VL
Ph, Vi, ;5-S10, 5NL
Vi-Sio, , J\/L

View Article Online

Paper

81° M 108°
C 1.09 nmy | '\ 0.45 nm

J I 5\

N/

I B 4

Pho.5Vio.5'Sio1.

5

Intensity

160 140 120 100 80 60  -40 -60
Chemical shift (ppm)

E100-

95

Mass (%)
8

[o ]
(3]
1

80

75

200 400 600 800 1000 1200
Temperature (°C)

Chemical shift (ppm)

-80 -100

8.0x107° E ;
4.0x101°

S iz: 28 (VinyliCO)

8.0x107° 4
/ m/z: 18 (H,0)
6.0x10104 /s %
| £ ! e M =] —
4.0x107° miz: 15 (Methyl)
2.0x10™°
0.0

2(I)0 ’ 460 , 6(|)0 ‘ 8(I)0 ' 10100 l 12100
Temperature (°C)

Fig. 2 Solid-state *C NMR (A), 2°Si NMR (B), and XRD pattern (C) of the four polymer beads. TGA curve of the pyrolysis process (D) and the

corresponding mass spectra of selected leaving groups (E).

atomic mass of 28 can also be related to carbon monoxide,
which is formed at higher temperatures (>900 °C) with residual
oxygen. Another major leaving group is the methyl group
formed by the decomposition of organic chains from the vinyl
groups, which shows two peaks at 550 °C and 750 °C.

3.2. Properties of the polymer-derived ceramics and carbide-
derived carbons

The chemical composition of the SiOCs is denoted in Table 2.
Of our samples, the carbon content of the Vi-SiOC is the lowest
with 32.2 4+ 4.8 mass% and increases with an increasing
amount of phenyl groups to 50.8 £+ 1.8 mass% for Ph, 5Vig 5-
SiOC. Yet, the carbon content is not increasing when the
amount of phenyl groups is increased from 50% to 75%, which
can be explained with the higher mass loss of Ph;5Vi,s-SiOC.
As can be seen from our EDX results (Table 2), the removal of
silicon and oxygen by chlorine treatment at high temperatures
was successful and we only found a low amount of residual
silicon and oxygen. The mass losses after pyrolysis and chlorine
treatment of samples with different ratios of phenyl and vinyl
functional groups are quite different (Table 3). The sample Vi-
SiOC had the lowest mass loss after pyrolysis of only 11
mass% and shows the highest mass loss after the etching of

1592 | Sustainable Energy Fuels, 2017, 1, 1588-1600

97.6 mass%. The total yield of Vi-SiOC-CDCs synthesis amounts
to only 2.2 mass%. The addition of phenyl groups increases the
total yield to 21.9 mass%, which can be explained by the higher
carbon and aromatic content introduced by the phenyl groups.

The Raman spectra and XRD pattern of the SiOCs and CDCs
with different ratios of vinyl- and phenyltrimethoxysilanes are
very similar; therefore, Fig. 3 only depicts data for the Phy 5Viy 5-
SiOC samples (and the remaining Raman spectra and XRD
patterns are found in ESI, Fig. S31). The SiOC Raman spectra
(Fig. 3A) show the presence of incompletely graphitic carbon,

Table 2 Chemical composition of all SiOCs and CDCs measured with
EDX

C (mass%) O (mass%) Si (mass%)

Vi-S$i0C 322+ 4.8 31.5 + 4.0 36.3 + 8.2
Phy_»5Vig 75-S10C 41.9 + 2.4 26.2 + 1.6 31.9 + 4.0
Phy_sVi 5-SiOC 50.8 + 1.8 25.2 + 0.8 24.0 £ 2.5
Phyg_,5Vi»5-Si0C 50.2 + 1.5 25.9 + 1.0 23.9 +2.4
Vi-$i0C-CDC 97.9 + 0.3 1.9+ 0.3 0.3+0.1
Phy_»5Vig.,5-Si0C-CDC 98.4 £+ 0.7 1.3 + 0.4 0.4 +0.3
Phy_sVi 5-SiOC-CDC 98.4 + 0.2 1.4+ 0.1 0.2 +0.1
Phy.75Vi.25-S10C-CDC 97.1 + 0.4 2.9 4+ 0.4 n.d.
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Table 3 Mass loss by pyrolysis and chlorine treatment

Mass loss after

Mass loss after chlorine gas Total mass
pyrolysis treatment loss
(mass%) (mass%) (mass%)

Vi-SiOC-CDC 11.0 97.6 97.8

Phy »5Vig 75-SIOC-CDC ~ 13.0 85.1 87.1

Ph, 5Vi, 5-SiOC-CDC 15.0 76.1 79.6

Phy ,5Vig »5-SIOC-CDC  20.7 72.4 78.1

due to the position of the D- and G-mode at 1331 cm ™" and 1603
cm ', The Vi-SiOC shows a higher amount of amorphous
carbon than the other SiOC samples, which can be recognized
by having a look to the broader full-width at half-maximum
(FWHM) of 181 cm ™' and 111 ecm™ !, compared to 159 cm ™"
and 62 cm ' of Phy 5Vi, 5-SiOC (Table 4). The Ip/Ig ratios of the
SiOCs ranged between 4.27 and 4.67.

The Raman spectra of the CDCs (Fig. 3A) show nanocrystal-
line graphitic carbon nature. This can also be recognized by the
position of the D- and G-mode at 1337 cm™* and 1596 cm ™ '3
The FWHM decreased significantly to 84 cm ™" for the D-mode
and 68 cm ™ * for the G-mode. The Ip/I; ratios of the CDCs are
lower (2.40-2.80) compared to the SiOCs. It appears that the
amount of amorphous carbon is reduced by comparing the
SiOC with the CDC. Yet, it is reasonable to assume that amor-
phous carbon formed by the pyrolysis did not entirely disappear
after the chlorine gas treatment. Instead, additional nano-
crystalline carbon is formed by the chlorine treatment at
1200 °C by converting the SiOC to CDC; this leads to a relative
lower amount of the amorphous phase compared to the carbon
with more structural ordering.*”** Due to the high temperature
during the CDC formation, the carbon of all CDCs has a similar
(narrow) FWHM and positions of the D- and G-mode (Table 4).

The XRD pattern of the SiOC in Fig. 3B show mainly two
broad signals at 22° 26 and 44° 26. The broad peak at 22° 20 is
related to the short-range order of SiO, tetrahedra and the 44°
20 is related to (101)-graphite. The results from EDX, Raman
spectroscopy, and XRD show that all PDCs contain amorphous
silicon oxide and carbon, which is consistent with the

Intensity

Phg sV 5-SI0C-CDC
TN
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Table 4 Fitted values of the D- and G-mode from the Raman spec-
troscopy of all SiOCs and CDCs

Mode Position (em™') FWHM (em™ ") Ip/lg

Vi-SiOC D 1334 181 4.27
G 1587 111

Phy »5Vig.75-SI0C D 1331 162 4.67
G 1601 67

Ph, 5Vij 5-SiOC D 1333 159 4.58
G 1603 62

Phyg 75Vig 25-SI0C D 1324 167 4.40
G 1599 66

Vi-SiOC-CDC D 1333 85 2.80
G 1593 65

Phy ,5Vij.75-SIOC-CDC D 1337 89 2.40
G 1597 66

Phy 5Vig 5-SiOC-CDC D 1337 84 2.55
G 1596 68

Phg 75Vi 25-SiIOC-CDC D 1339 76 2.56
G 1601 67

literature.**** The XRD pattern of the CDCs in Fig. 3B show no
signal related to amorphous silicon oxide; only the peak at 44°
260 from (101)-graphite is visible. The results of Raman spec-
troscopy and the X-ray diffraction indicate only carbons are
present in the CDC.

Fig. 4 illustrates the morphology of the CDCs by SEM and
TEM images. The average diameters of the particles obtained by
the SEM images are given in Table 5. The Vi-SiOC-CDCs are the
smallest with the narrowest distribution wide (0.68 + 0.09 pm).
Particles with vinyl and phenyl groups are larger and have
a broader size distribution of 2.20 + 0.48 pm (Phy »5Vi, 75-SiOC-
CDCQ), 2.54 + 0.58 um (Phg 5Vig 5-SiOC-CDC), and 1.81 + 0.28
pm (Phy 55Vig 25-SiOC-CDC). The broad size distribution of the
particles favors effective packing in the electrode, which may
benefit the electrical conductivity. On the surface of the parti-
cles, small fractures are noticeable where the particles were
agglomerated. The TEM images of all CDC samples show
disordered carbon, which is consistent with the XRD pattern
(Fig. 3B).

Phy 55 Vig 25-SI0C-CDC, Phy, 5Vi, 5-SiOC-CDC, and Phyg 55Vig -5-
SiOC-CDC have a type I isotherm resulting from a high amount

——Phg sVig5-Si0,-CDC

----- Phg sVio 5-SiO,-PDC

I Cristobalite (PDF 39-1425)
B Graphite (PDF 41-1487)

Intensity

500 1000 1500 2000 2500 3000
Raman shift (cm-)

T
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Fig. 3 Raman spectra (A) and XRD pattern (B) of the SIOC and CDC from Phg 5Vig 5-SiOC.
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Fig. 4 Scanning and transmission electron micrographs of Vi-SiOC-CDC (A), Phg»5Vig75-SiOC-CDC (B), PhgsVigs-SIOC-CDC (C), and

Pho_75Vio_25-SiOC—CDC (D)

of micropores measured with N, GSA in Fig. 5A. Only Vi-SiOC-
CDC has a type IV isotherm because it has also a high
amount of mesopores, which increase the pore volume. There-
fore, Vi-SiOC-CDC shows the highest total pore volume with
2.06 cm® g ', The total pore volume is steadily reduced by
adding a higher amount of phenyl groups to the siloxane to 1.67
em?® g for Phy ,5Vig75-SiOC-CDC, 1.40 cm® g~ for Phy 5Vig 5-

SiOC-CDC, and 1.27 cm® g * for Phy 55 Viy 25-SiOC-CDC. Also, the
average pore size was reduced from 2.9 nm to 1.4 nm. Yet, the
DFT SSA remains rather constant with values between 2014 m*
¢ ' and 2198 m? g '. In Table 5, we provide values obtained
from the N, GSA. We clearly see that the CDC porosity can be
modified in a controllable way by adjusting the functional
groups of the silanes which were used as precursor.

Table 5 Volume depended average particle size obtained by SEM images and porosity of the carbide-derived carbons measured with nitrogen

gas sorption

Average particle Total pore Average pore
size (um) SSAppr (m* g™ SSAger (m? g ) volume (cm® g™ %) size (nm)
Vi-SiOC-CDC 0.68 £ 0.09 2044 2473 2.06 2.9
Phy »5Viy 75-SiIOC-CDC 2.20 + 0.48 2198 2905 1.67 1.7
Phy 5Vig 5-SiOC-CDC 2.54 + 0.58 2114 2729 1.40 1.5
Phy 55Vig 25-SiIOC-CDC 1.81 & 0.28 2014 2554 1.27 1.4
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This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/C7SE00265C

Published on 17 July 2017. Downloaded on 6/19/2018 2:00:45 PM.

View Article Online

Paper Sustainable Energy & Fuels

1600 .
visioccoc |
Og

N
o

— —_ Vi-SiOC-CDC
oy 1400 e o n_o-o-o-B-E T <
- o Ph, Vi, -SiOC-CDC
[ 1200 / ././- 151 o5V 105 K
3 Ph, Vi, ,s-Si0C-CDC W:z;io_o-o—ww o Ph, Vi, ,;-Si0C-CDC
4 +0
= 1000 .Q.g %
2 Pl o wot £ “Ph, . Vi, .-SiOC-CDC
= 800 ‘V’g.gqooooo—o — 0—0—0—0—0—0—00 5 1.0 75 Vig 55 .
2 / PhyVi,,-SIOC-CDC 3
O 600 / >
") S
Ph, Vi .-SiOC-CDC [
~ i 0.5¥ 0.5 _- i
Z 400 o 0.5
o
200
0 T T T T | 0.0 T . T T
0.0 0.2 0.4 0.6 0.8 1.0 0.5 1 5 '10 30
Relative pressure Pore size (nm)

Fig. 5 Nitrogen gas sorption isotherms recorded at —196 °C of the CDC samples (A) and the corresponding pore size distributions applying
a QSDFT model assuming slit-like pores (B).

n150_ e — E150 Vi-Si0,-CDC after floating at 1.4 V.
27100 Ph, ;sVi, ,5-SiOC-CDC 00 e e
"o o
w50 i 50
(] [}] J
g o g o
= [=
8 501 S 50
(%] (%)
g_ 100 PhOSVIos-SIOC-SDC 8_100 —————————————————————————————
S o S
-150- -150
thv:o,s-s.oxcoc ‘ . , .
o 0.0 05 10 15 20 25 0.0 0.2 04 0.6 0.8 1.0 1.2
— Cell voltage (V) Cell voltage (V)
= —_
) (72)
.E :
o 100+ __PhyVi-Si0C-CDC (@] :
|3 Ph,,:Viy,5-SiOC-CDC 0) S
Q| < s, 9 llo S| =
QO o als 8 o dIRS
a1 2 ol 311% Q =]
©| = £ 888 o C| <
@ 604 ¢ 3 @ 9 7 S S
c| £ & 8 "% |% <)
- | C = 9 sls |5 S <
. [T —~ 2| 2% s
© N1 B (@) .
< Q 401 E =& | [
o -
[ g 204 o C| =
<<| 3 o A 2 = 2 s
wi 2 . Re(2) (em?) Ph,..Vi,,.-Si0 -CDC ..6
- 01 1 10 100 E 0. 056 08 10 12 14
T 1
E Specific current (A-g™') - E Cell voltage (V)
vl 100+ Phy55Viy75-SI0C-CDCpp vi, -SiOC-CDC 0] W
by == 'AC 2 £ / AC+
=2 e— —9 o o A
< 80 SI0C-CDC Vi-sioclcDe =100} :
Py 3 Ph, Vi ,-SiOC-CDC Ph, ;5Viy;5-SiOC-CDC
‘:’ Ph, Vi ,.-SiOC-CDC C 80+ Ph, Vi, ,-SiOC-CDC
€ oo s
o —
‘© Qo
< Vi-Si0C-CDC g 601
Qo 40+ o
S Ph, Vi, ,;-SiOC-CDC O 40
2 ] Ph, Vi, .-SiOC-CDC"” =
g 20 ‘ 05" 0.5 ' ; E 204
o 500 1000 1500 12000 2500 [*}
z specific time (s'mg”) z
0 20 40 60 80 100 0 20 40 60 80 100
Time of floating at 2.7 V (h) Time of floating at 1.4 V (h)
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3.3. Supercapacitor performance

The electrochemical performance of the SiOC-CDC electrodes
was tested in a symmetrical supercapacitor cell using the most
commonly used organic electrolyte (1 M in TEA-BF, in ACN).
The CVs with the organic electrolyte in Fig. 6A shows a typical
rectangular shape, typical for nanoporous carbon.”® A signifi-
cant difference of the mass-normalized CVs of the different
samples is not distinguishable. The specific capacitances
measured in GCPL mode are denoted in Table 6. Phy ,5Vig.75-
SiOC-CDC has a slightly higher specific capacitance in TEA-BF,
in ACN with 116 F g ' than the other materials (Vi-SiOC-CDC:
111 F g% PhgsVig5-SiOC-CDC: 106 F g~ '; Phg 75Vig.25-SiOC-
CDC: 112 F g~ '). Commercial microporous activated carbon
(AC; see ref. 41 for AC properties) has a similar specific capac-
itance of 110 F g~" under the same measurement conditions.
The variable porosity of the SiOC-CDCs influences the rate
handling behavior much stronger than the total capacitance
plotted in Fig. 6B. While the AC has only a residual capacitance
of 15% at an ultrahigh specific current of 100 A g™, the sample
Ph, ;5Vi.»5-SiOC-CDC retains twice as much capacitance under
the same conditions (31%). With an increasing mesoporous
fraction and an increasing pore volume, the capacitance
retention at 100 A g~ " increases to 56% for Phy sVig 5-SiOC-CDC
and Phy ,5Vij 75-SiOC-CDC and to up to 72% for Vi-SiOC-CDC.
We can explain the superior power handling ability of Vi-
SiOC-CDC also by the smaller particle size.** In Table 6, we
see a comparison of the performance of the MicroJet SiOC-
CDCs with literature values. There is a clear advantage of the
MicroJet SiOC-CDCs of retaining a high specific capacitance at
high specific currents (10 A g " or 100 A g~ '). Even materials
optimized for high power handling, such as electrospun CDC
fiber mats,'® show a higher capacitance loss at 10 Ag ™" or 100 A
g~ ' than electrodes made from Vi-SiOC-CDC when using
a similar thickness and measurement conditions. The
Coulombic efficiencies are plotted in the ESI (Fig. S4AT) and we
see all values approaching 99% at around 1 A g™ .

View Article Online

Paper

Table 7 ESR and EDR obtained from EIS in 1 M TEA-BF, in ACN

ESR (Q cm?) EDR (Q cm?)
Vi-SiOC-CDC 0.59 0.35
Phy ,5Vig 75-S10C-CDC 0.66 0.51
Phy 5Vig 5-SIOC-CDC 0.74 0.49
Phy 75Vig 25-510C-CDC 0.98 0.44

The rate handling ability is influenced by the resistance of the
electrodes. Using electrochemical impedance spectroscopy (EIS),
we quantified the electrical serial resistance (ESR) and electrical
distribution resistance (EDR), as seen in Table 7. Vi-SiOC-CDC,
which shows the best rate behavior, has the lowest ESR with
0.59 Q cm?. Phy,5Vig 75-SIOC-CDC and Ph, sVi,, 5-SiOC-CDC have
a slightly higher ESR of 0.66 Q cm?® and 0.74 Q cm?, respectively.
Phy 55Vij 25-SIOC-CDC, which was also the CDC with the lowest
performance at high rates has the highest ESR of 0.98 Q cm”. An
increasing ESR value correlates with a reduced performance at
high specific currents. The EDR value of Vi-SiOC-CDC is also the
lowest with 0.35 Q cm”. The other EDR values are very close and
vary in the range of 0.44-0.51 Q cm” without a systematic trend.

Also, the performance stability of the system is very high, as
can be seen in Fig. 6C. After voltage floating at 2.7 V for 100 h in
1 M TEA-BF, in ACN, all materials show a residual specific
capacitance between 84% and 95%. The commercial AC has
a similar residual capacitance of 89%.*" Yet, a comparison with
literature values is difficult because the electrochemical stability
is influenced by the carbon structure,** presence and type of
functional groups,” the electrochemical operation window,*
measurement conditions,* and other cell components like the
current collector.*

In addition to a common organic electrolyte, we also
benchmarked the supercapacitor performance in an aqueous
medium. We see important differences of the supercapacitor
performance by using an aqueous electrolyte as compared to

Table 6 Overview of the supercapacitor performance of the SIOC-CDCs in 1 M TEA-BF4 in ACN and aqueous 1 M Na,SO4 and the comparison
with other carbon-based electrode materials for supercapacitors (n.r.: not reported)

1 M TEA-BF, in ACN

Aqueous 1 M Na,SO,

Capacitance Capacitance Initial specific After floating,

Low-rate loss at loss at capacitance specific SSApEr

capacitance (Fg™') 10A g™ (%) 100Ag™' (%) (Fg™) capacitance (Fg™') (m”>g™") Ref.
Vi-S$i0C-CDC 111 (at 0.05A g™ 8 28 98 126 2044 This work
Phyg »5Vig 75-SiIOC-CDC 116 (at 0.05A g™ 1) 8 44 113 135 2198 This work
Ph, sVi, 5-SiOC-CDC 106 (at 0.05A g™ ") 5 44 116 135 2114 This work
Phyg 5Vig 25-SiIOC-CDC 112 (at 0.05A g™ 8 69 104 123 2014 This work
AC 110 (at 0.05A g™ 1) 10 85 143 152 1756 This work
Emulsion CDC-NS-70-30 130 (at 0.05A¢g™ ") 8 n.r. 103 n.r. 2298 Ref. 15
Electro-sprayed SiOC-CDC beads 117 (at0.1A g™ ') 20 95 n.r. n.r. 2227 Ref. 13
Electrospun SiOC-CDC fiber mat 130 (at0.1Ag ') 14 37 n.r. n.r. 2394 Ref. 13
Activated carbon black (BP2000) 86 (at 0.1 A g™ ') 9 n.r. n.r. n.r. 1389 Ref. 55
Carbon onions 24 (at 0.1A g™ 10 n.r. n.r. n.r 404 Ref. 59
N-doped activated 147 (at0.1A g ") 19 n.r. n.r. n.r. 2353 Ref. 60

Lignin-derived carbon
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the organic electrolyte. The initial CV of Vi-SiOC-CDC in Fig. 6D
shows a typical rectangular shape of a supercapacitor with
a relatively low specific capacitance of only 98 F g~'. All other
CVs are very similar (ESI, Fig. S4T). The capacitance was not
reduced after voltage floating at 1.4 V for 100 h; yet, the specific
capacitance of Vi-SiOC-CDC increased to 126 F g~ " instead of an
assumed loss of capacitance (Fig. 6F). It was already shown that
aqueous supercapacitors with Na,SO, can have a very high
stability at high potentials which exceed the thermodynamic
stability window of water of 1.2 V.*® The improved performance
after floating can be related to (i) progressing wetting,*-*° and
(ii) reversible faradaic redox-reactions of oxygen functional
groups,” and reversible hydrogen reaction.>**

A three-electrode cell with an Ag/AgCl reference electrode
provides information about the potential development in the
symmetrical setup (Fig. 6E). The initial electrodes have a zero-
charge potential of +64 mV versus Ag/AgCl at a cell voltage of
1.4 V. The potential at the positive electrode is 0.70 V versus Ag/
AgCl, exceeding the thermodynamic water oxidation of 0.64 V
versus Ag/AgCl.*° Also, the potential at the negative electrode is
at —0.70 V versus Ag/AgCl below the limit of water reduction at
—0.59 V versus Ag/AgCl.*® The high potential at the positive
electrode leads to the assumption that an irreversible oxidation
of the carbon took place during the voltage holding at 1.4 V. The
zero-charge potential was reduced from +64 mV to —93 mV
versus Ag/AgCl after the longtime test which can be explained
with an increase of oxygen containing functional groups on the
carbon surface introduced by the oxidation at high cell voltages.

View Article Online
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The aqueous Vi-SiOC-CDC cell was disassembled after the
stability test to perform a post mortem analysis via gas sorption
analysis, EDX, and contact angle measurements. By comparing
the nitrogen sorption isotherms of the powder (Fig. 5A) with the
isotherms of the electrodes (Fig. 7A) it is striking that the
porosity is reduced. The addition of PTFE-binder leads to
a smaller porosity due to an additional mass and pore block-
ing.*® By comparing the isotherms of the initial electrode with
the electrodes after the voltage floating in Fig. 7A, a significant
pore volume loss is evident. Table S2t (ESI) supplies the
detailed values obtained from the isotherms. The DFT surface
area was reduced from 1756 m? g~ ' to 980 m> g~ ' at the negative
and 897 m? g~ ! at the positive electrode. The total pore volume
also decreased from 1.83 m” g~ " to 1.23 m” g~ " at the negative,
and 1.19 m> g~ at the positive side, which might also be
influenced by residual salt from the electrolyte. We see from the
normalized pore size distribution in Fig. 7B (i.e., normalized to
100%) that the pore volume is reduced mainly in the micropore
range. The reduction of the micropores explains the loss of
surface area of 49% compared to a relative low reduction of the
total pore volume of 35% of the positive electrode. This is an
indication for surface functionalities which block small
micropores for N, during the GSA measurement. The increase
of oxygen content further supports this assumption (Fig. 7D).

Post mortem EDX analysis was conducted, showing an
increase in the oxygen-to-carbon ratio from 0.055 of the initial
electrode to 0.075 on the negative, and 0.115 on the positive
electrode after the voltage floating (ESI, Table S37). The increase
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‘o .4-—-—--""'3’" g 80 7
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Fig. 7 Post mortem analysis of the Vi-SiOC-CDC electrodes after the voltage floating in aqueous 1 M Na,SO,4 at 1.4 V cell voltage compared to

the initial electrodes. N, gas sorption isotherms (A), normalized pore
measured via EDX (D).

This journal is © The Royal Society of Chemistry 2017

size distribution (B), contact angle (C), and the oxygen/carbon ratio

Sustainable Energy Fuels, 2017, 1, 1588-1600 | 1597


http://dx.doi.org/10.1039/C7SE00265C

Published on 17 July 2017. Downloaded on 6/19/2018 2:00:45 PM.

Sustainable Energy & Fuels

of oxygen-containing functional groups also influences the
wetting behavior of the electrodes (Fig. 7C). Initially, the Vi-
SiOC-CDC electrode exhibits a contact angle with water of
143° after 1 s. This is relatively high compared to other highly
porous carbon materials, like the AC with an initial contact
angle of 63° (ref. 56) or CO,-activated novolac-derived carbons
with 121° (ref. 57). The contact angle of the negative electrode
after the voltage floating is reduced to 114°. At the positive
electrode, oxidation mainly takes place during electrochemical
operation, leading to an even lower contact angle of 77° after 1 s
and faster water absorption. Besides functional surface groups
of the carbon, the contact angle is also influenced by the
hydrophobic character of the PTFE-binder,*® which allows only
a relative comparison of the samples. The oxidation of the
carbon surface and the permanent operation during the testing
led to an increase of the wettability of the carbon. Thereby, we
enabled enhanced access for the aqueous electrolyte to the
surface of the CDCs, which led to an increase of the capacitance
after the voltage floating of 16-29%.

4. Conclusions

In this study, phenyl- and vinyltrimethoxysilane mixtures with
four different ratios were used to synthesize polysiloxane poly-
mer beads. The MicroJet reactor technique allows continuous
manufacturing of polysiloxanes beads with a constant quality at
rates of 10-15 g min~". These beads were found as highly suited
for pyrolysis, to obtain SiOC, and chlorine gas treatment, to
obtain CDC by removal of non-carbon elements and still
conserving the spherical morphology. An increase of phenyl
groups increased the total yield after pyrolysis and etching from
2.2 mass% to 21.9 mass%, which is relevant for the economic
efficiency to produce highly porous carbon materials. A possible
way to increase the yield might be the use of organic functional
groups with a higher amount of carbon, like naphthyl or
anthracenyl groups. Also, the combination of the pyrolysis and
chlorine treatment should be considered to improve the
process.

By varying the ratio of phenyl and vinyl groups it was possible
to produce highly porous CDCs with DFT SSA ranging between

30 A i Phy 5Vig 75-Si0C-CDC,
H /i HERE

10 -

Specific energy (Wh-kg™)

e by O

001 01 1 10 100
Specific power (kW-kg™)

Fig. 8 Ragone chart of the four spherical CDC materials and the AC as
comparison, measured in 1 M TEA-BF, in ACN (electrode thickness:
110-130 pm).
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2014-2198 m* g~ * with a total pore volume in the range of 1.27-
2.06 cm® g~ without any additional activation step. A higher
amount of vinyl groups leads to a higher total pore volume. The
increased mesoporosity influences mainly the rate handling
behavior of the supercapacitor, while the specific capacitance at
low ranges (5 mA g~ ') is in 1 M TEA-BF, in ACN very similar for
all synthesized CDCs (106-116 F g~ '). The highest residual
capacitance of 72% at high current rates (100 A g~ ') was also
obtained from the sample with the highest amount of
mesopores.

The Ragone chart (Fig. 8) illustrates the specific energy of the
CDC materials of 25 W h kg™ at low specific powers and the
excellent performance at high specific power. In the best case
(Vi-SiOC-CDC), the specific energy only decreases slightly to 12
W h kg~ " at high specific powers of 41 kW kg~ '. For compar-
ison: AC shows a very low rate handling ability with only 1 W h
kg ' at 25 kW kg~ ' (which is lower than any of the samples
studied in this work). The low wettability of the relatively
graphitic carbons is unfavorable for aqueous electrolytes, but
a long-time testing shows an increase of the specific capacitance
of almost 30% when floated at 1.4 V for 100 h. Functional
groups are formed by the operation, which improves the
wettability as well as the specific capacitance.

In conclusion, the high porosity of the SiOC-CDCs is attrac-
tive for electrochemical energy storage with supercapacitors.
The excellent rate handling behavior and the high stability
in organic electrolyte documents suitability for common
supercapacitors.
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Table S1: Properties of the PTFE-bound electrodes.

Electrode Active mass of  Electrode disc  Electrode

density one electrode diameter thickness
(mg-cm™) (mg) (mm) (rm)

1 M TEA-BF, in acetonitrile
Vi-SiOC-CDC 197 1.15 8 122
Phg.25Vio.75-SI0C-CDC 372 2.33 8 131
Phg 5Vios-SiOC-CDC 452 2.51 8 116
Phg.75Vio.25-SI0C-CDC 438 2.41 8 115
AC 435 2.27 8 109
Aqueous 1 M Na,SO,

Vi-SiOC-CDC 206 1.47 8 150
Phg25Vio.75-SiOC-CDC 377 2.24 8 124
Phg sVi.s-SiOC-CDC 450 2.51 8 117
Phg.75Vio.25-SiOC-CDC 432 2.44 8 118

Table S2: Porosity of the Vi-SiOC-CDC electrodes measured with nitrogen gas sorption.

Total pore
Aper | Total A
SSApkr SSAorr loss SSAger otal pore volume loss verafge
(m2-g?) after voltage (mg) volume after voltage pore size
H 0, 3,51
floating (%) (cm3-g?) floating (%) (nm)

Vi-SIoe-cbe 1756 - 2287 1.83 - 2.5
initial electrode
Vi-sioc-cbe 980 44 1515 1.23 34 2.6
negative electrode
Vi-sioc-coc 897 49 1403 1.19 35 2.8
positive electrode

Table S3: EDX element analysis of Vinyl-SiOC-CDC electrodes before the electrochemical testing and
after the voltage floating at 1.4 V for 100 h in aqueous 1 M Na,SO,. Values below the detection limit
are denoted n.d. (not detected).

C (0] Si F Na S cl
(mass%) (mass%) (mass%) (mass%) (mass%) (mass%) (mass%)

Vi-SI0C-CDC 89.5+06 4.1+03 3.5+03 29403  n.d. nd. nd.
initial electrode

Vi-SI0C-CDC 81.3+1.3 7.4+1.0 1.6+03 3.5+1.1 4.6+0.6 07402 0.9+0.2
positive electrode

Vi-SioC-CDC

81.3+0.5 4.4+0.8 2.2+0.1 6.6x1.6 4.4+04 0.5+0.1 0.7#0.1

negative electrode
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Figure S2: Scanning and transmission electron micrographs of the polymer beads Vi-SiO1s (A),
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-4



Phyg7Vig 25-SiOC

Phyg 5Vig ,5-Si0,-CDC

Ph, sVi, 5-SiOC

Intensity
Intensity

Phy 55Vig 75-SiOC

Vi-Sioc
Vi-8igc-CDC
500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
Raman shift (cm™) Raman shift (cm-)
c Il Cristobalite (PDF 39-1425) )
I Graphite (PDF 41-1487) Il Graphite (PDF 41-1487)

Phy75Vig 5-SIOC

Phy 7sVi ,5-8i0C-CDC

Phg Vi ¢-SiOC

Ph, Vi, s-SI0C-CDC

Intensity
Intensity

Phyg 25Vig 75-SIOC

Phyg_z5Vig 75-SIOC-CDC

Vi-Si0,-PDC Vi-SiOC-CDC

10 20 30 40 5 60 70 10 20 30 40 50 60 70
26 (°) 26 (°)

Figure S3: Raman spectra of PDCs (A) and CDCs (B). XRD pattern of PDCs (C) and CDCs (D).

— 100 . g
(=]
> 80 100, Pho/:.sVlovs-SlOC-CDC ‘
s L Vi-SiOC-CDC
@ ;’ 504 Phg 75Vi; ;5-Si0C-CDC
2 60 3]
b= c 4
@ S
o —— YP-80F =
O 40 3]
——Vi-SiOC-CDC o -50
g —+— Ph, ,Vi, 75-Si0C-CDC S 00
oS 20 i o _
s Ph"'sv"?-ﬁ S'QC cbe Ph, ,5Viy 75-SIOC-CDC
o —a— Phy 75Vig 55-SIOC-CDC -150 |
o 0 T T ‘ = T T T T T T T T
0.1 1 10 00 02 04 06 08 10 12
ags A
Specific current (A-g™) Cell voltage (V)

Figure S4: Coulombic efficiencies of all CDC materials including the AC in TEA-BF4 in ACN (A)
and cyclic voltammograms of all CDC samples in aqueous 1 M Na;SO4 (B) up to a cell voltage

of 1.2 V.



4, Results and Discussion 124

4.6. Influence of nitrogen-doping for carbide-derived carbons on the
supercapacitor performance in an organic electrolyte and an ionic
liquid

Benjamin Kriiner,2? Christina Odenwald,? Antje Quade,* Guido Kickelbick,?

Volker Presser!2

1 INM - Leibniz Institute for New Materials, 66123 Saarbriicken, Germany

2 Department of Materials Science and Engineering, Saarland University, 66123 Saarbriicken,

Germany

3 Inorganic Solid State Chemistry, Saarland University, 66123 Saarbriicken, Germany

4 Leibniz Institute for Plasma Science and Technology, 17489 Greifswald, Germany

Kriiner, Benjamin et al. (2018) Batteries & Supercaps.
https://doi.org/10.1002/batt.201800051

Own contribution: Design, planning, writing, pyrolysis, chlorine gas treatment, SEM, particle size
analysis, EDX analysis, TGA coupled with MS analysis, CO, and N, sorption analysis, Raman analysis,
XRD, electrochemical analysis for double-layer capacitors.

Abstract:
We investigated the influence of nitrogen groups on the electrochemical performance of carbide-
derived carbons by using materials with a similar pore structure with and without a nitrogen-doping.
These materials were tested in a half-cell and full-cell supercapacitor using a conventional organic
electrolyte (1 M tetraethylammonium tetrafluoroborate in acetonitrile) and an ionic liquid (1-ethyl-3-
methylimidazolium tetrafluoroborate). We found that the nitrogen-groups with a content of 1-
7 mass% have no systematic influence on the energy storage capacity but a stronger impact on the
rate handling ability. The highest specific capacitance in a half-cell supercapacitor at a negative
potential was 215 F/g in EMIM-BF,. Using
the best-performing carbide-derived
carbon with and without nitrogen-doping
(i.e., by using a synthesis temperature of
800 °C), the full-cell performance was
174 F/g, which results in the high specific
energy of 61 Wh/kg in EMIM-BF,. For the
same materials, the corresponding

specific energy was about 30 Wh/kg when

using the organic electrolyte.
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Influence of Nitrogen-Doping for Carbide-Derived Carbons
on the Supercapacitor Performance in an Organic
Electrolyte and an lonic Liquid

Benjamin Kriiner,® Christina Odenwald,” Antje Quade,”” Guido Kickelbick,*™ and

Volker Presser*t

We investigated the influence of nitrogen groups on the
electrochemical performance of carbide-derived carbons by
comparing materials with a similar pore structure with and
without nitrogen-doping. These materials were tested in a half-
cell and full-cell supercapacitor setup with a conventional
organic electrolyte (1 M tetraethylammonium tetrafluoroborate
in acetonitrile) and an ionic liquid (1-ethyl-3-methylimidazolium
tetrafluoroborate). Varying the nitrogen content in the range of
1-7 mass % had no systematic influence on the energy storage

1. Introduction

Supercapacitors are electrochemical energy storage devices for
high power applications with long cycling stability." The most
common type of supercapacitor is the electrical double-layer
capacitor (EDLC) where the charge is stored by electrosorption
of ions from an electrolyte on a high surface area electrode.
Electrodes for EDLCs are usually carbon-based, and various
materials have been explored, including activated carbons,“™®
salt-templated carbons,” graphene,"” carbon-nanotubes,"
carbon onions,"*"¥ and carbide-derived carbons (CDC).'*'™
Especially nanoporous carbons with a high surface area are well
suited to provide high specific energy and power.”'®¥ One way
to further increase the energy storage capacity of a porous
carbon electrode is to choose an average pore size close to the
diameter of the bare ion.""'¥ This effect can be explained by
the partial desolvation of the ions in aqueous or organic
electrolytes and the resulting more space-effective arrangement
of ions within nanopores.'*2?
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capacity but a stronger impact on the rate handling ability. The
highest specific capacitance in a half-cell supercapacitor at a
negative potential was 215 F/g in EMIM-BF,. Using the best-
performing carbide-derived carbon with and without nitrogen-
doping (i.e., by applying a synthesis temperature of 800 °C), the
full-cell performance was 174 F/g, which results in a high
specific energy of 61 Wh/kg in EMIM-BF,. For the same
materials, the corresponding specific energy was about 30 Wh/
kg when using the organic electrolyte.

Beyond the design of carbon materials with an optimized
porosity, there are other ways to enhance the energy storage
capacity of supercapacitors.'®® Examples include the use of
ionic liquids™” or redox electrolytes,®***" and the addition of a
redox-active material like metal oxides®3" or heteroatom
doping.?? Especially the use of ionic liquids as an electrolyte for
supercapacitors is promising because the significantly en-
hanced potential window leads to a large increase of the
specific energy (the latter scales with the square of the
voltage).l" Along with this line of research, Ewert et al. reported
that nitrogen-doping of CDC leads to an enhanced specific
capacitance for certain ionic liquids, such as EMIM-BF,, while
there was no enhancement for organic electrolytes based on
acetonitrile as the solvent.?? Also, other groups investigated
nitrogen-doped carbon materials made from different precur-
sors and reported high specific energy of up to 64 Wh/kg
(measured at a cell voltage of 3.2V)."”*33% Yan etal. used
EMIM-BF, as the electrolyte and different micro- and mesopo-
rous carbons as the electrodes in symmetric full-cells.”” The
specific capacitance and rate capability of these porous carbon
materials with and without nitrogen-doping (up to 6 mass %)
were quite similar, but there was an improvement of the rate
capability for the nitrogen-containing electrodes.” Yet, the
comparison of half-cell and full-cell data complicates the
identification of underlying energy storage mechanisms during
ion electrosorption, and our understanding of the general role
of nitrogen in different forms (pyridinic, graphitic, etc.) remains
limited at present.

Due to the influence of the pore size distribution on the
double-layer capacitance,”” it is necessary to produce carbon
materials with a similar porosity to investigate the contribution
of the nitrogen groups. In a previous study, we applied the
MicroJet reactor technique to produce SiOC-CDC and varied
the ratio of silanes with different organic groups.®™ Thereby, it

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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was possible to adjust the porosity of the highly porous carbon
material. The continuous MicroJet technique ensures a constant
quality of polysilsesquioxane beads with homogeneous particle
size. In the present study, we used a similar approach but varied
the organic group to introduce nitrogen via silane to the
ceramic material. Nitrogen in the carbide can still be found in
the CDC material after chlorine gas treatment, as we know from
previous work.*? We produced CDCs also with another silane
to obtain porous carbon materials without nitrogen with a
similar pore size distribution (average pore size of 1.6-1.9 nm
and 94-99% of the pore volume relates to pores smaller than
5nm). Thereby, our materials cover the range of nitrogen
concentration of 0-7 mass%. The materials were tested as
electrodes for supercapacitors in half-cell and full-cell config-
uration in 1M TEA-BF, in acetonitrile (ACN) and neat ionic
liquid (EMIM-BF,).

Experimental

Materials and Material Synthesis

Vinyltrimethoxysilane (VTMS) and 4-phenylbutyltrimethoxysilane
(PBTMS) were obtained from ABCR. [3-(phenylamino)propylltrime-
thoxysilane (PAPTMS) was purchased from Sigma-Aldrich. The
structural formulae of the silanes precursors are shown in the
Supporting Information, Figure S1. Ammonia was purchased from
VWR International. All chemicals were used as received.

The polymer spheres were produced by mixing the precursor
solutions A1/A2 and B in a microreactor. Solution A1 contained
VTMS (37.04 g, 250 mmol) and PAPTMS (12.81 g, 50 mmol) dis-
solved in methanol (307.58 g, 9.6 mol). For the A2 solution, PBTMS
(12.76 g, 50 mmol) was used instead of PAPTMS. The alkoxysilanes
were partly hydrolyzed by adding aqueous HCl (150 mL of a
0.55 mmol/L solution) and stirring at room temperature for 16 h.®®
The solution B was an aqueous solution of ammonia (2.2 mol/L).

The synthesis of similar particles with the same technical setup is
described in detail in previous work.”**% In short: two HPLC pumps
(LaPrep P110 preparative HPLC pumps, VWR International) trans-
port solution A1 or A2 and solution B at a rate of 250 mL/min
(pressure of 3-4 MPa) to the MicroJet reactor (Synthesechemie Dr.
Penth GmbH). The solutions enter the reactor chamber through
narrow nozzles (300 um in diameter) from opposing sites and
collide inside as fine impinging jets. A fast mixing takes place
before a support gas flow forces the suspension out of the
microreactor in vertical direction out to a collecting vessel. The
particles were separated by centrifugation (8000 rpm, 7012 G,
10 min) and dried in vacuum at room temperature. The reactor
system was flushed with methanol between the production of
different samples.

The pyrolysis of the polysilsesquioxane beads was carried out in a
graphite heated furnace (LHTG from Carbolite Gero) in a nitrogen
atmosphere with a gas flow of 150 L/h. The target temperature of
1000 °C was reached with a heating rate of 300°C/h, and we used a
holding time of 2h. A mass of 1.5g of the obtained polymer-
derived ceramic (PDC) was transferred to a graphite crucible and
placed in a quartz tube furnace from Carbolite Gero. The chlorine
gas treatment to produce carbide-derived carbon (CDC) spheres
was performed at 600°C, 800°C, or 1000 °C for 5 h with a chlorine
gas flow of 10 cm®/min. The quartz tube furnace was constantly
supplied with argon (flow: 50 cm®/min) during the chlorine gas
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treatment including the heating and cooling step. A hydrogen
treatment at 600°C for 3 h was conducted after the chlorination
step to remove residual chlorine from the surface. We labeled the
three non-doped SiOC-CDC materials as CDC-600, CDC-800, and
CDC-1000, depending on the chlorination temperature. Accord-
ingly, we labeled the nitrogen-containing CDCs as N-CDC-600, N-
CDC-800, and N-CDC-1000.

Material Characterization

The carbon beads were analyzed with a field emission scanning
electron microscope (SEM) Jeol JSM-7500F at 3 kV and a high-
resolution transmission electron microscopy (TEM) Jeol JEM-2100F
at 200 kV. We quantified the bead diameter of 150 individual
particles with the image analysis software Imagel?” For TEM
measurements, the samples were dispersed and sonicated in
ethanol to deposit them on a lacey carbon film on a copper grid
from Gatan.

The porosity of the mainly microporous materials was analyzed via
nitrogen gas sorption analysis (N, GSA) and carbon dioxide gas
sorption analysis (CO, GSA) with an Autosorb iQ system from
Quantachrome. The powder samples were outgassed before the
measurement at 10 kPa at 200°C for 1 h and at 300°C for 20 h. To
avoid any issue with the presence of the polymer binder
polytetrafluoroethylene (PTFE), the electrodes were pretreated at
10 kPa first at 100°C for 1 h and then at 150°C for 20 h. The N, GSA
measurements were carried out in a relative pressure range from 5-
107° to 1 at —196°C. The measurement temperature for the CO,
GSA was 0°C, and the relative pressure was in the range of 7-107°
to 1-107% The specific surface area was calculated with the
Brunauer-Emmett-Teller equation in the linear regime of the N,
isotherm.B® We further analyzed the pore structure by applying a
quenched-solid density functional theory (QSDFT) kernel assuming
slit-like carbon nanopores.”” A non-local density functional theory
(NLDFT) assuming the same pore geometry was used to deconvo-
lute the CO, isotherm.*” The BET and DFT calculations were
performed with the software ASiQwin from Quantachrome. The
pore size distributions obtained from N, and CO, GSA measure-
ments were combined with a cross-over point at 0.9 nm to obtain a
pore size distribution in the range from 0.35 nm to 35 nm.”" The
total pore volume and the SSApy values were obtained by
combining the pore size distribution data of the CO, and N, GSA
measurements; the average pore size corresponds to the pore
diameter of the half of the total pore volume (ds,) of the
cumulative pore size distribution."*” For all GSA measurements, a
sufficient time at each pressure increment was obtained so that a
near-equilibrium was obtained, which is important to obtain a
reliable combined pore size distribution pattern (as pointed out by
Lobato et al.*?).

The structure of the carbon materials was investigated via Raman
spectroscopy. We used a Renishaw inVia Raman microscope with a
wavelength of 532 nm and a grating of 2400 lines/mm. The spectral
resolution was 1.2cm™', the numeric aperture 0.75, and the
incident power on the sample ~0.2 mW. The recording time was
30s, and 10 accumulations were accomplished. Four Voigt
functions were chosen to fit the D- and G-mode of the Raman
spectra.

The chemical composition was quantified with a CHNS analyzer
Vario Micro Cube from Elementar. The temperature for the tube
was 850°C and for the combustion tube 1150°C. The equipment
was calibrated with sulfanilamide. The oxygen content was
obtained with a rapid OXY cube from Elementar. The analysis
temperature was 1450°C, and it was calibrated with benzoic acid.

2 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The chemical composition of the materials was also quantified by
use of X-ray photoelectron spectroscopy (XPS). We used an Axis
Ultra DLD from Kratos Analytical with Al K, radiation at a high
voltage 15 kV and current of 10 mA to acquire survey spectra at a
pass energy of 80 eV. The current was increased to 15 mA for the
highly resolved measurement of the C 1s and N 1s peaks at a pass
energy of 10 eV. The XPS spectra were analyzed with the software
CasaXPS and charged corrected by shifting all peaks to the aliphatic
C 1s spectral component set to a binding energy of 285 eV. The
Shirley background was subtracted before fitting the peaks with a
Gaussian-Lorentzian (GL(30)) profile function. The carbon peaks
were fitted with a constant full-width-at-half-maximum (FWHM). An
asymmetric line shape was used for the sp’-hybridized carbon
component, which is well-described by the Doniach-Sunji¢ func-
tion 1344

Electrochemical Measurements

The synthesized carbon powders were mixed with 5 mass% of
PTFE binder (60 mass% in water, Sigma-Aldrich) and crushed in a
mortar to form a doughy paste. The carbon paste was rolled to
free-standing films with a thickness of ~100 pm and we dried the
electrodes at 120°C and 2 kPa for 48 h. Discs with a diameter of
10 mm and a mass of 2-4 mg were punched from the casted
electrodes for the electrochemical measurements. The electrodes
were tested in a half-cell figuration with YP-80F as a counter
electrode (>5 times heavier) and YP-50F from Kuraray as a
reference electrode in a custom-built cell®’ For electrochemical
characterization, we used either an organic electrolyte (1M
tetraethylammonium tetrafluoroborate, TEA-BF,, in acetonitrile,
ACN) or a neat ionic liquid (1-ethyl-3-methylimidazolium tetrafluor-
oborate, EMIM-BF,). The cells were loaded with the electrolyte in an
argon-filled glove box (0,, H,O0<1 ppm) and placed in a vacuum
oven (2 kPa) at 120°C to remove adsorbed moisture for 16 h. A
carbon coated aluminum foil (Zflo 2653, Coveris Advanced Coat-
ings) was used as a current collector, and we employed a glass-
fiber mat (GF/A from Whatman, GE Healthcare Life Science) as a
separator for all measurements with a potentiostat/galvanostat
VMP300 from Bio-Logic. The cyclic voltammetry (CV) was con-
ducted at 10 mV/s and the galvanostatic cycling with potential
limitation (GCPL) with a 10 min holding step at each potential for
the half-cells. The specific capacitance was calculated following
Eq. (1):

tend
Idt
o / (1)
P AU-m

with specific capacitance C,, starting time of discharge t, end of
discharge time t..q applied potential difference AU, discharge
current / and active mass of the working electrode m.

The limits for the positive and negative potential window of the
samples CDC-800 and N-CDC-800 were investigated in the organic
electrolyte and ionic liquid via S-value analysis in a half-cell
configuration. The cyclic voltammetry was tested in a potential
range of +(0.2-2.5) V vs. carbon with intervals of 0.05 V and a scan
rate of 1 mV/s. The S-values were calculated with Eq. (2).

S — Qcharge 1 (2)

Qdischarge

with S for S-value, Qcparge aNd Qgischarge fOr the charge during charge
and discharge.

Was also measured the sample with the highest specific capaci-
tance with and without nitrogen in a symmetrical full-cell super-
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capacitor device with YP-50F from Kuraray as a quasi-reference.””

The capacitance from cyclic voltammograms was calculated with
Eq. (3) and from GCPL cycling with Eq. (4). The IR-drop of the GCPL
measurements was obtained after a resting time of 10 s.

4.
Co=g— 3)
@ m

with C;, as the specific capacitance per electrode, | as the current,
dU/dt as the scan rate, and m as the mass of carbon in the
electrode (e.g., mass of the electrode without the polymer binder).

4'Qisc arge
Cp = U7n2g (4)

with C;, as the specific capacitance per electrode, Qicnarge @s the
charge of the discharging half-cycle, U as the IR-drop corrected cell
voltage, and m as the mass of carbon in the electrode.

Stability testing via voltage floating™” for 100 h was also conducted
in a temperature-controlled environment at 25°C at 2.7 V for the
organic electrolyte and 3.2 V for the ionic liquid. These cell voltages
were chosen based on the results of the S-value analysis. Every
10 h, galvanostatic cycling was performed at a cell voltage of 2.5V
(organic solvent-based electrolyte) or 3.2 V (ionic liquid).

2. Results and Discussion
2.1. Characterization of the Carbide-Derived Carbon Beads

The spherical shape of the synthesized materials after chlorine
gas treatment is exemplified for CDC-800 and N-CDC-800 by
scanning and transmission electron micrographs (Figure 1). SEM
images of the other samples are shown in Figure S2. Trans-
mission electron micrographs (Figure 1C,D,G,H) document the
disordered nature of the carbon structure. Quantitative SEM
image analysis revealed no major influence of the chlorination
temperature on the volume dependent sphere diameter which
all are about 1-2 pm (Table S1). All samples showed a mass loss
of 24% after the pyrolysis, and 91-95% of the residual mass is
lost after the chlorine gas treatment (Table S1). Thereby, when
we compare the initial and final mass, there is a mass loss of
93-96 %, which aligns with the low amount of aromatic groups
in the precursor.®”

We used a combination of CO, and N, gas sorption to
characterize the micro- and mesopores of the samples (Fig-
ure 2, Table 1, Figure S3, 54).2°4"" All samples showed a well-
developed porosity after chlorine gas treatment with a
predominance of micropores, as inferred from the type |
nitrogen sorption isotherms (Figure 2A,B).*¥ Only the data of
sample CDC-1000 shows a type IV isotherm with a large
hysteresis caused by mesopores.”® In accordance with previous
works,**% we see the lowest SSAg for samples produced at
600°C with 1740 m%g for CDC-600 and 1416 m%*/g for N-CDC-
600. By increasing the annealing temperature to 800°C during
the chlorine gas treatment, the SSApg of the resulting CDC
material increased to 2163 m?/g for CDC-800 and 2133 m?/g for
N-CDC-800. A further increase of the synthesis temperature
increased the SSAy to 2320 m*/g for CDC-1000 and 2206 m?*/g
for N-CDC-1000. In addition to the surface area, also the total

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Scanning and transmission electron micrographs of A)-D) CDC-800 and E)-H) N-CDC-800.

Table 1. Porosity data of the powder and the electrode samples obtained by gas sorption analysis with CO, and N.,.

powder electrode

SSAper SSAger Pore Average SSAper SSAger Pore Cation Anion Average

[m%g] [m?/g] volume pore size [m?%g] [m?/g] volume accessible accessible pore size

[cm/g] [nm] [cm®/g] SSAper SSAper [nm]
[m%/gq] [m%/q]

CDC-600 1740 1965 117 1.69 1446 1796 1.02 1095 1401 1.74
CDC-800 2163 2955 1.54 1.66 1966 2512 1.34 1555 1938 1.69
CDC-1000 2320 2430 1.73 1.85 2066 2485 1.53 1614 2030 1.90
N-CDC-600 1416 1644 0.92 1.69 1441 1432 0.89 1058 1377 1.61
N-CDC-800 2133 2771 1.57 1.86 1915 2334 1.36 1498 1886 1.84
N-CDC-1000 2206 2530 1.57 1.85 1908 2293 1.39 1498 1893 1.88

pore volume increased with the synthesis temperature in the
range of 0.92-1.73 cm’/g (Table 1) which agrees to previous
works on CDC synthesis.***"

Albeit some differences in total pore volume and total
surface area, all samples showed a very similar pore size
distribution, which can be best seen when normalizing the
latter to the maximum pore volume. As seen from Figure S4,
the average pore sizes of all samples range within a narrow
range of 1.7-1.9 nm. When transforming the carbon powder
into composite film electrodes, the presence of polymer binder

reduces the overall porosity."**¥ As seen from Table 1, about
11 % of the total pore volume and about 9% of the total surface
area are lost when comparing the dry carbon powder with the
composite film electrodes. Yet, as required for this study, the
average pore size is only marginally affected with values of 1.6—
1.9 nm, and the pore size distribution pattern of all CDC and N-
CDC samples remain highly similar.

The elemental analysis of the samples is summarized in
Table 2 and was measured via chemical analysis (CHNS/O) and
X-ray photoelectron spectroscopy (XPS). The carbon content of

Table 2. Chemical composition by CHNS/O analysis and XPS.

Chemical analysis (CHNS/O) XPS

C H N (0] C N 0]

[mass %] [mass %] [mass %] [mass %] [mass %] [mass %] [mass %]
CDC-600 946+1.3 1.1+1.0 0.4+0.1 3.8+03 97.6 0.0 24
CDC-800 93.1+19 0.6+0.1 0.54+0.2 6.2+04 97.7 0.0 23
CDC-1000 93.1+£0.2 n.d.® 0.6+0.1 44109 98.3 0.0 1.7
N-CDC-600 85.0+0.6 1.1+0.1 7.0+£0.1 5.0+0.2 88.5 4.5 7.0
N-CDC-800 89.9+1.0 0.7+0.1 3.7£0.1 55+04 94.9 2.7 24
N-CDC-1000 92.1+0.2 0.5+0.1 1.24+0.2 5.5+0.1 96.5 0.9 25
® n.d.: not detectable.
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Figure 2. Pore analysis of carbide-derived carbon samples with nitrogen-doping (A,C) and without nitrogen-doping (B,D). A), B) Nitrogen sorption isotherms of
the carbon powder materials recorded at —196 °C. C), D) Cumulative pore size distribution of the carbon powder materials and the electrodes (i.e., carbon
plus 5 mass % polytetrafluoroethylene binder). The ionic diameter of the TEA* and BF,” is added to the pore size distributions in (C,D).

all CDC samples exceeds 93 mass %, and the hydrogen content
is lowered for increased synthesis temperature from around
1 mass% for 600°C to a not detectable value for 1000 °C. The
oxygen content of all samples is in the range of 4-6 mass%. A
low amount of nitrogen (~0.5 mass %) is also detectable for the
CDC samples without nitrogen in the precursor. This nitrogen
could be introduced to the samples during the particle
synthesis were NH; served as a catalyst or during the pyrolysis
in a nitrogen atmosphere, as reported in earlier work.” All N-
CDC samples show a nitrogen content ranging from 1-
7 mass% and both the nitrogen and hydrogen content are
reduced when using a higher synthesis temperature. The
sample N-CDC-600 has a nitrogen content of 7 mass %, which is
reduced to 4 mass % for N-CDC-800 and to 1 mass % for N-CDC-
1000.

Although chemical data and XPS analysis are intrinsically
different regarding the sampling depth and the overall
detection sensitivity,*> we also see a reduced nitrogen content

Batteries & Supercaps 2018, 1, 1-15 www.batteries-supercaps.org

with an increasing synthesis temperature in the XPS data. The
N1s peak of the XPS spectra can be fitted to identify the
nitrogen groups, and we used 4 peaks (N1, N2, N3, and N4)
which can be related to different nitrogen groups (Figure 3).
The N1 species has a typical binding energy of around 398 eV
which indicates pyridinic nitrogen.”®*” The binding energy of
N2 is 400.7 eV and relates to pyrrolic nitrogen, amide, amine, or
nitrile.*”” Nitrogen surface groups like amide, amine, or nitrile
are unlikely due to the origin of nitrogen in the precursor and
the absence of an additional post-synthesis treatment with
nitrogen. Therefore, we can assume that N2 peaks are mainly
obtained by pyrrolic nitrogen. Graphitic nitrogen (N3) shows a
characteristic binding energy of 402 eV.***” A fourth nitrogen
peak (N4) was identified for the samples N-CDC-800 and N-
CDC-1000 at approximately 404 eV, which relates to nitrogen
bonded to oxygen (pyridine oxide).”” Figure 3B displays the
relative bond content of the four identified nitrogen groups. An
increasing synthesis temperature reduces the amount of

5 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. A) XPS N 1s spectra and peak fitting of all nitrogen-doped samples and B) bond content of the nitrogen groups. XPS C 1s spectra and peak fitting of
C) CDC-800 and D) N-CDC-800. Raman spectra and peak fitting of E) CDC-800 and F) N-CDC-800.

pyridinic nitrogen from 51% to 0%, while the relative amount 55% and from 0% to 17 %. The pyridinic groups are released at
of graphitic nitrogen and pyridine oxide increases from 15% to lower temperatures and can be converted to graphitic nitrogen
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at higher temperatures, which explains the relative increase of
the groups with higher binding energy.”’ The relative amount
of pyrrolic nitrogen remained rather constant for all samples in
the range of 28-37 %.

The carbon bonding can be characterized by analysis of the
XPS Ci1s spectra (Figure 3C,D, and Figure S5, Table S2). Peak
fitting shows that most of the carbon is sp*>-hybridized and the
CDC samples have with 83-92% a slightly higher relative
amount of the latter bonding type than N-CDC samples with
78-85%. An increase in the synthesis temperature reduces the
sp>-hybridized carbon content, while the sp*-hybridized carbon
content increases up to 9-11%. The N-CDC samples show in
addition to C—C and C—O bonds also C—N bonds due to the
nitrogen-doping in the range of 1.6-2.5% and the sample with
the lowest nitrogen content N-CDC-1000 has the lowest
amount of C—N bonds as well.

We further characterized the carbon structure by use of
Raman spectroscopy (Figure 3EF, and Figure S6). The D- and G-
modes were fitted with Voigt functions, and the obtained
values are listed in Table 3. The D-mode for the CDC is located

Table 3. Fitted values of the D- and G- mode from the Raman spectroscopy
of all CDC and N-CDC samples.
Position FWHM
[em™] [em™]
CDC-600 D-mode 1330 130
G-mode 1599 59
CDC-800 D-mode 1338 122
G-mode 1602 62
CDC-1000 D-mode 1338 100
G-mode 1600 67
N-CDC-600 D-mode 1342 159
G-mode 1604 61
N-CDC-800 D-mode 1341 136
G-mode 1598 72
N-CDC-1000 D-mode 1339 122
G-mode 1596 68

between 1330-1338 cm™', while the G-mode is found between
1599-1602 cm™~'. The nitrogen-doped CDCs have a similar
position of the D-mode (1339-1342 cm™") and G-mode (1596
1604 cm™'). The position of the D- and G-mode indicate that
the carbon of all samples is incompletely graphitic (nanocrystal-
line).*® Higher synthesis temperatures lead to a higher degree
of carbon ordering, as can be seen from a reduced full-width at
half-maximum (FWHM) for all samples. When comparing the

BATTERIES <, SUPERCAPS
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FWHMs of the CDC and N-CDC samples produced at the same
temperature, there is an increased FWHM for the nitrogen-
containing samples in alignment with previous work.*¢%

2.2. Supercapacitor Performance in an Organic Electrolyte

We conducted half-cell measurements for all CDC materials
with carbon as a quasi-reference electrode. The cyclic voltam-
mograms in Figure 4A+B show the typical rectangular shape
of a supercapacitor with an increased capacitance at higher
potentials. This increased differential capacitance yields a
characteristic butterfly-like shape and can be explained by the
increased charge carrier density when the non-metallic carbon
is being charged.®**'*¥ Values of the specific capacitance
obtained at 1V vs. carbon are listed in Table 4, and we have
identified the lowest specific capacitance for CDC-600 at —1V
vs. carbon with 116 F/g and 146 F/g at + 1V vs. carbon. CDC-
800 and CDC-1000 have very similar specific capacitances of
143 F/g and 135 F/g, respectively, at —1 V vs. carbon and 144 F/
g and 150 F/g, respectively, at +1V vs. carbon. The specific
capacitance at negative polarization is lower compared to the
values obtained from positive polarization due to the larger
jonic diameter of the TEA' ion (0.67 nm non-solvated)
compared to the BF,” (0.45 nm non-solvated).®” The nitrogen-
containing CDCs have in general a higher specific capacitance
at the negative potential vs. carbon. N-CDC-600 has a very
similar specific capacitance at +1V vs. carbon (118 F/g and
120 F/g), and the largest specific capacitance in the organic
electrolyte was obtained for N-CDC-800 with 151 F/g at —1V
vs. carbon and 143 F/g at + 1 V vs. carbon (Table 4).

We determined the electrochemical stability window of N-
CDC-800 and CDC-800 by using the S-value analysis (Fig-
ure 4E+F). The S-value (stability value) is the ratio of invested
charge during charging and recovered charge during discharg-
ing [Eq. (21" Weingarth etal. proposed that the electro-
chemical stability window limit is reached when the second
derivative of the S-value over the potential (d°S/dU? exceeds
5%.°! This definition is of particular use for a system that
shows an exponential increase in the non-reversible charge at a
certain potential limit. Using this criterion, we have identified a
potential limit of —1.75+0.05V vs. carbon for both CDC-800
and N-CDC-800 in 1 M TEA-BF, in ACN. This value is close to the
literature value of —1.740.1V vs. carbon.” The more mono-
tonic shape of the S-curve for positive polarization shown in

and £+ 1.5V vs. carbon.

Specific capacitance [F/g]

Table 4. Half-cell capacitance of the CDC materials with and without nitrogen-doping in 1 M TEA-BF, in ACN at +1.0 V vs. carbon and in EMIM-BF, at +1.0 V

1 M TEA-BF, in ACN EMIM-BF,
at—-1.0V at+1.0V at —-1.0Vv at+1.0V at —15V at+15V
CDC-600 16 146 127 125 158 139
CDC-800 143 144 145 157 184 155
CDC-1000 135 150 135 159 176 162
N-CDC-600 118 120 146 124 171 134
N-CDC-800 151 143 169 174 215 173
N-CDC-1000 145 138 150 168 21 172
Batteries & Supercaps 2018, 1, 1-15 www.batteries-supercaps.org 7 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Electrochemical characterization of carbon materials without nitrogen-doping (A,C) and with nitrogen-doping (B,D,F) and S-value analysis of CDC-
800 and N-CDC-800 (E,F) in a half-cell configuration in 1 M TEA-BF, in ACN. A), B) Cyclic voltammetry measured at a scan rate of 10 mV/s in the potential range
of +1.0 V vs. carbon. C)-D) Capacitance obtained by galvanostatic charge/discharge cycling at a specific current of 0.2 A/g. E) S-value analysis measured by
cyclic voltammetry at a scan rate of 1 mV/s and the stability windows after Weingarth et al. (Ref.”)). F) Selected cyclic voltammograms from the S-value

analysis of N-CDC-800.

Figure 4E makes the direct application of d?S/dU*>0.05 more
difficult; in fact, the 5% limit is reached already at around +1V
vs. carbon. An increased slope of the S-value can also be caused
by (incompletely) reversible Faradaic reactions without leading
immediately to escalating electrochemical degradation.®® From
the literature, we would expect the upper limit of the electro-
chemical stability window at + 1.3 V vs. carbon.” For CDC-800
and N-CDC-800, we observed the onset of an escalating
increase in non-reversible charge above +1.3V to +1.5V vs.

Batteries & Supercaps 2018, 1, 1-15 www.batteries-supercaps.org

carbon (Figure 4E). This range also coincides with the stability
criterion of S>0.1 as defined by Xu et al. (where the S-value is
called the R-value; Ref.””). In addition, N-CDC-800 shows a first
rapid increase of the S-value at around +0.95V vs. carbon
which may indicate an early onset of the electrolyte degrada-
tion aided by the presence of nitrogen, which can be observed
at large potentials. Figure 4F shows selected cyclic voltammo-
grams of N-CDC-800 recorded during the S-value analysis,
where the electrolyte decomposition can be observed at large

8 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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potentials. It is also noticeable that the specific capacitance is
dramatically reduced at even higher potentials (+2.2V vs.
carbon).

In addition to the half-cell experiments, we conducted
symmetrical full-cell measurements with the samples CDC-800
and N-CDC-800. The cyclic voltammograms show the typical
rectangular shape of an electrical double-layer capacitor (Fig-
ure 5A). The specific capacitance of N-CDC-800 at a low specific
current (0.05 A/g) is 139 F/g, which is slightly lower than the
value obtained by the half-cell experiment. The sample CDC-
800 without nitrogen has a very similar specific capacitance of
135 F/g at the same specific current. The rate capability analysis
is seen in Figure 5B and reveals at a high specific current of
100 A/g a lower specific capacitance of N-CDC-800 (20 F/g)
compared to CDC-800 (86 F/g). This observation aligns with the
strong correlation between ion mobility and the resulting rate
capability of nanoporous carbons.” In the case of nitrogen-
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doping, there is an increased interaction strength between the
pore wall and ions, which reduces the ion mobility.”¢%¢
Thereby, the relaxation time of the ions in the micropores
increases which leads to a lower rate capability of the nitrogen-
doped CDCs.

The performance stability of the nitrogen-containing sam-
ple is also reduced (Figure 5D): while CDC-800 retained 89 % of
its initial capacitance after voltage floating at 2.7 V for 100 h,
the capacitance of N-CDC-800 decayed rapidly. The reduced
stability seems to align with the reduced electrochemical
stability window as seen from the increased slope of N-CDC-
800 in the S-value analysis at around + 1V vs. carbon. The full-
cell experiments show that the additional nitrogen-doping
does not improve the specific capacitance in organic electrolyte
TEA-BF, in ACN significantly and reduce the rate handling
capability and performance stability.
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Figure 5. Results of the full-cell supercapacitor measurements with 1 M TEA-BF, in ACN. A) Cyclic voltammetry at a scan rate of 10 mV/s, B) galvanostatic
charge/discharge rate handling measurement, C) cell voltage and electrode potential distribution during galvanostatic charge/discharge cycling at 0.1 A/g, D)

performance stability characterization by floating at a cell voltage of 2.7 V.
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2.3. Supercapacitor Performance in lonic Liquid

We further characterized the CDC materials with and without
nitrogen-doping as electrodes using the ionic liquid EMIM-BF,.
The results of the half-cell measurements vs. carbon are
presented in Figure 6 and in Table 4. The electric response
depicted in the cyclic voltammograms in the negative potential
range retains the typical rectangular shape of an electrical
double-layer capacitor for all samples with an increased
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capacitance at higher potentials.*>*" The specific capacitance in
the ionic liquid is in general for all CDCs higher at a negative
polarization with an almost linear increase with the potential.

During positive polarization, we see for CDC-600 and N-

CDC-600 a rectangular shape without any peaks and a linear

increase of the capacitance with the potential. All other samples
show to a different degree the emergence of a peak at around
41V vs. carbon during charging and at +0.7V vs. carbon
during discharging. The area of these peaks is much larger for
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Figure 6. Electrochemical characterization of carbon materials without nitrogen-doping (A, C) and with nitrogen-doping (B,D,F) and S-value analysis of CDC-
800 and N-CDC-800 (E, F) in a half-cell configuration in the ionic liquid EMIM-BF,. A), B) Cyclic voltammetry measured at a scan rate of 10 mV/s in the potential
range of +1.5 V vs. carbon. C)-D) Capacitance obtained by galvanostatic charge/discharge cycling at a specific current of 0.2 A/g. E) S-value analysis measured
by cyclic voltammetry at a scan rate of 1 mV/s and the stability windows after Weingarth et al. (Ref.®”). F) Selected cyclic voltammograms from S-value analysis

of N-CDC-800.
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the samples produced at 1000°C and very small for CDC-800
and N-CDC-800. Similar peaks have been reported for EMIM-BF,
in the literature before, but the origin of this electrochemical
signal is not often discussed.”®”" Intercalation of the BF,™ as the
origin of these peaks is unlikely since it only occurs at much
higher potentials for graphitic carbon.” A highly irreversible
decomposition of BF,~ can also not cause the highly reversible
current peaks.”"” In less pure systems, peaks may also occur
because of parasitic side-reactions, as shown by the Kotz
group.®™ However, if our system were plagued by impurity-
related issues, we would see this redox peak for all samples.
The presence of nitrogen in the material also cannot explain
the peaks because the samples with the lowest amount of
nitrogen show the largest peaks.

A reasonable explanation for the peak was provided by Yan
et al. by assuming conformational changes of the ionic liquid
inside the micropores during electrochemical cycling.” Accord-
ingly, we can relate the higher current signal relates to a better
ion packing. This explanation is further supported by our
previous work on the use of electrochemical dilatometry (eD)
and quartz crystal microbalance measurements (EQCM) to
explain the electrosorption of EMIM-BF, in microporous
carbons.”™ The enhanced volume expansion found in the latter
study aligns with highly mobile BF,” anions being electro-
adsorbed during positive polarization while more of the less
mobile EMIM™ cations remain inside the pores."” Possibly, the
larger EMIM™ leave the micropore confinement more easily at
high positive potential when the pore diameter is larger. The
free space can be filled by electro-adsorption of additional
anions, and the enhanced number of charge carriers induces
the peak seen in the CVs at potentials larger than 1V vs.
carbon. This explains why we see the peak very clearly for CDC-
1000 and N-CDC-1000 because these samples have a broader
pore size distribution with larger average pore size. Samples
synthesized at lower temperatures, however, show no visible
peak (CDC-600 and N-CDC-600) or only a small peak (CDC-800
and N-CDC-800).

The specific capacitance measured by galvanostatic charge/
discharge cycling shows a maximum at 41V vs. carbon for
CDC-800 (157 F/g) and at +1.5V vs. carbon for N-CDC-800
(180 F/g), which aligns with the data obtained by cyclic
voltammetry. During negative polarization, we see even higher
capacitance values in EMIM-BF, with 184 F/g for CDC-800 and
215 F/g for N-CDC-800 (both values at —1.5V vs. carbon). A
summary of all specific capacitances measured in the half-cell
with EMIM-BF, is provided in Table 4.

We also tested the electrochemical stability window of
CDC-800 and N-CDC-800 using the ionic liquid electrolyte
(Figure 6E +F). The S-value pattern for the non-doped and the
nitrogen-doped materials are quite similar for both negative
and positive polarization (Figure 6E). The electrochemical
stability window is characterized by an exponential current
increase.® We subtract the restored charge for the calculation
of S-value. Hence, if the reaction is reversible, we do not expect
the exponential S-value increase. The irreversible reaction will
cause the exponential S-value increase. The stability criterion
from Weingarth et al. (¢*S/dU? < 0.05) is reached for CDC-800 at
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—2.00+0.05V vs. carbon and for N-CDC-800 at —2.10+0.05 V
vs. carbon, which are close to the literature value of —1.9+
0.1V vs. carbon.® During positive polarization, the sample N-
CDC-800 exceeds a value of 0.05 for d®S/dU? already at +0.5V
vs. carbon. The S-values further show a significant increase at
+1.15£0.05 Vand + 1.60+0.05 V vs. carbon. The latter value is
also similar to the electrochemical stability window of +1.6+
0.1V vs. carbon typically found in the literature.”™ The
increased S-value below +1.5V vs. carbon may align with
incompletely reversible Faradaic reactions, which were also
observed in the cyclic voltammograms (Figure 6A+B-+F).
While the criterion of exceeding the stability window when
reaching a value of 0.05 for d”S/dU? is a highly useful tool, our
data also show that S-value analysis may be more complex, and
it is important to consider the general development of arising
incompletely recoverable charge at different potentials. This is
also why voltage floating experiments are important to further
investigate practical limitations for the performance stability.

The materials CDC-800 and N-CDC-800 were further tested
in a symmetrical full-cell setup with EMIM-BF, (Figure 7). We
chose these two samples because of the promising electro-
chemical performance in half-cell configuration and for com-
parability with the full-cell data using 1 M TEA-BF, (Figure 5).
The CV in Figure 7A shows at a low scan rate a higher specific
capacitance for the nitrogen-doped sample compared to the
non-doped sample. Galvanostatic charge/discharge cycling
measurements yield for CDC-800 a specific capacitance of
164 F/g at 0.05 A/g, while the nitrogen-doped N-CDC-800 has a
higher initial capacitance of 174F/g at the same specific
current. The capacitance of N-CDC-800 is being reduced more
pronouncedly compared to CDC-800 when increasing the
applied current. For example, at a high specific current of 10 A/
g, the electrode with N-CDC-800 retains only a specific
capacitance of 24 F/g (14 %) while CDC-800 still provides 102 F/
g (62%) at the same current. As seen from these data, we
noticed the same trend of reduced high rate performance of
nitrogen-doped CDC for operation with the ionic liquid as we
did when using the organic electrolyte. Therefore, we also
suspect the reduced ion mobility to be caused by an increased
interaction strength between the pore walls and the ions since
the pore size distribution is highly comparable for all samples.

Stability testing was performed at a floating cell voltage of
3.2V (Figure 7D). In general, EMIM-BF, has a maximum
potential window of 3.5V but is limited to + 1.6V vs. carbon
for the positive electrode.®™™ Therefore, we chose a maximum
cell voltage of 3.2V for the full-cell measurements. Our data
show a slightly better electrochemical stability of the nitrogen-
doped sample: after 100 h at 3.2 V, the nitrogen-doped sample
retains 78 % of the initial capacitance, while 70% is retained for
CDC-800.

3. Conclusions
The doping of SiOC-CDC beads with nitrogen can be obtained

by adding nitrogen groups to the precursor. The resulting
nitrogen content depends on the chlorine gas treatment

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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charge/discharge rate handling measurement. C) Cell voltage and electrode potential distribution during galvanostatic charge/discharge cycling at 0.1 A/g. D)

Performance stability characterization by floating at a cell voltage of 3.2 V.

temperature: a low temperature of 600°C led to a nitrogen
content of 7 mass%, while the sample produced at a higher
temperature only had a nitrogen content from 1-4 mass%. The
nitrogen groups for the sample N-CDC-600 were mainly
pyridinic, which were removed at high temperatures.

We investigated the electrochemical performance of the
CDCs with a similar pore structure in an organic electrolyte
(TEA-BF, in ACN) and an ionic liquid (EMIM-BF,). Using a half-
cell setup, we observed that the nitrogen groups did not
systematically yield a higher capacitance; instead, the pore
structure seemed to have a larger influence on the electro-
chemical performance. The measurements in a symmetrical full-
cell showed that the nitrogen-doped samples have a slightly
higher specific capacitance in the organic electrolyte and the
ionic liquid at low specific currents. However, when increasing
the charge/discharge rate, the specific capacitance decreases
more pronouncedly for the nitrogen-doped samples compared

Batteries & Supercaps 2018, 1, 1-15 www.batteries-supercaps.org

to the non-doped samples. This effect may be caused by
stronger interaction between the in-pore ions with the pore
wall in the presence of nitrogen compared to nitrogen-free
CDC.

The different electrochemical full-cell performances of the
CDC and N-CDC materials produced by the MicroJet reactor
technique are compared in a Ragone plot depicted in Figure 8.
N-CDC-800 in EMIM-BF, has the highest specific energy of
62 Wh/kg, but the non-doped CDC-800 provides a higher
specific power. The organic electrolyte has a lower specific
energy of ~30Wh/kg which is mostly related to the lower
maximum cell voltage of 2.7V. The lower viscosity of the
organic electrolyte combined with the non-doped CDC-800
shows the highest specific energy combined with high specific
powers (12 Wh/kg at 44 kW/kg).

12 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Influence of Nitrogen-Doping for Carbide-Derived Carbons
on the Supercapacitor Performance in an Organic
Electrolyte and an lonic Liquid
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Table S1: Mass losses after the pyrolysis and the chlorine treatment together with the

average diameter of the CDC beads.

Number- Volume-

oty MO i | dnden dependen

after pyrolysis (%) treatment (%) loss (%) diameter diameter

(nm) (nm)

CDC-600 24 91 93 10251445 1831+445
CDC-800 24 95 96 884+459 1625+459
CDC-1000 24 95 96 10014458 18261458
N-CDC-600 24 92 94 839+229 1379+229
N-CDC-800 24 93 95 7074281 12614281
N-CDC-1000 24 94 95 8324255 1305+255

Table S2: Bonding content of the fitted C 1s peak measured with XPS.

sp’C  sp®C CN COH C=0/N-C-O n-m*

(%) (%) (%) (%) (%) (%)

CDC-600 92.4 2.3 - 1.9 0.5 2.8
CDC-800 82.7 8.6 - 2.0 0.8 5.8
CDC-1000 83.0 8.9 - 1.8 0.7 5.6
N-CDC-600 85.2 7.9 2.5 0.8 1.5 2.1
N-CDC-800 77.9 11.4 1.8 2.2 2.2 4.6
N-CDC-1000 77.7 10.2 1.6 29 1.9 5.8
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Figure S2: Scanning electron micrographs of (A) CDC-600, (B) CDC-1000, (C) N-CDC-600, and

(D) N-CDC-1000.
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Figure S3: (A,B,E,F) CO; gas sorption isotherms recorded at 0 °C and (C,D) nitrogen gas
sorption isotherms recorded at -196 °C of the carbide-derived carbons with and without
nitrogen doping measured as (A,B) powder material or as (C,D,E,F) electrode (i.e.,

consolidated with 5 mass% of polytetrafluoroethylene).
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4.7. Silicon oxycarbide beads from continuously produced

polysilsesquioxane as stable anode material for Li-ion batteries
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Own contribution: Design, planning, writing, pyrolysis, SEM, particle size analysis, EDX analysis, N,
sorption analysis, Raman analysis, NMR data analysis, XRD, electrochemical analysis for Li-ion
batteries.

Abstract:

Silicon oxycarbides are promising anode
materials for lithium-ion batteries. In
this study, we used the continuous
MicroJet reactor technique to produce
organically modified silica spheres
(ORMOSIL) which were pyrolyzed to
obtain  silicon  oxycarbides. The
continuous technique allows the

production of large quantities with a

constant quality. Different silanes were
used to produce the silicon oxycarbides with different compositions. Thereby, the amount of
silicon/carbon bonds, as well as the free carbon content, were modified. Electrochemical testing was
carried out in 1M LiPFs in ethylene carbonate/dimethyl carbonate. A mixture of vinyl- and
phenyltrimethoxysilane was identified as the best anode material with a stable performance due to
the increased carbon content. The first-cycle delithiation capacity of the most stable material was

922 mAh/g and the capacity retention after 100 cycles was 83% (767 mAh/g).
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ABSTRACT: Silicon oxycarbides are promising anode materials for lithium-
ion batteries. In this study, we used the continuous MicroJet reactor
technique to produce organically modified silica (ORMOSIL) spheres which
were pyrolyzed to obtain silicon oxycarbides. The continuous technique
allows the production of large quantities with a constant quality. Different
alkoxysilanes were used to produce the silicon oxycarbides with different
compositions. Thereby, the amounts of silicon—carbon bonds, as well as the
free carbon content, were modified. Electrochemical testing was carried out
in 1 M LiPF; in ethylene carbonate/dimethyl carbonate. A mixture of vinyl-
and phenyltrimethoxysilane was identified as the best anode material with a
stable performance due to the increased carbon content. The first-cycle
delithiation capacity of the most stable material was 922 mA h/g, and the
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capacity retention after 100 cycles was 83% (767 mA h/g).

KEYWORDS: polymer-derived ceramic, silicon oxycarbide, sol—gel, Li-ion battery, anode material, polysilsesquioxane

1. INTRODUCTION

Lithium-ion batteries (LIBs) are a key technology for today’s
mobile computing and for the transition of our fleet of internal
combustion vehicles to electric cars.”” The constantly growing
requirements for energy storage, power handling, safety, and
costs are at the core of research activities on next-generation
LIB electrode materials.”* Graphite is a common anode
material with a theoretical capacity of 372 mA h/g when fully
lithiated (LiCg).* A much higher theoretical capacity of 4200
mA h/g is known for silicon, which creates an alloy with
lithium.” However, the use of silicon remains limited because of
the large volume expansion during charging and discharging,
causing structural deterioration and poor performance stability
of the electrode material.*” The use of nanoparticles and
composite or hybrid materials with carbon can reduce the fast
capacity fading of silicon-based Li-ion batteries,”*™"" but the
performance stability remains unsatisfactory.

An alternative to the direct use of silicon is the use of silicon
oxycarbides (SiOCs) for LIB anodes. This material can be
produced on a large scale by the pyrolysis of polysilsesquiox-
anes."”™" Such SiOC materials belong to the family of
polymer-derived ceramics (PDCs) and consist of nanodomains
of SiO,_,C, tetrahedra which are surrounded by free carbon.
The encapsulating of the silica domains by graphene cages
results in a viscoelastic behavior of the SiOCs, which is
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beneficial for the large expansion and contraction during the
lithiation and delithiation.'®'” The theoretical capacity of these
SiOC materials is between 372 and 1300 mA h/g depending on
the composition, which is lower than for SiO, (1784 mA h/
g).*7'*!® The alloying reaction forming Li,O is not completely
reversible; correspondingly, the Coulombic efficiency of the
first cycle is in the range from about 40% to 70% and depends
on the chemical composition and the structure, which is
influenced by the pyrolysis conditions.'”'*'**° For example,
Kaspar et al. investigated different pyrolysis temperatures of
900—2000 °C to produce SiOC for Li-ion batteries, and the
best Coulombic efficiency was obtained for the material
synthesized at 1100 °C."” The formation of larger graphitic
domains at this temperature leads to improved electrical
conductivity and is below the crystallization temperature of SiC
(>1200 °C).”" These domains of free carbon improve the
electrical conductivity of the ceramic and reduce the capacity
fading of the anode material.”> The SiOC ceramics with a low
amount of free carbon (~8 wt %) have a low conductivity of
about 107> S/m which can increase to ~2 S/m for a high
content of free carbon (~54 wt %), measured at a high pressure
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of 1 MPa.*” These values are still low for use as electrodes, and
it is necessary to improve the conductivity further by adding a
conductive additive, such as carbon black.

The importance of silicon—carbon bonds for the electro-
chemical performance was shown, for example, by Graczyk-
Zajac et al. using polysiloxanes pyrolyzed in an argon
atmosphere or in an oxidizing CO, atmosphere.'” The »Si
NMR data of the oxidized sample documented the absence of
silicon—carbon bonds after the pyrolysis, while the content of
free carbon was about 37 wt %.'” The sample pyrolyzed in
argon contained units of C,Si0,, CSiO;, and SiO,, along with
47 wt % free carbon. Both electrode materials had a similar
initial capacity of ~1500 mA h/g during the cathodic sweep,
but the reversible capacity was much higher for the sample
treated in argon (800 mA h/g) compared to the other material
(600 mA h/g). The long-time stability of the SiOC with
silicon—carbon bonds was higher compared to that of the
oxidized SiOC. Nevertheless, the reversible capacity after 100
cycles was only 55% of the initial capacity, and the largest
capacity fade occurs already after 20 cycles. In another study,
Pradeep et al. synthesized a SiOC aerogel which had a capacity
retention of almost 80% after 100 cycles, but the overall specific
capacity was rather low (450 mA h/g).”> Many other
publications of SiOCs as anode material for Li-ion batteries
report even less than 100 cycles at low rate, by which measure it
is difficult to assess the actual performance stability.'>****

In this study, we investigate three SiOC bead materials
obtained from methyltrimethoxysilane, vinyltrimethoxysilane,
and a mixture of vinyltrimethoxysilane with phenyltrimethox-
ysilane. Wilamowska-Zawlocka et al. used similar precursors for
the synthesis of SiOC as LIB anodes, but they used a batch
method which resulted in large particles which were ball-milled
to obtain particles of around 10 ym.*’ In contrast to previous
work, we produced polysilsesquioxane with a spherical shape
and by use of the continuous MicroJet reactor.”>*® The voids
between the spherical particles may partially buffer the volume
expansion and improve the performance stability of the
LIB.""" Our approach does not need any cross-linking agent
to maintain the sphere morphology, and the continuous
process allows the production of large amounts with constant
quality. The absence of a cross-linker is expected to enhance
the purity of the resulting SIOC material.">*’

We analyzed the SiOC beads among others with electron
microscopy, X-ray diffraction, Raman spectroscopy, solid-state
NMR, and Fourier-transform infrared spectroscopy. This array
of analytical tools helped us to clarify the correlation between
structural properties and the resulting electrochemical perform-
ance when used as an anode for Li-ion batteries. The
electrochemical performance in 1 M LiPF4 in ethylene
carbonate/dimethyl carbonate was characterized with a focus
on the long-time stability.

2. EXPERIMENTAL DESCRIPTION

2.1. Synthesis of Siloxane Beads and Pyrolysis. Methyltrime-
thoxysilane (MTMS; 97%), vinyltrimethoxysilane (VITMS; 99%), and
phenyltrimethoxysilane (PTMS; 97%) were purchased from ABCR.
The diluted ammonia (25%) was obtained from VWR. All chemicals
were used as received.

The synthesis of the polysiloxane microparticles is described in
detail in our previous publications.”*® An overview of the synthesis
steps is provided in the Figure 1. In short, the silanes were dissolved in
methanol and aqueous HCI and prehydrolyzed at room temperature
overnight. The silane solution was mixed with an ammonia solution
with a concentration of 2.2 M in a microreactor (MicroJet reactor,
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Figure 1. Schematic synthesis using the MicroJet reactor to obtain
polysilsesquioxane beads which are transformed to silicon oxycarbide
beads via thermal treatment in argon. The scheme was modified and is
reproduced with permission.”® Copyright 2017 Royal Society of
Chemistry.

Synthesechemie Dr. Penth GmbH) at 20 °C. The composition of the
used silane solution is listed in Table 1. Two HPLC pumps (LaPrep
P110 preparative. HPLC pumps, VWR; flow rate, 250 mL/min)
transport the precursor solutions through opposing horizontal nozzles
(300 ym in diameter) in the mixing chamber where they collide as fine
impinging jets, and a fast mixing occurs. A gas flow (N,, 0.8 MPa)
orthogonal to the feeding jets supports the transfer of the product
suspension out of the reactor. The suspension was collected, and the
particles were centrifuged (8000 rpm, 7012g, 10 min) and dried in
vacuum at room temperature.

The three different types of polysiloxane particles were pyrolyzed in
a graphite furnace (LHTG, Carbolite Gero) in an argon atmosphere at
1100 °C for 3 h with a heating rate of 300 °C/h. The pyrolysis
temperature of 1100 °C was chosen to yield graphitic carbon which
improves the conductivity, but to stay below the temperature regime
of silicon carbide crystallization."

2.2. Electrode Preparation. The pyrolyzed SiOC beads were
mixed with 5 wt % of carbon black (CB; C-Nergy Super C65 from
Imerys Graphite & Carbon). We chose S wt % sodium
carboxymethylcellulose (NaCMC) as the binder because it is superior
to polyvinylidene fluoride (PVdF) for silicon and silicon oxide
electrodes, and the use of water as solvent is less hazardous than N-
methyl-2-pyrrolidone (NMP).>*7*° A solution of NaCMC in water (1
wt %) was used to prepare a suspension of SiOC and CB which was
coated with a doctor blade (layer thickness: 200 ym) on a copper foil
as a current collector and dried at 80 °C for 24 h.

2.3. Material Characterization. Electron microscopy was
performed with a field emission scanning electron microscopy
(SEM) JSM-7500F instrument from JEOL and a high-resolution
transmission electron microscopy (TEM) JEM-2100F instrument
from JEOL as well. A thin platinum layer was sputtered onto the SEM
samples to increase the surface conductivity, and 175 beads were
analyzed with the software ImageJ to obtain the average diameter.*'
For TEM, the samples were dispersed and sonicated in ethanol to
deposit them on a lacey carbon film on a copper grid from Gatan. The
TEM was operated using a voltage of 200 kV under vacuum.

The chemical composition of the silicon oxycarbides was quantified
with energy-dispersive X-ray spectroscopy (EDX). This X-MAX silicon
detector from Oxford Instruments was attached to the SEM chamber.
The electron beam for the EDX had a voltage of 5 kV, and the samples
were sputtered with a thin layer of gold. A total of 20 EDX spectra
were recorded, and the average composition was used to calculate the
theoretical formula for the SiOCs.

Nitrogen gas sorption analysis (GSA) was carried out to measure
the specific surface area (SSA) with an Autosorb iQ system from
Quantachrome. The samples were outgassed at 300 °C for up to 20 h,
and the measurements were performed at —196 °C in the relative
pressure range from 2 X 107* to 1.0. The linear regime of the isotherm
was analyzed with the Brunauer—Emmett—Teller equation to calculate
the specific surface area.’” The skeletal density of the silicon
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Table 1. Compositions of Precursor Silane Solutions and Ammonia Solution That Were Used for the Synthesis of

Polysilsesquioxane Microparticles

silane solution

sample fovurmsy (mmol)  nyrys) (mmol) ey (mmol)
Me-SiOC 69.4
Vi-SiOC 277.6
Vi-Ph-SiOC 83.3 16.7

N(MeOH) (mol)

N0y (mol)  ngycy (mmol)  ammonia solution ¢y, (mol/L)

2.8 2.8 0.01 22
6.4 5.6 0.06 2.2
6.4 11.1 0.01 22

oxycarbide beads was measured by helium pycnometry (AccuPyc 1330
pycnometer from Micromeritics; He purity, 5.0).

The solid-state NMR measurements were performed on a Bruker
AV400WB spectrometer. The samples were packed in zirconia rotors
that were spun at 13 kHz under nitrogen or compressed air flow. The
spectra were recorded with single pulse excitation under the following
conditions: *°Si frequency, 79.5 MHz; rr/4 pulse length, 3.8 us; recycle
delay, 10 s, >10? scans. 13C frequency, 100.7 MHz; n/4 pulse length,
3.5 ps; recycle delay, 10 s, >10% scans. Adamantane (for '3C) and
octakis(trimethylsiloxy)silsesquioxane (for *°Si) were used as the
external standards. The 2°Si NMR spectra were fitted with 4 Voigt
functions to quantify the SiO,, CSiO;, C,SiO,, and C;SiO units. The
Fourier-transform infrared spectroscopy (FT-IR) was measured with a
diamond total attenuated reflectance crystal (ATR; Tensor 27 system
from Bruker AXS). The spectra were integrated over 28 scans.

X-ray diffraction was carried out with a D8 Discover diffractometer
from Bruker AXS. Cu Ko radiation was chosen with a Lynxeye
detector in a Bragg—Brentano configuration. We carried out Raman
spectroscopy to investigate the structure of the SiOC beads with a
Renishaw inVia Raman microscope. The wavelength of the laser was
532 nm, and a grating of 2400 lines/mm was used. The spectral
resolution was 1.2 cm™!, the numeric aperture 0.7, and the incident
power on the sample ~0.2 mW.

The conductivity of the powder was measured in a custom-built
device seen in the Supporting Information, Figure S1, and the two-
point-probe was operated with a Keithley 199 System DMM/scanner.
The diameter of the pressure cell was 13 mm, and a powder mass of 50
mg was filled in the cell. The powder was contacted with copper foil,
and a pressure of 1 MPa was applied during the measurement with a
Zwick Roell Xforce HP system.

2.4. Electrochemical Measurements. Electrode disks with a
diameter of 1.42 cm were punched out and placed in a CR2032 coin
cell. The electrodes had a thickness after drying of approximately 100
pum while the mass loading (SiOC with carbon black and binder) was
1.9 mg/ cm? A glass fiber mat (GF/D from Whatman, GE Healthcare
Life Science) was used as a separator, and a lithium disk (diameter:
15.6 mm) served as the counter electrode in a two-electrode setup.
Lithium hexafluorophosphate (LiPF¢) in electrochemical grade
ethylene carbonate/dimethyl carbonate (EC/DMC 1:1 by volume;
LP30) with a concentration of 1 M from BASF served as the
electrolyte.

An Astrol BatSmall battery analyzer was used for the galvanostatic
measurements. The cell voltage was applied between +0.01 and +3.0 V
versus Li/Li*. For characterization of the rate handling, the first §
cycles were conducted with a specific current of 35 mA/g, which
corresponds to a C-rate of 0.05C when we assume a specific capacity
of 700 mA h/g. The specific current was increased to 70 mA/g (0.1C)
for 20 cycles, 140 mA/g (0.2C), 350 mA/g (0.5C), 700 mA/g (1C),
and 1400 mA/g (2C) for 10 cycles each. Afterward, the specific
current was reduced to 70 mA/g for the last cycles. The long-time
stability test was carried out using a specific current of 70 mA/g. The
specific capacity Cq, was calculated with eq 1 with I for the current, dt
for the time per charging or discharging step, and mg for the active
mass of the electrode (ie., 90 wt % of SiOC).

1,
. ftOlI dt

* Msioc (1)
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The cyclic voltammograms were recorded with a Squidstat Prime
potentiostat from Admiral Instruments with a scan rate of 0.1 mV/s in
the same potential window as the galvanostatic measurements.

3. RESULTS AND DISCUSSION

3.1. Material Characterization. The TEM images in
Figure 2 show the synthesized spherical particles after pyrolysis.

A Me-SiOC

Figure 2. Scanning and transmission electron micrographs of the
pyrolyzed SiOC samples. (A) Me-SiOC, (B) Vi-SiOC, and (C) Vi-Ph-
SiOC.

The average volume-dependent diameter of the beads is 0.9—
2.4 um, while Me-SiOC has the smallest and Vi-SiOC the
largest size within that range. The particle size distributions are
plotted in the Supporting Information, Figure S2A. These
values, together with the specific surface area, the skeletal
density, and the mass loss during pyrolysis, are listed in Table 2.
The skeletal density of the SiOCs is in the range 2.16—2.36 g/
cm’®, which is similar to values for SiOC ceramics found in the
literature (1.9—2.3 g/cm?).>>**

The pyrolysis of the polysilsesquioxane particles leads to a
mass loss of 29 wt % for Me-SiOC, 12 wt % for Vi-Ph-SiOC,
and 10 wt % for Vi-SiOC. The small methyl groups tend to
decompose more easily which explains the higher mass loss.
The phenyl groups have a higher molar mass than the vinyl and
methyl groups, and we observed correspondingly a larger mass
loss for Vi-Ph-SiOC compared to Vi-SiOC.”® The mass loss
also reflects the specific surface area because the decomposition
of organic components produces pores. Nitrogen gas sorption
was carried out to measure the specific surface area, and the
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Table 2. Mass Loss after the Pyrolysis, Average Diameter, Skeletal Density, Measured Specific Surface Area, and Calculated

External Surface Area of the SiOC Beads

mass loss number-dependent average volume-dependent average skeletal density SSAggr SSA ernal
sample (wt %) diameter (nm) diameter (nm) (ecm?/g) (m*/g) (m®/g
Me-SiOC 29 576 + 77 903 + 77 2.36 6.0 2.8
Vi-SiOC 10 1365 + 509 2366 + S09 2.20 3.1 12
Vi-Ph-SiOC 12 776 + 156 1244 + 156 2.16 4.7 22

Table 3. Chemical Composition Measured with EDX and the Theoretical Formula of the SiOC Calculated by the EDX and the
Specific Conductivity of Powder of SiOC Beads and Carbon Black (C65) Compacted with 1 MPa Compression Force

sample Si (wt %) O (wt %) C (wt %) Si (atom %) O (atom %) C (atom %) formula via EDX specific conductivity (S/m)
Me-SiOC 379 £51 400+ 15 221+44 239441 440+ 16 321 +50  SiO;5Coos + Crae 3% 107
Vi-SioC 389 £30 296+18 315+13  237+23 316+14 448+ 11  Si0,3,Cos + Crse (7.3 + 0.1) X 107
ViPh-SIOC 306 +22 294+08 400+15 175+15 294 +05  532+12  SiO;Coss + Cogo (12 + 0.1) x 107
carbon black >98 >98 C 2264 + 22
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Figure 3. Material characterization of the pyrolyzed SiOC samples. (A) X-ray diffractograms. (B) Raman spectra. (C) *C NMR. (D) *Si NMR. (E)
#Si NMR peak deconvolution for Vi-Ph-SiOC. (F) Contributions of the measured Si-bonds. (G) FT-IR spectra.

isotherms are plotted in the Supporting Information (Figure While these values were obtained from gas sorption measure-
S2B). Me-SiOC and Vi-Ph-SiOC have an SSAgpr of 6 and 5§ ments, we can also calculate the external specific surface area
m?*/g, respectively. The sample with the lowest mass loss was using the volume-dependent average diameter (d) and the
Vi-SiOC which also shows the lowest surface area (3 m?/g). skeletal density (p) of the ceramic particles with eq 2:
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Figure 4. Scanning electron micrographs of the electrodes coated on a nickel current collector with S wt % NaCMC (binder) and S wt % carbon
black (conductive additive). (A) Me-SiOC, (B) Vi-SiOC, and (C) Vi-Ph-SiOC.
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As seen from Table 2, the external specific surface area of the
particles is approximately half of the measured SSAggr.
Accordingly, all beads have internal pores in addition to the
external surface. Overall, the specific surface area of our SiOC
beads is very small compared to those of mesoporous SiOC
aerogels with around 200 m?/g.'"*

The chemical composition of the SiOC materials was
quantified via EDX. As can be seen from Table 3, the material
with the lowest carbon amount in the precursor had also the
lowest amount of carbon in the ceramic. This finding aligns
with previous reports.”*** Me-SiOC had a carbon content of 22
wt %, while Vi-SiOC and Vi-Ph-SiOC had 32 and 40 wt % of
carbon, respectively. The chemical composition also allows the
calculation of the theoretical formula SiO,_,,C, + nyree.36 The
samples with a higher overall carbon content also have a higher
content of free carbon, which is known to surround the silica
domains. Me-SiOC has 1.26 parts of Cg,, corresponding to one
SiO,_,,C, unit, which increases for Vi-SiOC to 1.56 and for Vi-
Ph-SiOC to 2.89.

The TEM images in Figure 2 show the morphology and the
structure of the beads. At high magnifications, we see the
nonordered structure of the silicon oxycarbides which were
pyrolyzed at 1100 °C. This maximum temperature remains
below the temperature at which the formation of crystalline
carbides is expected."”'” The domain size was estimated from
XRD data (Figure 3A) by applying the Scherrer equation and
assuming a SiO, and graphite phase.”” The domain size of the
SiO, and graphite phase for Me-SiOC, Vi-SiOC, and Vi-Ph-
SiOC is around 1 nm. Fewer than six unit cells of crystalline
SiO, with a volume of approximately 0.5 X 0.5 X 0.7 nm® can fit
into a volume of 1 nm® assuming a crystalline structure with
SiO, tetrahedrons and a Si—O distance of 0.16 nm.** A
significant difference in the XRD pattern of Vi-SiOC and Vi-Ph-
SiOC is an increased peak intensity at 43° 20. These two
materials have a larger amount of carbon, and the observed
peaks align with the (101) plane of incompletely graphitic
carbon. The incompletely graphitic nature of carbon is also
confirmed with Raman spectroscopy where we observed a
characteristic D-mode at 1340 cm™' and a G-mode at 1600

2965

cm™ (Figure 3B).*>*" In the case of the Raman spectrum of
Me-SiOC, the D-mode and the G-mode are overlaid by a large
fluorescence background.

The C and *Si solid-state NMR spectra give further
insights into the chemical structure of the SiOC samples
(Figure 3C—F). Me-SiOC has only one very broad peak for the
chemical shift of '*C at +130 ppm, which indicates the
formation of aromatic carbon groups.”*™** After the pyrolysis at
1100 °C, there is no signal from the methyl group at around —5
ppm.">" The data of Vi-SiOC and Vi-Ph-SiOC show a larger
signal for sp*-conjugated carbon, which is split into two peaks at
123 and 136 ppm. These signals relate to aromatic carbon.*”**

The carbon/silicon and silicon/oxide bonds were further
investigated with *Si NMR (Figure 3D). The presence of SiO,
groups is documented by a peak at a chemical shift of —105
ppm. This signal is reduced when the silicon atoms are bound
to carbon atoms as well. CSiO; units have a shift of —73 ppm,
C,Si0, units of —35 ppm, and C;SiO units of —11 ppm. **
We deconvoluted these contributions by fitting four Voigt
functions (Figure 3F). SiO, units are dominant in all samples,
and we see the largest contributions thereof for Me-SiOC
(63%), which has also the lowest amount of silicon—carbon
bonds. There are fewer SiO, units in Vi-SiOC (51%) and even
less for Vi-Ph-SiOC (39%). The number of silicon—carbon
bonds increases with the amount of carbon. Vi-Ph-SiOC has
the highest amount of CSiO;, C,SiO,, and C;SiO units (in total
61%). Vi-SiOC has a similar amount of silicon atoms only
bound to oxygen, as silicon atoms bound to oxygen and carbon
at the same time.

The FT-IR spectra provide further information about the
structure of the pyrolyzed SiOC materials. Peaks in the range
1000—1100 cm™" relate to an antisymmetric stretching mode
Si—O—Si network.” A shift toward lower wavenumbers of the
latter occurs when carbon atoms are introduced to the structure
(Figure 3G)."”* This mode is at 1035 cm™" for Me-SiOC, and
the downshift becomes larger for a higher amount of carbon.
Accordingly, Vi-SiOC and Vi-Ph-SiOC exhibit a Si—O-Si
stretching mode at 995 and 1005 cm™', respectively. Another
peak is observed at 810 cm™ for all samples, which indicates
Si—C or C—O bonds.**

The electrical conductivity of the SiOC powders was
measured at a pressure of 1 MPa and is listed in Table 3.
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Figure 5. Electrochemical characterization of pyrolyzed Me-SiOC, Vi-SiOC, and Vi-Ph-SiO using 1 M LiPF, in EC/DMC. (A) Cyclic
voltammograms of the Sth cycle at 0.1 mV/s. (B) Galvanostatic charge/discharge profiles of the 1st and Sth cycle at 35 mA/g. (C) Rate capability at

35—1400 mA/g. (D) Performance stability at 70 mA/g.

The conductivity of Me-SiOC was below the limit of detection
of 3 X 107° S/m. Vi-SiOC had a low conductivity of (7.3 + 0.1)
X 107 S/m, and Vi-Ph-SiOC had the value of (1.2 + 0.1) X
1072 S/m due to the higher amount of carbon in the sample.
An increase of the conductivity of SiOCs with an increasing
amount of free carbon was also observed by Kasper et al. and
was found beneficial for the use in LIBs.””*” Although the
electrical conductivity of Vi-Ph-SiOC beads was much larger
compared to those of the other materials, it is still low
compared to those of other electrode materials; accordingly, we
added carbon black (C6S with a conductivity of 2264 + 22 S/
m) to all electrodes.

3.2. Electrochemical Characterization of SiOC Beads
as Anodes for Li-lon Batteries. For electrochemical
measurements, the pyrolyzed SiOC beads were mixed with
NaCMC binder and carbon black. The resulting cast electrodes
show a homogeneous distribution for all three types of material
(Figure 4). The carbon black particles percolate well between
the SiOC beads to guarantee a sufficient electrical con-
ductivity.” The specific capacity was normalized to the amount
of silicon oxycarbide.'>'?***”

First, we determined the possible contribution of carbon
black to the measured specific capacity at 0.1 mV/s in the used
potential range (from +0.01 to +3.0 V versus Li/Li*). The
cyclic voltammograms and the voltage profile of an electrode
only composed of carbon black are provided in the Supporting
Information, Figure S3. The first lithiation cycle at 35 mA/g of
carbon black electrodes provides a specific capacity of 480 mA
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h/g, and the first delithiation capacity is about 250 mA h/g.
The latter value remains stable during four subsequent charge/
discharge cycles. In our SiOC electrodes, we admixed only 5 wt
% of carbon black. Therefore, the contribution of carbon black
to the measured specific capacity of our SiOC materials is
around 13 mA h/g. This contribution is minor compared to the
high specific capacity of the SiOC (>700 mA h/g).

The cyclic voltammograms for the fifth cycle were recorded
at 0.1 mV/s in a potential range from +0.01 to +3.0 V versus
Li/Li" and plotted in Figure SA. The data show a cathodic
lithiation peak below 1 V versus Li/Li*. Vi-Ph-SiOC shows the
largest specific current response and, thereby, the largest
specific capacity. This is in agreement with the study of
Wilamowska-Zawlocka et al. showing that a mixture of vinyl
with phenyl groups with the ratio of 1:2 yielded the best
performance for SiOC materials.”’ The extraction of the Li* out
of the SiOC occurs at around +0.6 V versus Li/Li’". Similar
potentials for the lithiation (discharging) and delithiation
(charging) are seen in the galvanostatic charge/discharge
profiles shown in Figure SB. As common for LIB anodes, the
first-cycle lithiation capacity is much larger than the following,
which is partially attributed to the reduction of the electrolyte
below 1 V versus Li/Li* forming the solid—electrolyte
interphase (SEI).” The first delithiation of the Vi-Ph-SiOC
yielded a specific capacity of 922 mA h/g, which slightly
reduced to 892 mA h/g for the fifth cycle. Me-SiOC and Vi-
SiOC have a higher specific capacity of 1440 mA h/g and 1269
mA h/g during the first lithiation cycle (Figure SC,D) because

DOI: 10.1021/acsaem.8b00716
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of the hi¥her amount of silicon oxide in the silicon
oxycarbide.'***** However, the higher initial lithiation capacity
cannot be maintained during delithiation. Me-SiOC and Vi-
SiOC have a specific capacity of only 761 and 789 mA h/g,
respectively, in the first delithiation cycle. Possibly more
significant Li,O formation occurs for Me-SiOC and Vi-
SiOC.”* Me-SiOC has a higher initial specific capacity than
Vi-SiOC, but the long-time performance stability is better for
Vi-SiOC (Figure SD). This is because of the higher amount of
free carbon in the structure and more silicon—carbon bonds.
The performance of Me-SiOC and Vi-SiOC in LiPF4 in EC/
DMC is relatively low at high rates. Both materials have a
specific capacity below 200 mA h/g at a specific current of 350
mA/g (corresponds to ~0.5C). The higher content of free
carbon in Vi-SiOC improves the specific capacity at high rates
(700 mA/g; ~1C) with around 75 mA h/g compared to 35 mA
h/g of Me-SiOC.**

Vi-Ph-SiOC shows a superior electrochemical performance at
high specific currents as well as very high performance stability
among all SiOC anode materials in LiPF4 in EC/DMC. By
increasing the specific current to 70 mA/g, the specific capacity
reduces from 936 (Sth lithiation) to 885 (6th lithiation) mA h/
g. Vi-Ph-SiOC still provided a specific capacity of 610 mA h/g
measured at 350 mA/g (36th lithiation) and at the highest
measured rate of 1400 mA/g still 116 mA h/g (56th lithiation).
This performance is accomplished even with the low specific
surface area of only 5 m?/g. Thereby, there is a lack of a large
pore volume of intraparticle pores which would contribute
toward fast ion transport kinetics. For example, Pradeep et al.
synthesized a mesoporous SiOC aerogel with a specific surface
area of more than 200 m?/g.*’ They obtained a high rate
capability by a porous structure with a specific capacity of 600
mA h/g at 360 mA/g (0.5C), which is similar to our results.”’
At even higher C-rates (720 mA/g; 1C), the latter material
provided still a specific capacity of ~500 mA h/g; however, the
mesopores of the aerogel had a diameter of 24 nm which is
much smaller than the diameter (~1 um) of the SiOC beads
from this study. The reduction of the diffusion length for the Li
through the SiOC to a nanometer range is beneficial for very
high C-rates (>1C) when considering the low diffusion
coefficient of Li-ions in SiOCs in the range 107°=10""* cm?/
s; for comparison, the Li-ion diffusion coefficients of
amorphous Si films is 107'°=107"" cm?/s, of Si nanowires is
1071 cm?/s, and of nano-Si is 1072—10"3cm?/s.*°°">* When
we returned for operation of the Vi-Ph-SiOC beads to a lower
specific current (70 mA/g) after SO cycles, a specific charge
capacity of about 800 mA h/g was re-established. The specific
capacity of Me-SiOC and Vi-SiOC was also reaching a similar
value for the specific capacity after the rate performance test.

The coin cells were disassembled after the rate capability test
to investigate the morphology of the beads with TEM (see the
Supporting Information, Figure S4). As can be seen from the
electron micrographs, the SiOC beads conserved their shape
after 100 cycles, and the spherical carbon black particles remain
well-distributed throughout the electrode. The absence of
visible structural changes of the electrode material encourages
further characterization of the long-time performance; accord-
ingly, we carried out performance stability tests at 0.1C (70
mA/g). After 100 cycles (Figure SD), Vi-Ph-SiOC still provides
a lithiation capacity of 764 mA h/g and a delithiation capacity
of 778 mA h/g, which corresponds to 84% compared to the
first lithiation. The specific capacitance remained stable from
the 100th onward until the end of the testing procedure (175th
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cycle) at a value of 773 mA h/g for the lithiation capacity and a
delithiation capacity of 789 mA h/g. We see a similar pattern
compared to the rate capability data where Me-SiOC and Vi-
SiOC have lower stability compared to Vi-Ph-SiOC. The
performance stability of the samples Me-SiOC and Vi-SiOC
measured only at low C-rates is lower after the same number of
cycles compared to the samples which were also cycled at high
C-rates. The performance stability of Vi-Ph-SiOC is similar for
both measurement methods because of its high reversibility.
Graczyk-Zajac et al. showed that the presence of silicon—
carbon bonds improves the stability of SiOC anode materials."”
Since all of our materials have silicon—carbon bonds in different
amounts we conclude that a high amount of silicon—carbon
bonds combined with a higher free carbon content is beneficial
for a high performance stability.

Our data on SiOC as the LIB anode in 1 M LiPF4 in EC/
DMC is compared to the literature data in Table 4. A direct
comparison is complicated by the influence of silicon
oxycarbide structure, type and amount of the binder and the
conductive additive, number of charge/discharge cycles,
charge/discharge rates, and the voltage window. Nevertheless,
Table 4 shows that Vi-Ph-SiOC has a higher specific capacity
after the long-time experiment than all other silicon oxycarbides
which we found in the literature. Our material also provides a
higher specific capacity than the sol—gel-produced particles
from Wilamowska-Zawlocka et al. using similar precursors for
their synthesis.”’ The capacity retention of Vi-Ph-SiOC after
100 cycles is 83% higher than most other materials. The high
performance stability originates from the high amount of
carbon (especially free carbon) and possibly with carbon/
silicon bonds, which leads to a higher reversible capacity. The
spherical shape of the particles may also benefit the
compensation of volume expansion which occurs during the
alloying reaction.

4. CONCLUSIONS

Three types of spherical SiOC materials were synthesized with
a MicroJet reactor by use of methyltrimethoxysilane, vinyl-
trimethoxysilane, and a mixture of vinyltrimethoxysilane with
phenyltrimethoxysilane. Thereby, no additional cross-linking
agent, which could cause impurities, was needed to preserve the
morphology of the particles. The use of the MicroJet reactor to
produce beads is also beneficial because the particles have a
similar size, and the volumetric changes during lithiation and
delithiation are equally distributed.

By choice of the precursor, it was possible to influence the
amount of silicon—carbon bonds as well as the content of free
carbon. Both parameters are important for the synthesis of
SiOC anode materials for Li-ion batteries with high capacity
and performance stability. The mixture of vinyl and phenyl
groups provided the best electrochemical performance (922
mA h/g for first delithiation) and a high specific delithiation
capacity after 100 cycles of 677 mA h/g was obtained. A
mixture of phenyl and vinyl groups showed for the resulting
SiOC materials the best performance in our study. Future
optimization of the power-handling ability of the SiOC beads
may be further promoted by additional mesopores by adding a
template to the silane solution which decomposes during the

pyrolysis.
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Abstract:

Novolac-derived nanoporous carbon beads were used as conductive matrix for lithium-sulfur battery
cathodes. We employed a facile self-emulsifying synthesis to obtain sub-micrometer novolac-derived
carbon beads with nanopores. After pyrolysis, the carbon beads showed already a specific surface area
of 640 m? g'* which was increased to 2080 m? g™* after physical activation. The non-activated and the
activated carbon beads represent nanoporous carbon with a medium and a high surface area,
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Novolac-derived nanoporous carbon beads were used as conductive matrix for lithium-sulfur battery
cathodes. We employed a facile self-emulsifying synthesis to obtain sub-micrometer novolac-derived
carbon beads with nanopores. After pyrolysis, the carbon beads showed already a specific surface area of
640 m? g~! which was increased to 2080 m? g~! after physical activation. The non-activated and the
activated carbon beads represent nanoporous carbon with a medium and a high surface area, respec-
tively. This allows us to assess the influence of the porosity on the electrochemical performance of
lithium-sulfur battery cathodes. The carbon/sulfur hybrids were obtained from two different approaches
of sulfur infiltration: melt-infusion of sulfur (annealing) and in situ formation of sulfur from sodium
thiosulfate. The best performance (~880 mAh gsiiur at low charge rate; 5th cycle) and high performance
stability (>600 mAh gs}rur after 100 cycles) were found for the activated carbon beads when using melt
infusion of sulfur.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

towards renewable energies and increasing electro mobility ap-
plications [1,2]. Efficient storage of renewable energy with inter-

The demand for electrochemical energy storage devices has mittent generation requires advanced battery technology [3]. In
increased over the past decades, strongly driven by the pressure recent years, research has been dedicated to fabricate batteries
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with high energy storage capacity, such as Li-ion [4], Li-air [5,6],
and Zn air [7,8]. Although possessing very high theoretical specific
energy (>20 kWh kg~ 1), Li-air systems still require optimized gas
diffusion membranes and redox catalysts to achieve high cycle
stability and high energy efficiency [9]. Also, sodium-ion batteries
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are attractive to replace metallic lithium and to enable sustainable
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large scale energy storage technologies [10,11].

A very promising battery system is lithium-sulfur (Li-S) due to
the high theoretical specific capacity (1675 mAh g '), the cost-
attractive electrode materials, and the high natural abundance of
sulfur [ 12—14]. To exploit these beneficial properties, it is important
to complement sulfur with an electrically conductive matrix. Car-
bon materials are the most attractive candidates for sulfur com-
posite electrodes because of their high electrical conductivity, low
density, structural flexibility, and tunable porosity [12,15]. A highly
porous carbon material is beneficial to accommodate sulfur, to trap
dissolved polysulfides, to minimize sulfur leaching, and to
compensate the volume expansion during charge-discharge cycling
[12]. Employing an optimized pore architecture of the carbon ma-
trix material is important to achieve a high electrochemical per-
formance [12]. A high pore volume generally favors high sulfur
loadings, and also provides space for Li* facile migration [16].
When sulfur is confined in small micropores (~0.5 nm), only
smaller molecules occur (i.e., Sy_4) [17], because access for larger
sulfur molecules (Sg or Sg) with a diameter of 0.76—0.84 nm is
restricted. Nanoconfinement within micropores can also prevent
the formation of soluble polysulfides [17]. The trapping of poly-
sulfides inside the micropores improves the long-time stability,
which is one of the crucial challenges for Li-S batteries.

Previous studies have shown that neither completely micropo-
rous nor solely mesoporous carbon can suffice both requirements
of high sulfur loading and control of polysulfide leaching [18—20].
Therefore, an optimized pore architecture of carbon can be bene-
ficial [18]. For example, Li et al. designed an ordered core-shell ar-
chitecture of porous carbon where a mesoporous core is
surrounded by a microporous shell; in this architecture, the core
ensures sufficient sulfur loading and a high utilization of the active
material, while the shell serves as a physical barrier and stabilizes
the cycle performance of the cell [18]. Therefore, hierarchical
porous carbons are attractive Li-S cathode materials [12,21].

Spherical carbon particles filled with sulfur have been devel-
oped by several research groups aiming for high packing densities
of hybrid particles, thereby increasing the energy density of the
cathode [22—24]. For example, Schuster et al. developed bimodal
mesoporous carbon particles via a two-step method [22]. They
synthesized a silica structure, which was infiltrated with phenolic
resin as source of carbon. As a result, porous carbon with a bimodal
porous structure was obtained by removing the silica fraction by
washing with hydrofluoric acid. Zhang et al. reported on double-
shelled hollow carbon spheres using polysaccharides as carbon
precursor and SnO; as hard template, which was finally removed
with hydrochloric acid [23]. With this complex design of porous
carbon, a high loading with sulfur was achieved along with a
suppression of polysulfide migration. Further, Jayaprakash et al.
reported on hollow spherical carbon/sulfur composites using a
silica hard template and pitch as a low-cost carbon precursor [24].

The motivation of this work is to develop a time- and resource-
efficient synthesis for spherical carbon particles. In our approach,
we avoid the use of a template for the synthesis of microporous
carbon beads. We utilize a facile method to synthesize sub-
micrometer novolac-derived carbon beads from an inexpensive
precursor with a self-emulsifying system and evaluated its perfor-
mance as host material for Li-S battery cathodes. Already after
pyrolysis at 1000 °C, the carbon beads show a micropore volume of
0.25 cm® gL Further physical activation in CO, enhances the
porosity, yielding a specific surface area (SSA) of up to 2237 m? g~!
with a tunable average pore size ranging between 0.5 nm and
2.2 nm depending on the degree of activation [25]. In recent
studies, the small diameter of the primary particles have already
proven to be beneficial if applied as supercapacitor electrode ma-
terials and for high electrochemical water desalination rates in

capacitive deionization processes [26].

In the present study, we compared non-activated beads with
very small micropores (average pore size: 0.6 nm; pore volume:
0.25 cm?® g~ 1) and a highly-activated sample with larger micropores
(average pore size: 1.5 nm; pore volume: 1.45 cm® g~1). By this way,
we will investigate the influence of inner porosity (i.e., pores within
the beads) and of small micropores for carbon/sulfur hybrid elec-
trodes. We compare two different synthesis methods (melt infil-
tration and in situ formation of sulfur from NaS,03) to produce
sulfur-carbon electrodes and with two different microporous
carbons.

2. Experimental description
2.1. Materials

Novolac pellets (ALNOVOL PN 320) were obtained from Allnex.
Battery-grade conductive carbon black (C65) was received from
Imerys. Hexamethylenetetramine, sodium thiosulfate pentahy-
drate (NayS;03-5H,0), elemental sulfur (Sg), polyvinylidene fluo-
ride (PVDF) powder (molecular mass ca. 534,000 g mol~!), N-
methyl-2-pyrrolidone (NMP), bis(trifluoromethane)-sulfonimide
lithium salt (LiTFSI), 1,2-dimethoxyethane (DME), 1,3-dioxolane
(DOL), and lithium nitrate (LiNO3) were purchased from Sigma
Aldrich and used without any further purification. Nickel foil with a
thickness of 13 pm was procured from Carl Schlenk. Electro-
chemical grade high purity (99.9%) lithium was purchased from PI-
KEM. Trilayer porous polyolefine separator was obtained from
Celgard and we used non-woven polypropylene separators from
Freudenberg.

2.2. Synthesis of the carbon beads

The synthesis of the novolac-derived carbon beads was intro-
duced by us and outlined in a previous publication (Ref. [25]). In
short, 20 g of the novolac and 2 g of hexamethylenetetramine was
dissolved in 100 mL ethanol. The solution was added to 500 mL of
deionized water (Milli-Q) whereby the self-emulsifying solution
arises, which was crosslinked in an autoclave (150 °C for 8 h). The
dispersion was freeze-dried and pyrolyzed in argon at 1000 °C
(Thermal Technology; heating rate 20 °C min~') for 2 h; the py-
rolyzed sample is referred to as PNC. The beads were activated with
CO; at 1000 °C for 2.5 h in a rotary quartz-glass tube furnace (HTM
Reetz; heating rate: 10 °C min~’, CO; flow: 987 mL min ). The tube
was flushed with nitrogen during heating and cooling. The acti-
vated carbon beads are referred to as PNCyct.

2.3. Synthesis for sulfur/carbon bead hybrid

As schematically depicted in Fig. 1, we used two different ap-
proaches to synthesize hybrids of carbon beads and sulfur: (i)
mechanical melt mixing of sulfur with carbon beads and (ii) in situ
formation of sulfur nanoparticles on the carbon surface. These two
approaches were applied to non-activated (PNC) and activated
(PNCjy¢t) carbon beads.

Mechanical melt mixing was performed as follows: 65 mass%
elemental sulfur (Sg) was added to 35 mass% of carbon beads. To
obtain a uniform mixture both components were mixed in a mortar
and afterwards ball-milled. The carbon-sulfur composite powder
was thermally treated at 155 °C for 5 h in an argon atmosphere.
Using this treatment, sulfur melts and attains minimum viscosity
[27]; as a result, the melt was distributed to all accessible surface
area and a uniform coverage of sulfur was achieved (Fig. 1D,F) [28].

In the other approach, 1.55 g of sodium thiosulfate was first
dissolved in 40 mL of water. Afterwards, 100 mg of either non-
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Fig. 1. Schematic image of the (A) pyrolyzed and (B) activated carbon beads and their mixtures with sulfur; (C) in situ method applied on pyrolyzed carbon beads, (D) melt infusion
technique applied on pyrolyzed carbon beads, and (E, F) adopted on CO,-activated carbon beads.

activated or activated carbon beads were added with subsequent
sonication for 30 min under ice water. In the next step, 2.5 mLof 5 M
HCl was added dropwise to the dispersion to form sulfur nano-
particles. After 2 h reaction time, the mixture was filtered through a
0.2 um hydrophilic PVDF membrane. It was washed with copious
amount of water till pH 7 was achieved and then dried at 80 °C under
vacuum for 12 h. The resulting materials are labelled: PNC-S-
annealing, PNC-S-in-situ, PNCy¢-S-annealing, and PNC,-S-in-situ.

2.4. Electrode casting

For electrode manufacturing four sets of sulfur/carbon bead
hybrid materials were mixed in a ball mill with 10 mass%
conductive carbon black (C-Nergy Super C65, Imerys). For electrode
casting, we added 8 mass% of PVDF binder in NMP to attain the
desired slurry viscosity. The slurry was coated on a nickel current
collector by doctor-blade casting method with a gate height of
300 um. Afterwards, the electrodes were dried in an oven operated
under vacuum at 60 °C for 12 h to remove any remaining traces of
solvent. In the dry state, each electrode had a thickness of
80—90 pm with mass loading of 3—4 mg cm? (corresponding
sulfur loading: 2—3 mg cm~?; ~60 mass%). This mass loading is at
the level to attain the required areal capacity desired for applica-
tions in electrically driven vehicles [29].

2.5. Material characterization

2.5.1. Gas sorption analysis (GSA)

The porosity of the materials was quantified with N; gas sorption
analysis (GSA; Quantachrome Autosorb iQ). Before the measure-
ment, the samples were degassed at 100 mbar and 200 °C for 1 hand
at 300 °C for 20 h. The N sorption analysis was carried out in liquid
nitrogen at —196 °C. The relative pressure varied between 5-10~7 to
1.0 in 76 steps. We used a quenched-solid density functional theory
(QSDFT) kernel assuming slit-like pores (QSDFT) for the Ny isotherm
to obtain the pore size distribution [30,31]. The Brunauer-Emmett-
Teller (BET) equation was used in the linear region of the isotherm
between 0.1 and 0.3 partial pressure to calculate the BET specific
surface area (BET SSA) [32]. The total pore volume corresponds to
the adsorbed volume at a relative pressure (p/po) of 0.95. The
average pore size was obtained by the dsg value (pore size corre-
sponding with half of the pore volume) [33]. The calculations were
carried out with ASiQwin 3.0 from Quantachrome.

2.5.2. Small angle X-ray scattering (SAXS)

SAXS measurements of activated and non-activated novolac-
derived carbon beads were conducted using a laboratory SAXS in-
strument (Nanostar, Bruker AXS) using Cu-Kao radiation and a
Vantec-2000 area detector. The azimuthally averaged SAXS pat-
terns were corrected for instrument background taking trans-
mission and measurement time into account, and normalize to
sample thickness [34]. Using real-space pore models generated
from SAXS [35—37], pore size distributions (PSDs) can be calculated
directly from the SAXS data. In short, the mathematical concept of
Gaussian random fields (GRFs) was used to generate a three-
dimensional model of the carbon nanopore structure. Hereby, pa-
rameters containing the statistical information about the pore
morphology are obtained from a model fit to the measured SAXS
intensities [35], which were further used to create the 3D pore
model. A pore size distribution was then extracted from this model
by calculating a histogram of all normal distances within the pore
space. The calculated cumulative PSDs from SAXS were finally
normalized to the maximum cumulative pore volume found by
nitrogen gas sorption analysis.

2.5.3. X-ray diffraction and Raman spectroscopy

Phase analysis was carried out with X-ray diffraction (XRD) and
Raman spectroscopy. A D8 Advance diffractometer (Bruker AXS)
with Cu-Ka radiation (40 kV, 40 mA) was used in point focus mode
with a Goebel mirror and a 2D detector (Vantec-500). The samples
were placed on a sapphire single crystal, which was wobbling
during the measurement to obtain a better orientational averaging.
The Raman spectra were recorded with a Renishaw inVia Raman
microscope using laser power of 0.2 mW with an excitation

wavelength of 632.8 nm and a grating of 1800 lines mm .

2.5.4. Thermogravimetric analysis

To estimate the loading of sulfur in each carbon-sulfur hybrid,
we employed thermogravimetric analysis (TGA). Sulfur sublimes
completely when heated to 450 °C at normal pressure, TGA of the
carbon-sulfur hybrids were performed using a Netzsch Libra TG 209
F1 in the temperature range of 30—550 °C with a heating rate of
10 °C min~! under a continuous flow of argon.

2.5.5. CHNS elemental analysis
The chemical composition was further investigated with CHNS
elemental analysis with a Vario Micro Cube system (Elementar
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Analysensysteme). After combustion, the samples were measured
under oxygen atmosphere at 1150 °C in a tin holder. The CHNS
analyzer was calibrated with sulfanilic acid (41.6 mass% C, 4.1 mass
% H, 8.1 mass% N, 18.5 mass% S).

2.5.6. Scanning electron microscopy (SEM) and energy dispersive X-
ray spectroscopy (EDX)

The SEM images and the EDX mapping were carried out with a
field emission scanning electron microscope (SEM; JSM-7500F
from Jeol) with operating voltage of 1.5 kV and 3 kV. An energy
dispersive X-ray detector with an X-Max Silicon detector (Oxford
Instruments) was used for the detection of generated X-rays at 6 kV.

2.5.7. High-resolution transmission electron microscopy (TEM) and
energy dispersive X-ray spectroscopy (EDX)

TEM was carried out using a JEOL JEM-2100F system operating
at 200 kV in vacuum. EDX mapping was performed using a Thermo
Scientific MC100021 detector attached to the TEM chamber also
with 200 kV and acquisition time for mapping was 10 min. The
powder samples were dispersed and sonicated in ethanol and
deposited on a lacey carbon film on a copper grid (Gatan).

2.5.8. Conductivity measurements

For measurements of the electrical conductivity, the samples
were prepared on to 50 um thin polyimide film using the same
slurries for electrode casting keeping the same thickness of elec-
trode layer. Sheet resistance measurements were made with a
custom-built spring-loaded four-point probe with blunt gold con-
tacts (tip diameter: 1.5 mm, tip distance: 3 mm). For better statis-
tics, sheet resistance at four different points were recorded for each
sample.

2.6. Electrochemical analyses

The carbon-sulfur electrodes were used to build 2032 coin cells
(two-electrode setup) for galvanostatic charge-discharge mea-
surements and custom-built three-electrode cells (see Ref. [38]) for
cyclic voltammetry. In all our coin cells carbon-sulfur hybrid cath-
odes of 14.2 mm diameter were used as working electrode (cath-
ode) and a lithium disc of 15.6 mm diameter as counter electrode.
During cell assembly, 50 uL of electrolyte (1 M LiTFSI + 0.25 M
LiNOs in 1:1 DME/DOL by volume) was added to the separators. The
electrolyte-to-sulfur ratio plays a crucial role in controlling the
ultimate cell performance [39]. Our cell has a sulfur loading of
3 mg cm~2 and an electrolyte/sulfur ratio of 10.8 mL g~ Cyclic
voltammetry was carried out with a cathode of 10 mm in diameter,
using a lithium disc (13 mm diameter) as the counter electrode and
60 pL of the electrolyte was inserted into the separator. Addition-
ally, a thin wire of lithium was inserted from the side into the
electrolyte reservoir as the reference electrode. Before placing the
lithium reference electrode, we inserted a piece of glass fiber
separator (Whatman GF/A) to avoid the electrical contact with the
working and counter electrode assembly. Unlike the galvanostatic
charge-discharge measurements, an additional electrolyte amount
of 20 uL was used to ensure proper wetting of the entire cell. Cyclic
voltammetry was performed in VMP-300 potentiostat-galvanostat
(from Biologic) within the potential range of 1 V-3 V vs. Li/Li* at a
scan rate of 100 pV s~! (equivalent to 0.2C). Galvanostatic charge/
discharge tests were carried out in Astrol BatSmall battery analyzer
at a constant current rate of 336 mA g~! (0.2C) for charging and
168 mA g~! (0.1C) for discharging in the potential window of
1.8 V—2.6 V. For rate capability measurements, the coin cells were
subjected to different scan rates from 0.1C (discharge)/0.2C
(charge) for 20 cycles, 0.2C (discharge)/0.4C (charge) for the next 10
cycles, 0.5C (discharge)/1C (charge) for further 10 cycles, 1C

(discharge)/2C (charge), and again 0.1C (discharge)/0.2C (charge)
for the final 20 charging-discharging cycles. We also evaluated the
cathode performance at high C-rates (i.e., discharged with 1C and
charged with 2C) for 500 cycles. The capacity obtained during
discharge and charge is normalized to the sulfur mass. In all our
galvanostatic charge-discharge experiments, the charging rate was
two times of the discharge rate.

3. Results and discussion
3.1. Pore structure

Based on our previous work, we have chosen PNC because of its
microporosity [25,26]. The nitrogen sorption isotherm of PNC
(Fig. 2A) confirms the absence of mesopores and the volume of
micropores is further increased by physical activation with CO; at
1000 °C. Following the Boudouard equation, injected CO, reacts
with carbon to form carbon monoxide (C(solid)+CO,(gas)—
2C0(gas)), leading to an increase in porosity [40]. A steep increase
of the isotherms above a relative pressure of 0.95 is caused by inter-
particle pores [25]. By applying a QSDFT model assuming slit pores,
we calculated the pore size distributions (Fig. 2B). PNC shows a DFT
SSA of 640 m? g~! with pores exclusively smaller than 0.6 nm,
which is notably smaller than the diameter of Sg or Sg molecules
(0.76 nm or 0.84 nm) [17]. Therefore, only smaller polysulfides will
be able to infiltrate these small pores. The activation process
broadened the pore size distribution yielding a DFT SSA of
2080 m? g~ ! and a total pore volume of 1.45 cm?® g~ The average
pore size increased to 1.5 nm, which enables access to the micro-
pores for larger polysulfides. This corresponds to an increase in DFT
SSA of 324% and an increase in pore volume of 580% via physical
activation in CO;. The yield of carbon after the pyrolysis of the
polymer is around 55 mass%. The activation reduces the total yield
to approximately 15 mass% compared to the polymer beads which
were pyrolyzed.

In addition to gas sorption, we also characterized the pore
structure by small angle X-ray scattering (SAXS). The measured
SAXS intensities of PNC and PNC, as a function of the scattering
vector length Q are given in Fig. 2C. The power law intensity decay
at the smallest Q-values is influenced by the scattering contribution
of the carbon bead surface [41]. The rest of the curve contains in-
formation about pore size, pore shape, and possible correlations
(i.e., ordering effects) between the nanopores [35,42]. Since the
SAXS intensity I(Q) is related to structural features with a size being
roughly proportional to 7/Q, the calculated pore size distribution
pattern do not account for pores larger than about 5 nm. In contrast,
nitrogen gas sorption provided information on the pore size dis-
tribution within the range of 0.5—35 nm. Following the procedure
and correlation function from previous work [35], 3D pore struc-
tures were generated from which pore size distributions were
derived (Fig. 2D—E). The carbons differ mainly regarding the pore
volume fraction and the mean pore size. In good agreement with
the gas sorption data, the CO, activated sample (PNC,¢) exhibits a
higher pore volume, surface area, and a larger mean pore size. The
cumulative PSDs generated for PNC and PNC,¢ from SAXS repro-
duce the pattern obtained from gas sorption (Fig. 2B). Although the
size distributions obtained from SAXS are slightly broader, the
average pore width is similar (Table 1). The SAXS data validate the
PSDs obtained from nitrogen sorption analysis and the 3D model
visualizes the increase in pore volume (i.e., reduced carbon mass
per unit volume; Fig. 2D—E).

3.2. Chemical composition, structure, and electrical conductivity

The sulfur content of the hybrid materials was quantified by
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Table 1
Specific surface area, total pore volume, and average pore size obtained from nitrogen gas sorption analysis (GSA) and calculated average pore size from small angle X-ray
scattering (SAXS).
DFT SSA (m? g™ 1) BET SSA (m? g™ 1) Pore volume (cm> g~ 1) Average pore size (nm)
GSA SAXS
PNC 641 529 0.25 0.6 0.6
PNCact 2080 2698 145 15 14

thermogravimetry from the mass loss between 100 °C and 500 °C
(Fig. 3A). The sulfur content of the PNC-S-in-situ and PNC,¢-S-in-
situ was 57.2 mass% and 61.2 mass%, respectively, and the sulfur
annealing approach yielded consistently higher sulfur loadings
(namely, 68.7—69.5 mass%; Table 2). A lower sulfur loading from
the in situ approach is explained by the incomplete filling of the
nanopores of hydrophobic carbon by the aqueous sulfur precursor.
The measured sulfur contents align with the results from CHNS-
analysis (Table 2). The latter data also indicate consistently higher
oxygen contents of the in situ approach (i.e., above 4 mass%)
compared to the annealing route (i.e., below 1 mass¥%). There are
more evident differences in the thermograms between PNC/sulfur
and PNC,¢/sulfur compared to the difference between the in situ
and sulfur annealing approach. The maximum mass loss shifts to-
wards higher temperatures for PNC,¢. As mentioned above carbon
activation has led to a severe increase of the inner porosity of PNC

(Table 1) and sulfur confined inside the nanopores requires higher
thermal energy to be mobilized [43].

The presence of nitrogen and oxygen has been reported to
minimize the rate of capacity decay by anchoring the long chain
polysulfides. Hydroxyl and epoxy groups of carbon surfaces may
control the shuttle-effect and dissolution of polysulfides [44].
Zhang et al. explained by X-ray absorption spectroscopy and ab-
initio calculations that epoxy and hydroxyl groups can enhance
the binding of S to carbon due to the induced ripples by these
functional groups. Nitrogen-doped carbons are also often reported
as polysulfide immobilizer, leading to an enhanced capacity
retention [45—47].

The PNC-S-annealing and PNC-S-in-situ samples show three
distinct Raman peaks at 156, 219, and 473 cm™! related to the vi-
brations of the sulfur-sulfur bonds (Fig. 3B) [48]. For both non-
activated PNC/sulfur hybrid samples, the sulfur peaks are more
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Table 2
Chemical composition obtained from TGA and CHNS-analysis. AO is calculated from the difference of S-, C, H-, and N-content to 100%.
TGA CHNS
S (mass%) S (mass%) C (mass%) H (mass%) N (mass%) AO (mass%)
PNC-S-in-situ 57.2 558 +0.3 39.1+£02 <04 <0.6 A4.1
PNC-S-annealing 69.5 68.7 + 0.8 30.1 + 0.6 <0.2 <03 A0.7
PNC,e¢-S-in-situ 61.2 585 + 2.6 336 +13 <04 <04 A7.1
PNC,-S-annealing 68.7 69.5 + 0.3 302 +£05 <0.2 <0.4 AO

pronounced than the D- and G-modes of carbon because of the high
localization of sulfur clusters on the exterior surfaces. PNC,¢/sulfur
hybrids show only a small Raman signal of sulfur at approximately
470 cm~ L. The PNC,-S-in-situ sample shows a carbon-related D-
mode at 1333 cm~! with a full width at half maximum (FWHM) of
115 cm~! and the G-mode at 1604 cm~! (FWHM: 59 cm™'). These
values are similar to the sample PNC,-S-annealing since the car-
bon was not changed (D-mode: 1329 cm~'; FWHM D-mode:
119 cm!; G-mode: 1603 cm~'; FWHM G-mode: 61 cm™!). In
alignment with our previous work [25], we confirmed an decrease
in FWHM after PNC activation (Table 3).

As can be seen from Fig. 3C, PNC shows X-ray reflections typical
for highly disordered carbon with broad carbon-related peaks at

23° 20 and 44° 26. The lower signal intensity after activation
originates from the creating of a larger pore volume and the
removal of carbon, as can be seen from the 3D model in Fig. 2D and
E. The X-ray diffractograms of PNC-S-in-situ and PNC-S-annealing
(Fig. 3C) show sharp reflections of crystalline orthorhombic sulfur
(a-sulfur), which is the stable modification at room temperature
[49]. These PNC samples have the major fraction of pores below
0.7 nm, which are too small for the formation of crystalline sulfur
(puckered Sg rings), because the Sg rings cannot penetrate into
these small micropores. This result shows that sulfur is preferably
located at the exterior surfaces of the PNC carbon beads. The 2D
diffraction pattern of the sample PNC-S-annealing (Fig. 3E) shows
homogeneous Debye rings, indicating a high number of statistically
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Table 3
Fitted position and full width at half maximum (FWHM) for the carbon D- and G-modes of the Raman spectra.
D-mode G-mode
Position (cm™!) FWHM (cm™") Position (cm™!) FWHM (cm™1)
PNC-S-in-situ 1321 162 1590 77
PNC-S-annealing 1322 142 1592 75
PNC,-S-in-situ 1333 115 1604 59
PNC,-S-annealing 1329 119 1603 61

distributed sulfur crystals. In contrast, the 2D diffraction pattern of
PNC-S-in-situ exhibit spotted Debye rings, which indicates the
presence of fewer crystals. In both samples, the average domain
size of sulfur is (at least) in the range of 50—100 nm. These rather
large domain sizes point out that a part of the sulfur cannot be
within the carbon particles. X-ray diffraction pattern of PNC,/
sulfur hybrids show a broad peak at 24° 26 as a superimposition of
amorphous carbon and sulfur. Evidently, in situ synthesis and sulfur
annealing do not yield crystalline sulfur for PNC, because of the
high confinement of sulfur in carbon micropores [27].

Elemental mapping with EDX (carried out in a scanning electron
microscope) shows an inhomogeneous distribution of sulfur within

o

Carbon

eT0)
c
(48]
()]
c
C
T

Carbon

4= | Carbon

the carbon for PNC-S-in-situ and PNC-S-annealing (Fig. 4A—B). In
these samples, sulfur is mostly found between the carbon particles
which have an average diameter of 302 + 142 nm [25]. This is in
agreement with the X-ray and Raman results, where non-activated
PNC exhibited crystalline sulfur (Fig. 3). PNC-S-in-situ also shows
fiber-like agglomerates of sulfur between the carbon particles
(Fig. 4A). For PNC,¢-S-in-situ and PNCyc-S-annealing, sulfur is
much more homogenously distributed and the high amount of
sulfur inside the carbon beads is seen from the elemental distri-
bution maps (Fig. 4C—D).

The findings from SEM-EDX agree with elemental distribution
mappings obtained from transmission electron microscope (Fig. 5).

Carbon

annealing

Fig. 4. SEM images and EDX mapping of carbon and sulfur of PNC-S-in-situ (A), PNC-S-annealing (B), PNC,¢-S-in-situ (C), and PNC,.-S-annealing (D).
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Fig. 5. TEM images and EDX mapping of carbon and sulfur of PNC-S-in-situ (A), PNC-S-annealing (B), PNC,¢-S-in-situ (C), and PNC,¢-S-annealing (D).

PNC-S-in-situ (Fig. 5A) shows sulfur and carbon particles which are
separated from each other. The sulfur distribution of PNC-S-
annealing (Fig. 5B) is more homogeneous, but the sulfur content
inside the particles is low. Both PNC,.t samples (Fig. 5C—D) show a
more overlapping sulfur and carbon distribution; therefore, we
conclude that sulfur is more evenly distributed throughout the
carbon particles, by filling intra-particle micropores.

Sheet resistance measurements of the 80—90 pm (dry) thick
electrodes coated on polyimide foil are found in Table 4. Using a

Table 4
Electrical conductivity measured via four-point-probe of all carbon-sulfur
hybrids.

Sample Conductivity (S cm™1)
PNC-S-in-situ 0.25
PNC-S-annealing 0.22
PNC,¢-S-in-situ 0.22
PNC,-S-annealing 0.36

four-point-probe, the measured electrical conductivity of the
samples showed little difference, with values around 0.2 S cm™. A
somewhat enhanced conductivity was found for PNC,-S-anneal-
ing (0.36 S cm™!). The measured values are in accordance with the
often-reported values of conductivity of the carbon-sulfur hybrids
(Ref. [27,50]) and relate to the entire film electrode (i.e., including
binder and carbon black additive).

3.3. Electrochemical performance

Cyclic voltammograms (CV) of the 1st, 5th, and 10th cycle are
shown for all samples in Fig. 6A—D. During discharging of PNC,-S-
annealing, a peak at 2.41 V in the first cycle is related to the
reduction of elemental sulfur to a Li-polysulfide (Li;S4-g) [24,51]. A
small shift of the peak position in subsequent cycles to ca. 2.38 V
occurs because of the stabilization of the cell and the formation of
solid electrolyte interphase [12,13]. The peak at 2.13 V, which shifts
to 2.07 V, originates from the further reduction to Li»S; and LiS
[14]. During charging, only one oxidation peak is visible at ca. 2.5 V.
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This results from the overlap of two peaks, which correlate with the
formation of larger polysulfides (Li»S4.g) and metallic lithium/
elemental sulfur until all Li polysulfides are consumed at 2.50 V
[52]. This peak shifts to 2.46 V in subsequent cycles [53,54]. The
cyclic voltammograms of the other samples show similar shift of
the reaction peak to similar potentials. All peak voltages correlate
with the plateaus in the voltage profiles at the 100 cycle of cells
measured with 0.1C discharge and 0.2C charge rate (Fig. 6E).

As can be seen from the cycle performance in Fig. 7, there is a
rather sharp capacity drop during the first few cycles. This initial
and irreversible capacity loss is due to the reorganization of active
sulfur inside the carbon matrix which is often termed as activation
and stabilization of the cell [18]. Thereafter, the capacity values

become more stable for continued cycling. The highest specific
capacity after 100 cycles (normalized to sulfur mass) is seen for
PNC,-S-annealing (600 mAh g~ ') followed by PNC-S-annealing
(572 mAh g~ 1) and PNCaet-S-in-situ (462 mAh g~ 1).

The rate capability tests at multiple C-rates were performed in
2032 coin cells for all four types of carbon-sulfur hybrids (Fig. 7B).
To assess power handling, we performed charge/discharge cycles at
low C-rate (0.2C charge and 0.1C discharge) and raised the C-rates
progressively up to 2C charge and 1C discharge and then brought
back to low C-rate (0.2C charge and 0.1C discharge). The sample
PNC,t-S-annealing showed the highest residual discharge capacity
of 344 mAh g~ ! at the highest C-rate (54% compared to lowest C-
rate capacity). PNC,c-S-in-situ and PNC-S-annealing have a similar
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rate behavior when they were first operating at low C-rates fol-
lowed by high C-rates with 291 mAh g~! and 271 mAh g~' (=49%
compared to lowest C-rate capacity). The poorest discharge ca-
pacity of 178 mAh g~ (=41% compared to lowest C-rate capacity)
was obtained from PNC-S-in-situ.

We also benchmarked the long-term cycle performance (Fig. 7C)
at 2C for charging (equivalent to 3350 mAh g~! with respect to
sulfur) and for discharging 1C (equivalent to 1675 mAh g~ with
respect to sulfur). The results after a certain number of cycles are
summarized in Table 5. Among all four carbon-sulfur hybrids,
PNC,-S-annealing demonstrated the highest initial specific
discharge capacity of 800 mAh g, yielding 410 mAh g~ ! after 500
cycles.

The beneficial performance of electrodes obtained from sulfur
melt infiltration can be explained by the low water wettability of

Table 5

the carbon beads [26] because the in situ formation of sulfur is
carried out in an aqueous solution. Thereby, the carbon beads were
incompletely decorated with sulfur, which leads to a low connec-
tivity of carbon and sulfur (as seen from elemental mapping;
Figs. 4—5). The hydrophobic character of elemental sulfur [55] fa-
cilitates covering the available surfaces of carbon in the molten
state efficiently.

By comparison of PNC with PNC, for each synthesis approach,
the activated samples show a higher electrochemical performance
namely, higher specific capacity, better rate capability, and
enhanced performance stability (Fig. 7). The results from material
characterization (Raman, XRD, EDX) illustrate that the filling of the
micropores with sulfur was possible only for the activated samples.
The non-activated samples have residual sulfur in-between the
carbon beads only, which leads to lower electrochemical

Specific discharge capacity of all four hybrid electrodes after 5, 50, 100, and 500 cycles in the potential window of 1.8—2.6 V at low and high discharge/charge rates.

Specific capacity (mAh- g i) discharge: 0.1C;

Specific capacity (mAh-ggin,) discharge: 1C; charge: 2C

charge: 0.2C

Cycle 5 Cycle 50 Cycle 100 Cycle 5 Cycle 50 Cycle 100 Cycle 500
PNC-S-in-situ 233 213 193 281 215 220 216
PNC-S-annealing 661 558 560 191 164 186 186
PNC,¢-S-in-situ 731 504 462 476 382 357 267
PNC,t-S-annealing 884 662 604 534 504 480 407
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performance. Some of this sulfur can be considered as dead mass,
which is only partially contributing to the overall performance of
the battery. In general, we see that PNC, yields higher discharge
capacities than PNC when comparing samples from in situ sulfur
synthesis and sulfur annealing separately. Both, the type of carbon
nanopore architecture and way of sulfur hybridization, play key
roles for the resulting electrochemical performance.

4. Conclusions

In this study, we fabricated spherical, microporous carbons by a
template-free emulsion technique. The surface area, pore size, and
pore volume of carbon were tuned by physical activation method.
The carbon beads with an average pore size of 0.6 nm and 1.5 nm
for the non-activated and activated carbons, respectively, were
employed to embed sulfur via two different filling strategies to
obtain carbon/sulfur hybrids. We used sulfur filling via melt infil-
tration and in situ formation of sulfur from aqueous Na,S,03. The
non-activated carbon beads with pores smaller than 1 nm were
unfavorable to achieve a high loading with sulfur. Therefore, sulfur
is accumulated around carbon beads, whereby it is not fully being
active in the electrochemical reaction in the Li-S battery.

The sulfur filling in the activated samples was achieved with
melt infiltration and in situ sulfur formation. At low rate and when
considering the rate handling, the electrochemical performance of
the melt infiltrated cathodes was superior to the cathodes obtained
from the in situ approach. The hydrophobic character of carbon
leads to an incomplete wetting during the in situ formation of
sulfur from aqueous Na;S,0s3. Therefore, it is likely that the pores
inside the carbon beads are less efficiently filled with sulfur
generated from the aqueous sulfur precursor. The melt infiltrated
carbon benefits from the hydrophobic behavior and creates a ho-
mogeneous hybrid carbon-sulfur cathode for Li-S batteries.
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Abstract:

Ordered mesoporous carbon materials, prepared from co-assembly of a block copolymer and a
commercial resol, were investigated as a sulfur host for LiS-battery cathodes. We studied two
activation methods for such carbons, namely annealing in ammonia (NHs) and carbon dioxide (CO).
We found that both activation environments drastically increased the specific surface area and
establish a micro- and mesoporous pore structure. Treatment with NH; also introduced nitrogen
groups, which increased the initial specific capacity. The non-activated carbon yielded carbon/sulfur
cathodes with an initial capacity of ~900 mAh/gsusr (150 mAh/gsuser after 100 cycles). The initial
capacity was increased to 1300 mAh/g.uirr for the NH; activated sample but with poor cycling stability.
Enhanced performance stability was found for the CO, treated sample with an initial capacity of

1100 mAh/gsuitur (700 mAh/gsuiur after 100 cycles).
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Gyroidal Porous Carbon Activated with NH; or CO, as
Lithium—Sulfur Battery Cathodes

Benjamin Kriiner,”"® Tobias S. D&rr,™ ™ Hwirim Shim,®® Joachim Sann," Jiirgen Janek,' and

Volker Presser*® !

Ordered mesoporous carbon materials, prepared from co-
assembly of a block copolymer and a commercial resol, were
investigated as a sulfur host for LiS-battery cathodes. We
studied two activation methods for such carbons, namely
annealing in ammonia (NH;) and carbon dioxide (CO,). We
found that both activation environments drastically increased
the specific surface area and establish a micro- and mesoporous
pore structure. Treatment with NH; also introduced nitrogen

1. Introduction

Lithium-sulfur batteries (LiS) with their high theoretic specific
capacity of 1672 mAh/g,, are promising for advanced energy
storage considering that sulfur is an abundant, cheap, and low-
toxic resource.™ Sulfur itself shows a very low electrical
conductivity; LiS cathodes, therefore, require hybridization of
sulfur with a conductive matrix material, such as carbon.*
Various microporous,®® mesoporous,”'” and hierarchical po-
rous carbon composites’™"® have been reported as highly
conductive matrices to encapsulate the sulfur. An advanced
pore structure can increase the performance of LiS-batteries
and reduce the sulfur shuttling, which is one of the main
reasons for the LiS-battery degradation."” Especially micro-
porous and hierarchical porous carbons reduce polysulfide
shuttling due to the confinement of the polysulfides to
nanopores.>"""'*'%'¢ There are many different synthesis meth-
ods to produce advanced pore structures, like soft-templating,
hard-templating, in-situ-templating, or using biomass precur-
sors." The material properties and pore structures will depend
on the choice of synthesis method and the set of employed
process parameters.

In 2015, Werner et al."” and Choudhury et al."® synthesized
ordered gyroidal mesoporous carbons for LiS-batteries with
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groups, which increased the initial specific capacity. The non-
activated carbon yielded carbon/sulfur cathodes with an initial
capacity of ~900 mAh/g.w, (150 mAh/g,,q, after 100 cycles).
The initial capacity was increased to 1300 mAh/g,s, for the NH;
activated sample but with poor cycling stability. Enhanced
performance stability was found for the CO, treated sample
with an initial capacity of 1100 mAh/gs, (700 mAh/g ., after
100 cycles).

promising performance owed to the homogeneous winding
pore structure. Werner et al. used a triblock terpolymer poly
(isoprene)-block-poly(styrene)-block-poly(ethylene oxide) (ISO)
and either phenol-formaldehyde resin or oligomeric resorcinol-
formaldehyde to produce different gyroidal mesoporous struc-
tures by co-assembly, followed by carbonization in argon at
900-1600°C.""" An additional removal of a template to
produce the ordered mesopores is unnecessary, because the
ISO decomposes at high temperatures. They also carried out
physical activation of carbon with CO, to create suitable
micropores that encapsulate the sulfur. This hierarchical
activated carbon was used to produce a carbon/sulfur (ratio
1:1) hybrid electrode with a specific capacity of 830 mAh/gy
after 100 cycles."” Choudhury et al. produced gyroidal carbon
by co-assembly of poly(styrene)-block-poly(4-vinylpyridine)
block copolymer (PS-b-P4VP) with 3-pentadecylphenol (PDP).'®
They selectively removed the PDP with ethanol and backfilled
the structure by a resorcinol-formaldehyde solution which was
cross-linked and carbonized at 900°C. The carbon was melt-
infiltrated with sulfur in a ratio of 1:2. The initial specific
capacity of the LiS-battery was around 600 mAh/g,, and
decreased to ~450 mAh/g,,, after 100 cycles measured at low
C-rates (i.e., 0.2C for charging and 0.1 for discharging) in a
potential window of 1.8-2.6 V.

Next to an ordered pore structure, also nitrogen groups are
reported to reduce sulfur shuttling because of strong N-S
bonding."***?¥ Nitrogen can also enhance the activity towards
sulfur reduction and, thereby, provides a higher initial
capacity.**? The many methods to produce nitrogen-doped
porous carbon mainly follow two approaches:?” either direct
pyrolysis of nitrogen-containing precursors (e.g., melamine
resin,”*>" polypyrrole,*? or biomass®®) or post-synthesis treat-
ment of carbon with nitrogen-containing compounds (e.g.,
NH,,2¥ HCN,®?' or HNO;®**"). One disadvantage of the direct
use of nitrogen-containing precursors is that the functional
groups may be released at high pyrolysis temperatures.t” In
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contrast, post-synthesis treatments are an elegant way to
modify a given material without changing the initial reaction
parameters. However, this approach might form additional
functional surface groups instead of actual nitrogen dop-
ing.?’?%*" Wang et al. combined block copolymer co-assembly
using a commercial Pluronic F127 and an in-situ doping during
pyrolysis in ammoniacal atmosphere.®® They obtained a
mesoporous carbon containing up to 9 at% nitrogen in the
form of pyridine, pyrrole, pyridone, and quaternary nitrogen
groups after the treatment at 850°C.”®¥ The resulting material
showed a BET surface area of around 1400 m%*/g with an
average pore diameter of 7 nm and was used as an electrode
for supercapacitors. We applied the in-situ doping during
pyrolysis in NH; to sub-micrometer sized novolac beads in a
previous study.” Thereby, it was possible to achieve micro-
porous carbon beads with a nitrogen content of 5-7 mass%
depending on the target temperature (750-950 °C).

In this study, we combine the beneficial pore size of a
mesoporous carbon prepared by co-assembly of an optimized
ISO block copolymer with in-situ activation upon pyrolysis. We
synthesized three different samples: a mainly mesoporous
carbon (pyrolyzed in argon), hierarchic (meso- and micro-
porous) carbon obtained after CO, activation, and a hierarchic
N-doped-carbon via activation in NH;. The homogeneous pore
structure produced by the co-assembly makes this material
attractive for fundamental investigations. The three carbons
were used for carbon/sulfur hybrid LiS-battery cathodes to
compare the influence of the two different activation methods
on the electrochemical performance. Our work used a commer-
cially available resol as the carbon source and a constant sulfur-
to-carbon ratio of 2:1 considering industrial requirements.

Experimental Section

Materials

For the synthesis of 1SO, benzene (99 %, Alfa Aesar), n-buthyllithium
(nBuLi, 2.5 M in hexane, Alfa Aesar), 1,1-diphenylethylene (DPE,
98%, Alfa Aesar), isoprene (99%, < 1000 ppm p-tert-butylcatechol,
Sigma Aldrich), sec-butyllithium (secBuLi, 1.4 M in cyclohexane,
Sigma Aldrich), styrene (ReagentPlus, stabilized, Sigma Aldrich),
calcium hydride (CaH,, 1-20 mm granules, 88-98%, Alfa Aesar),
ethylene oxide (EO, 99,8%, Praxair), potassium (98%, pieces in
mineral oil, Fisher Scientific), naphthalene (99%, Fisher Scientific),
tetrahydrofuran (THF, 99%, <1000 ppm Stabilizer, Alfa Aesar),
chloroform (CHCl;, 99,8 %, ACS, Alfa Aesar), methanol (MeOH, 99 %
AlfaAesar), hydrochloric acid (HCl, reagent grade, 37%, Sigma
Aldrich), deuterochloroform (CDCl;, 99.8 atom% D, Sigma Aldrich),
and absolute tetrahydrofuran (THF,,, 99.85%, extra dry, non-
stabilized, Acros Organics) were used as received, or purified as
described below. The commercial phenolic resol (Phenodur PR 373)
was obtained from Allnex. Elemental sulfur, polyvinylidene fluoride
(PVDF) powder (molecular mass ca. 534.000 g/mol), N-methyl-2-
pyrrolidone (NMP), bis(trifluoromethane)-sulfonimide lithium salt
(LiTFSI), 1,2-dimethoxyethane (DME), 1,3-dioxolane (DOL), and
lithium nitrate (LINO;) were purchased from Sigma Aldrich. The
battery-grade conductive carbon black (C65) was obtained from
Imerys Graphite & Carbon and the nickel foil (thickness of 13 nm)
from Carl Schlenk. Electrochemical grade high purity (99.9%)
lithium was purchased from PI-KEM. Trilayer porous polyolefin
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separator (type 2325) was obtained from Celgard, and we used
non-woven polypropylene separators from Freudenberg.

Synthesis

Poly(isoprene)-block-poly(styrene)-block-poly(ethylene oxide) (ISO)
terpolymer was synthesized via living sequential anionic polymer-
ization."**" All chemicals were first purified by either nBuLi or CaH,
and distilled under a reduced atmosphere. Sequential polymer-
ization of the first two blocks was performed in benzene at room
temperature using secBuli as an initiator. The living poly(isoprene)-
block-poly(styrene) was end-capped by ethylene oxide, deactivated
by MeOH/HCI, and washed several times with MilliQ water. After
drying in vacuum at 90°C, the polymer was dissolved in THF and
reactivated by potassium naphthalenide, and the last block was
prepared. The final ISO was precipitated from CHCl; in an aliquot of
MeOH, filtrated, and stored at 6 °C.

The 1SO/resol hybrids were synthesized by a modified synthesis
previously reported by Werner et al. (Ref. [19]). Briefly, a 4.0 mass%
ISO in THF:CHCI; (1:1 by mass) stock solution was combined with
12.5 mass% resol (in THF) solution. The optimized structure was
achieved with an ISO-to-resol mass ratio of 1:0.734 and a stirring
time of 24 h. The mixture was then placed on a hotplate under a
glass dome at 35°C for 2d for the evaporation-induced self-
assembly (EISA). The resulting rubber-like hybrids were further
aged successively from 90°C to 130°C to remove residual solvents
and promote cross-linking.

The different activated mesoporous carbons were obtained by
heating the 1SO/resol hybrids in different atmospheres (Ar: G*-C-Ar,
CO,: G*-C-CO, and NH;: G*-C-NH,) at 5°C/min to 850°C. The argon
flow for all samples was constant with 50 cm®/min, and CO, or NH,
was added to the inert gas. G*-C-Ar was held for 3 h at 850°C only
in Ar. The sample G*-C-CO, was heated in Ar and annealed for 3 h
at a temperature of 850°C with an additional CO, gas flow of
100 cm®/min. G*-C-NH; was also heated in a mixed Ar/NH,
atmosphere with an NH; gas flow of 20 cm®*/min while the argon
flow was maintained at 50 cm®*/min. This sample was held for
2.25h at 850°C in that specific gas mixture. Different annealing
times for the heat treatment were necessary to achieve similar
surface areas and allow the best comparability between the
samples. The cooling was always carried out in an inert argon
atmosphere. The carbon monoliths were ground in a mortar, and
the particle size was reduced with a BeadBug Microtube homoge-
nizer to a few micrometers.

Using melt infiltration, the carbon/sulfur hybrids were synthesized
(GA-C-Ar/S, G*-C-CO,/S, and G*-C-NH,/S). The samples were homo-
genized in a mortar with sulfur and annealed at 155°C for 5 h.
Sulfur has its lowest viscosity at this temperature, and capillary
forces assist the sulfur transport into the carbon pores.”

Material Characterization

The synthesized ISO terpolymer was characterized by gel perme-
ation chromatography (GPC) and 'H nuclear magnetic resonance
(NMR) spectroscopy. The molecular weight (M,,) and polydispersity
(PDI) of the terminated polyisoprene (Pl) block (taken from the
reaction during synthesis) was determined using a WATERS
ambient-temperature GPC system equipped with a WATER 2410
differential refractive index (RI) detector and a sample concen-
tration of 1 mg/mL in THF. '"H-NMR spectra after each polymer-
ization step were recorded with a Bruker Advance Ill HD Nanobay
equipped with a SampleXpress autosampler and a BBFO probe for
5 mm tubes. The samples were dissolved in CDCl; and measured at
300 MHz. The final M,, of the polymer was determined by normal-
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ization of the Pl "H-NMR signal to the M, determined by GPC. The
overall polydispersity index (PDI) was further analyzed by GPC of
the terminated terpolymer.

For small-angle X-ray scattering (SAXS) of the powdered sample
after melt infiltration, an adequate piece of the polymer/resol
hybrid or the monolithic carbon disc was sealed in polyimide tape.
The measurements were performed on a Xenocs XEUSS 2.0,
equipped with a Dectris Pilatus 1 M detector (detector distance of
250 cm) and a Cu-K,, source (154 pm). Calibration of the device was
conducted with silver behenate, and total radial integration (with
masking the primary beam) was performed for the 1D pattern.

We used for scanning electron microscopy (SEM) a JSM-7500F (Jeol)
field emission scanning electron microscope with an operating
voltage of 5 kV. Transmission electron microscopy (TEM) was carried
out with a JEM-2100F (Jeol) and a high beam voltage of 200 kV.
Energy dispersive X-ray spectroscopy (EDX) mapping was done at
the TEM at 200 kV with an attached detector from Thermo
Scientific (MC100021).

The porosity of the carbon materials was quantified by use of N,
and CO, gas sorption analysis (Quantachrome Autosorb iQ). The
samples were degassed at 300°C for 20 h in a vacuum of 10 kPa to
remove volatile components from the surface. The nitrogen
measurements were performed in liquid nitrogen (—196 °C) with a
relative pressure between 5-1077 and 1.0 in 76 steps. The CO,
measurements were conducted at 0°C with a relative pressure
between 7-107° and 0.024 in 40 steps. A mixed quenched-solid
density functional theory (QSDFT) assuming slit-like and cylindrical
pores was applied to obtain the pore size distribution and specific
surface area (SSA) above 0.9 nm from the N, isotherm and a non-
local density functional theory (NLDFT) for deconvolution of the
CO, isotherms for pore sizes below 0.9 nm."***! We also used the
Brunauer-Emmett-Teller (BET) equation in the linear part of the
isotherm to obtain the SSAz+*' The calculations were carried out
with the ASiQwin software.

X-ray photoelectron spectroscopy (XPS) measurements were con-
ducted in a PHI Versaprobe Il Scanning ESCA Microprobe (Physical
Electronics) using a monochromatized Al-K, X-ray source (beam
diameter 50 um, X-ray power of 12.5 W). The analyzer pass energy
for detail spectra was set to 11.75 eV with a step time of 50 ms and
a step size of 0.1eV. For the measurement, the sample was
mounted on insulating tape and flooded with slow electrons and
argon ions using the built-in ion sputter and electron guns to
compensate the surface charge. Data evaluation was performed
using CasaXPS software. The samples were already electronically
conductive, were grounded during measurement with no further
charge neutralization, and no further calibration was applied to the
data. The analyzer itself was calibrated to a C1s C—C binding energy
of 284.8 eV.

The chemical composition of the carbon/sulfur hybrids was
determined with CHNS and O elemental analysis and thermogravi-
metric analysis (TGA). A vario MICRO cube system (Elementar
Analysensysteme) oxidized the samples at 1150°C in a tin sample
holder, and the system was calibrated with sulfanilic acid
(41.6 mass% C, 4.1 mass% H, 8.1 mass% N, 18.5mass% S). The
oxygen content was measured with a rapid OXY cube from
Elementar at a pyrolysis temperature of 1450°C. The device was
calibrated with benzoic acid. The TGA measurements were
performed with a Netzsch Libra TG 209 F1 in the temperature
range from 25°C to 700 °C with a heating rate of 10 °C/min under a
constant flow of synthetic air.

Phase analysis was carried out with X-ray diffraction (XRD) and
Raman spectroscopy. A D8 Advance diffractometer (Bruker AXS)
with Cu-K, radiation (40 kV, 40 mA) was used in point focus mode
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with a Goebel mirror and a 2D detector (Vantec-500). The samples
were placed on a sapphire single crystal.

The Raman spectra were recorded with a Renishaw inVia system
using laser power of 0.2 mW on the sample with an excitation
wavelength of 632.8 nm, a grating of 1800 lines/mm, a recording
time of 10 s per step, and 50 accumulations to reduce the signal to
noise ratio. The D- and G-modes were fitted with four Voigt peaks.

Electrochemical Measurements

The sulfur-infiltrated carbon samples were mixed with 10 mass%
carbon black (C65) and 8 mass% PVdF (dissolved in NMP). The
suspension was treated with a magnetic stirrer for 1d and then
coated on the nickel foil with a doctor blade (wet thickness:
200 pm). The electrodes were dried for ~16 h in the fume hood at
room temperature and afterward heated to 80°C in an oven for 8 h
do evaporate any residual solvent. Then, electrode discs with a
diameter of 14.2 mm were punched out and placed in a CR2032
coin cell in a two-electrode setup. A lithium disc with a diameter of
15.6 mm was used as a counter electrode with one Celgard 2325
separator. The amount of electrolyte is important for the perform-
ance of LiS-batteries.*® Therefore, we used for the electrolyte (1 M
LiTFSI40.25 M LiNO; in 1:1 DME/DOL by volume) a ratio to sulfur
of 10.7 mL/gy, The electrolyte was pipetted onto the electrode,
and the Celgard 2325 separator was placed on it. The sealed coin
cells were tested with a battery analyzer from Astrol (BatSmall) in
galvanostatic charge/discharge mode at a constant current of
336 MA/Jejectrode (0-2C) for charging and 168 MA/ggecroge (0.1C) for
discharging in the potential window of 1.8V to 2.6 V vs. Li/Li*. The
charging rate was twice as large as the discharging rate. For rate
capability measurements, the coin cells were measured at different
rates from 0.1C (discharge)/0.2C (charge) for 20 cycles, 0.2C
(discharge)/0.4C (charge) for the next 10 cycles, 0.5C (discharge)/1C
(charge) for further 10 cycles, 1C (discharge)/2C (charge), and again
0.1C (discharge)/0.2C (charge) for the final 20 charging-discharging
cycles. We normalized the capacity to the mass of sulfur or the
mass of the electrodes, as seen from the labels “gg” OF “Jelectrode. -

2. Results and Discussion
2.1. Material Characterization of the Three Gyroidal Materials

The simplified preparation of our different activated mesopo-
rous carbon/sulfur hybrids is shown in Figure 1. The poly
(isoprene)-block-poly(styrene)-block-poly(ethylene oxide) (ISO)
comprises 31 vol%, 65vol% and 4vol% polyisoprene (Pl),
polystyrene (PS) and poly(ethylene oxide) (PEO), respectively,
and has a PDI of D,=1.09 at a total My, of 51000 g/mol. In a
first step, we selectively swelled the hydrophilic PEO by a
commercial resol (see Supporting Information, Figures S1-S2).
Through the evaporation-induced self-assembly (EISA) process,
the mixture separated into phase-pure microdomains of each
block. The resulting 1SO/resol hybrid was pyrolyzed in different
atmospheres to archive either mainly mesoporous carbon
(argon; sample: G*-C-Ar) or hierarchically meso- and micro-
porous carbon (CO,; sample: G*-C-CO,, and NHs; sample: G*-C-
NH,). These carbons served as a conductive host material for
the following melt-infiltration of sulfur.

Electron micrographs of the non-activated carbon (G*-C-Ar)
are shown in Figure 2A-D. We did not observe noticeable
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Figure 1. Schematic illustration of the synthesis of the gyroidal carbon/sulfur
hybrid materials, by co-assembly, pyrolysis in Ar, CO,, or NH5, and melt
infiltration with sulfur.

differences in the structure and morphology in the SEM images
after the different activation conditions. By optimization of the
preparation process and the ISO-to-resol ratio, we ensured a
high degree of near- and long-range order of the resulting pore
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system. Estimated from electron micrograph, we determined
homogenously distributed pores with an average pore size of
20 nm. The material shows no long-range ordering or highly
crystalline structure, as can be seen from high-resolution TEM
images (Figure 2D).

Results of the SAXS measurement of the 1SO/resol hybrid
and the various activated mesoporous carbon samples are
provided in Figure 2E. From the first order diffraction (g*), we
calculated the expected peak positions for allowed g/g* ratios
of the alternating gyroid (G*) morphology (g/g*=1, /3, V/4,
V/5, ...) and give the fits above the corresponding pattern as
triangles.*”! The 1SO/resol hybrid with its low electron density
difference of the components shows blurred peaks which are
consistent with the G* morphology and well preserved during
pyrolysis in first and second order diffraction for the activated
mesoporous carbons. From g* the periodicity (d,,,) was
calculated to 50.4 nm for the 1SO/resol hybrid, which shrinks
during heat treatment by around 30% to 35.1 nm for G*-C-Ar.
The shift towards higher g* values for the CO, and NH;
activated carbons indicates a decreasing value for d,q. After
activation, additional micropores blur the initially sharp inter-
face boundaries (air/carbon), which results in peak broadening
and no clear d,, peak can be identified.

We used nitrogen gas sorption at —196°C and carbon
dioxide gas sorption at 0°C to characterize the porosity of our
materials (Table 1). The nitrogen sorption isotherms of G*-C-CO,

>
=
®
c
]
et
=

ISO/resol hybrid
Yv
'“

Figure 2. (A-C) SEM images of G*-C-Ar. (D) TEM image of G"-C-Ar. (E) SAXS pattern of the 1SO/resol hybrid, G*-C-Ar, G*-C-CO,, and G"-C-NH;.

Table 1. Porosity data of the three samples obtained by the combination of CO, and N, gas sorption.
Sample SSAger SSAper Micropore Micropore Total pore Average Average
[mz/g] [mz/g] volume volume volume micropore mesopore
[cm®/g] [%] [cm/g] size [nm] size [nm]
GP-C-Ar 197 739 0.17 22 0.78 0.55 21.2
G*-C-CO, 1264 1530 0.43 33 1.29 0.62 227
G*-C-NH, 1191 1328 0.37 25 1.49 0.80 18.6

Batteries & Supercaps 2018, 1, 83-94 www.batteries-supercaps.org

86 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1002/batt.201800013

A®*ChemPubSoc
v Europe

and G*-C-NH, are very similar and a mix of Type I(a) and Type ||
with Type H4 hysteresis loops, typical for micro-mesoporous
carbons (Figure 3A).*¥ In comparison, the sample G*-C-NH,
shows lower adsorption in the low-pressure range and higher
adsorption in the high-pressure range. This aligns with the
calculated surface area of 1264 m?/g SSAg for G*-C-CO, and of
1191 m%/g SSAg for G*-C-NH,. The nitrogen sorption isotherm
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of G*-C-Ar shows a low nitrogen adsorption capacity in the low-
pressure range, aligning with a low SSAg; of 197 m%g. To
investigate sub-nanometer pores more accurately, we also
conducted CO, sorption analysis (Figure 3B). As seen from these
data, there is significant CO, adsorption of G*-C-Ar with an
amplitude like G*-C-NH;. We used the NLDFT model assuming
slit pores for deconvolution of the CO, isotherms and calculated
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Figure 3. (A) Nitrogen and (B) carbon dioxide sorption isotherm with the combined pore size distribution of G*-C-Ar, G*-C-CO,, and G*-C-NH,. (C) Cumulative
SSA and (D) cumulative pore volume calculated with density functional theory kernels. (E) C 1s and (F) N 1s signal of the XPS measurements sample G*-C-NH,.
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the pore size distribution up to 0.9 nm for all samples. For
larger pores, we used data from the N, sorption isotherms and
employed a QSDFT kernel. The resulting pore size distributions
are shown in Figure 3C-D. The lowest SSAye has G*-C-Ar with
739 m%g, followed by G"-C-NH; with 1328 m?%g, and G*-C-CO,
with 1530 m?%/g. G*-C-Ar also has the lowest pore volume of all
materials with 0.78 cm®/g and its average micropore size is
0.55 nm, while the mesopores have an average diameter of
21.2 nm. The micropore volume of G*-C-CO, is the highest with
043 cm®g, and the total pore volume is 1.29 cm®/g. The
micropores of G*-C-CO, are very small with an average value of
0.62 nm, while the mesopores are the largest in average with
22.7 nm. The activation with ammonia leads to a broader pore
size distribution which results in a larger average micropore
size of 0.80 nm and the largest total pore volume of all three
materials with 1.49 cm®/g.

The results of the elemental analysis (CHNOS) of the carbon
materials are summarized in Table 2. G*-C-Ar and G*-C-CO, have
a very similar chemical composition: both mainly contain
carbon (94 mass%) and oxygen (4 mass%), with negligible
amounts of hydrogen and nitrogen. The NH; activation
introduced around 7 mass% nitrogen and increased the oxygen
content to 9 mass%. The latter value is close to the composition
of nitrogen-containing novolac-derived carbon beads which
were produced under similar conditions in a previous study.?”

We also quantified the chemical composition by XPS
(Table 3). The high surface sensitivity of XPS indicates that the
higher oxygen content of G*C-CO, aligns with the larger
amount of oxygen-containing functional groups at the acti-
vated surface. G*-C-NH, has a lower total amount of heter-
oatoms from XPS compared to the CHNS and O analyses, but a
surplus of oxygen compared to nitrogen. The C 1s and N 1s
spectra of G*-C-NH; are plotted in Figure 3E-F. Deconvolution
of the N 1s signal allows the identification of nitrogen-
containing groups.**" We assign around 22% to pyridinic
groups with its typical binding energy of 398 eV (N1).5°*" 60%
of nitrogen groups have a binding energy of 400 eV with a
broadened signal, typical for pyrrolic, amine, and amide
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groups.®” Graphitic nitrogen groups have a binding energy of

~401 eV, and a minor fraction of these groups might be present
as well.®**" A third kind of nitrogen group with a binding
energy of 404 eV can be quantified with 18%, which relates to
oxygen-bound nitrogen-like pyridine oxide.”" The high amount
of oxygen found in the chemical analysis aligns with this
assumption. The absence of larger fractions graphitic nitrogen
is in contrast to previous works where ammonia annealing was
used to implement graphitic nitrogen groups in activated
phenolic resins (novolac).®*!

To further analyze the carbon structure, we applied Raman
spectroscopy (Figure 4B). The positions as well as the full-width
at half-maximum (FWHM) of the D- and G-mode and the Ip/ls-
ratios are listed in Table 4. The G-mode of all three samples is at

Table 4. Peak characteristics of the D- and G-mode of the Raman spectra.

Sample Position FWHM I/l
[em™] [em™]

G-C-Ar D-mode 1316 155 1.67
G-mode 1593 76

G*-C-CO, D-mode 1324 135 1.53
G-mode 1600 70

G*-C-NH, D-mode 1326 126 1.89
G-mode 1605 61

1593-1605 cm™', and the Ip/ls-ratio ranges from 1.53 to 1.89,
indicative of nanocrystalline graphitic carbon.”>*¥ The sample
G*-C-Ar shows broader peaks (FWHMp: 155 cm™ and FWHMg:
76 cm™') due to a higher amount of amorphous carbon in the
structure, which is in good agreement with TEM images seen in
Figure 2.°¥ The samples G*-C-CO, and G*-C-NH, show narrower
peaks because the activation with carbon dioxide (FWHMp:
135cm™ and FWHMg 70cm™’) and ammonia (FWHMp:
124cm™ and FWHMg 61cm™") prefers the removal of
amorphous and less ordered carbon.®*

The incompletely graphitic structure of the gyroidal carbons
was confirmed with XRD (Figure 4C). Only the X-ray reflections

Table 2. Elemental composition of chemical analysis and the TGA measurements of the carbon samples and the carbon/sulfur hybrids (n.d.: not detected).
CHNOS analysis TGA

Sample C [mass%] H [mass%] N [mass%] S [mass%] O [mass%)] S [mass%]

G"-C-Ar 93.5+0.3 1.4+09 0.5+0.1 n.d. 46+0.2 -

GC-CO, 943+0.8 1.1+0.1 0.3+0.1 n.d. 43+1.0 -

G"-C-NH, 82.5+0.1 1.8+0.1 6.5+0.1 n.d. 9.2+0.1 -

GMC-Ar/S 29.0+0.3 0.5+0.1 0.2+0.1 67.3+£0.8 3.0+0.5 68.1

G"-C-CO,/S 29.1+0.5 05+0.3 0.2+0.1 67.6+0.5 2.7+0.7 67.1

GP*-C-NH,/S 25.8+0.3 04+0.1 2.0+0.1 67.8+0.6 41+09 67.5

Table 3. Chemical composition of the NC-carbon samples measured with XPS (normalized to 100%) and bonding content of the N 1s peak (n.d.: not
detectable).

Sample C N (0] N1 at 398 eV N2 at 400 eV N—O at 404 eV

[mass%] [mass%] [mass%] [%] [%] [%]

G*-C-Ar 93.3 n.d. 6.7 nd. nd. nd.

G*-C-CO, 823 nd. 17.7 n.d. n.d. n.d.

G*-C-NH, 86.0 5.0 9.0 21.6 60.3 18.1
Batteries & Supercaps 2018, 1, 83-94 www.batteries-supercaps.org 88 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. (A) Thermogravimetric analysis of the carbon/sulfur hybrids measured in synthetic air, (B) Raman spectra, and (C) XRD pattern of the carbon and the

carbon/sulfur samples including the 2D XRD pattern (D—F).

of the (002) plane at 23° 260, and (110) plane at 44° 20 of carbon
can be observed for all samples.*>** The reflections of G*-C-Ar
are more intense than for the other two samples, even though
the Raman spectra showed that all three materials have a
similar carbon structure. This can be explained by the higher
porosity of the CO, and NH, activated samples, which reduces
the stacking of graphene layers and the overall signal
strength.”

2.2. Characterization of the Carbon/Sulfur Hybrids

We choose melt infiltration to prepare the carbon/sulfur hybrid
electrodes based on our previous experience with microporous
carbons.” The TGA data in Figure 4A confirm an average sulfur
content of 66.6 mass% by the mass loss due to the evaporation
of the sulfur in the range from 200°C to 350°C. This sulfur
loading was corroborated by the chemical analysis where the
samples showed values of 67.3-67.8 mass% (Table 3). Based on
these values, the amount of electrolyte was calculated, and the
performance of the LiS-battery was normalized to the sulfur
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mass. The TGA data also give insights into the nanoconfine-
ment of sulfur. The curve of G*-C-Ar/S exhibits only one single
step for the sulfur evaporation, while G*-C-CO,/S and G*-C-NH,/
S data have a lower slope at higher temperatures (~275°C).
Sulfur confined in micropores evaporates at higher temper-
atures compared to bulk sulfur™ Since TGA measurements
were carried out in synthetic air, the carbon burn-off is identical
from 500°C. Note that all samples achieve finally complete
volatilization (i.e., 100% mass loss), which confirms the absence
of incombustible (inorganic) impurities in the samples.

The position and FWHM of the carbon-related D- and G-
modes were not affected after sulfur infiltration since the
temperature of 155°C is too low to change the carbon
structure (Figure 4B). The lower intensity of the carbon signal in
G*-C-Ar/S results from the high signal strength of crystalline
sulfur below 500 cm™". The other two hierarchically porous
samples have no observable sulfur signals, which indicates
homogeneously confined sulfur inside the pores. The crystalline
nature of sulfur was further investigated by XRD (Figure 4C-F).
In all three carbon/sulfur samples, typical crystalline sulfur
diffractions are obvious. While the sample G*-C-Ar/S showed

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the presence of orthorhombic and monoclinic sulfur, the sulfur
inside G"-C-CO,/S and G"-C-NH,/S is only monoclinic. Sulfur
forms first a monoclinic phase when it solidifies which converts
to an orthorhombic stricter later. The mesoporous confinement
of the carbon hinders the formation of such an orthorhombic
crystal structure, as it is the case for G*-C-Ar/S where sulfur is
additionally located outside the mesopores. The sample G*-C-
Ar/S has also sulfur which is not confined to the mesopores
which can faster convert to orthorhombic sulfur. Using the
Scherrer equation, it is possible to estimate the average domain
size of the sulfur crystals.”® The orthorhombic sulfur in the
sample G*-C-Ar/S shows no peak broadening beyond from
finite domain sizes; therefore, these crystals must be larger than
100-200 nm and cannot completely fit into the gyroidal
structure. The presence of large sulfur crystals is confirmed
from the spotted Debye rings seen in the 2D diffraction pattern
(Figure 4F). The average domain size of the sulfur in G*-C-CO,/S
and G*-C-NH,/S is approximately 60 nm, which is larger than
the pore diameter of around 20 nm. Therefore, sulfur crystals
are predominating growing among the mesopores. Besides the
sulfur peaks from G*-C-CO,/S and G*-C-NH,/S, we observed also
a broad amorphous peak, which can only partly be related to
non-graphitic carbon. These large reflections occur due to
sulfur within the micropores, unable to grow to large crystals
due to the confinement.” By having a look at the 2D diffraction
pattern of G*-C-CO,/S and G*-C-NH,/S, we see complete Debye
rings of the sulfur phase, which indicates a very homogeneous
distribution of the sulfur in the carbon pores.

The distribution of the elements was visualized by a TEM-
EDX mapping (Figure 5). G*-C-Ar/S shows an overlapping of the

>
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Figure 5. TEM images of the samples (A) G*-C-Ar/S, (B) G*-C-CO,/S, and (C)
G"-C-NH,/S including EDX mapping of carbon and sulfur.

carbon and sulfur mapping in the entire analyzed area, but the
intensity of carbon and sulfur is different at certain locations
(Figure 5). This inhomogeneous intensity distribution indicates
that the sulfur is not filling the pores completely and is also
found on the external surface in large amounts. External sulfur
aligns also with the large sulfur domain sizes calculated from
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XRD. The samples G*-C-CO,/S and G*-C-NH,/S show a very
homogeneous carbon and sulfur distribution, supporting the
XRD data and the conclusion of sulfur confinement within the
pores.

2.3. Electrochemical Characterization

The carbon/sulfur hybrids were tested as LiS-battery cathodes
at low C-rates (0.1C discharge, 0.2C charge). The discharge
capacity and the Coulombic efficiency of these measurements
with the voltage profile of selected cycles are plotted in
Figure 6. Initially, G*-C-Ar/S shows a high capacity of more than
700 mAh/g, ., for the first few cycles, followed by a rapid
decrease, and reaching 151 mAh/g ., after 100 cycles. Since
sulfur was incompletely filling the micro- and mesopores, it is
likely that polysulfides are easily dissolved in the electrolyte,
which results in stronger sulfur shuttling. It is also likely that the
electron transfer from the carbon towards the sulfur is
hindered, due to the low accessible surface area. We also see
distinct features in the measured voltage profile shown in
Figure 6B. Usually, two plateaus are expected for LiS-batteries
during discharge in the range of 2.3-2.4V and at ~2.1V vs. Li/
Li* (as was seen for G*-C-CO,/S, Figure 6C). The first plateau at
2.3-2.4 V occurs from the reduction of elemental sulfur to large
Li-polysulfides (Li,S,4)."*® The second plateau is related to the
further reduction to small Li-polysulfides (Li,S, and Li,S).*"*®
The voltage profile of the sample G*-C-Ar/S shows a first
plateau in the range of 2.2-2.3V vs. Li/Li*, then a decrease to
almost 1.8V vs. Li/Li" which indicates the formation of small
polysulfides, followed by a potential increase. During the
discharge of the cell, the potential is increasing again and
reaches around 2.1V vs. Li/Li*, which is characteristic for the
reaction of larger polysulfides. Sulfur, which is not confined to
the carbon pores, is expected to react completely before the
sulfur within the pores becomes accessible. This is well visible
for G*-C-Ar/S, where the sulfur is not homogeneously distrib-
uted because the mesopores cannot accommodate the large
sulfur content. This finding is supported by XRD result, where
the orthorhombic structure indicates the formation of much
larger crystals, which do not fit inside the pores. From a
practical application point of view, however, such high sulfur
mass loadings are desirable.” Sulfur inside the porous carbon is
most probably only accessible for the electrolyte when the
sulfur on the outside of the particles has been dissolved. The
larger polysulfides then increase the potential in the voltage
profile by reacting to smaller units. This behavior is reduced
when the LiS cell is running for a larger number of cycles
because more pathways are generated, and a lower capacity is
obtained due to polysulfide shuttling.

The G*-C-CO,/S samples show typical LiS-battery voltage
profiles with the two plateaus for the reduction of sulfur
towards Li,S for all cycles (Figure 6). The initial specific capacity
of 1098 mAh/g,, remains above 800 mAh/g,s, after 50 cycles
and above 700 mAh/g,z, after 100 cycles measured with a C-
rate of 0.1C for the discharging and 0.2C for the charging step.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. (A) Electrochemical performance of the LiS-batteries at low C-rates (0
selected cycles.

After 100 cycles, the capacity fade increases and a specific
capacity of about 450 mAh/g., is reached after 200 cycles.
G"-C-NH,/S shows among all samples the highest initial
specific capacity of about 1300 mAh/g, ., corresponding to
78% of the theoretical specific capacity (Figure 6D). After 10
cycles, the capacity is still above 1000 mAh/g, ., Which is

Batteries & Supercaps 2018, 1, 83-94 www.batteries-supercaps.org

.1C discharge and 0.2C charge) and (B-D) corresponding voltage profiles of

higher than the capacity for G*-C-CO,/S. After the 20™ cycle,
capacity and Coulombic efficiency decreases significantly. The
voltage profile for the 25" charging cycle in Figure 6D shows a
large plateau at 2.3-2.4V vs. Li/Li*. This region shows a large
energy consumption and we assume the decomposition of
nitrogen groups.
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The discharge specific capacity after 50 cycles is 100 mAh/
Jeurer @nd only ~10 mAh/g,q, after 75 cycles. Seemingly,
nitrogen groups enable a higher specific capacity initially
because of the affinity of sulfur towards the carbon surface in
good agreement with previous works.?>*?¢ Yet, this perform-
ance cannot be maintained for a large number of cycles. It is
likely that degradation of nitrogen- and oxygen-containing
functional groups (mainly pyrrolic, amine, and amide groups)
causes the poor long-time electrochemical performance. Other
studies which propose that nitrogen groups enhance the
electrochemical performance of LiS-batteries often have graph-
itic or pyridinic nitrogen and only low amount of amorphous
carbon in contrast to our mainly non-graphitic carbon
host.232°62%4 These features might be crucial for nitrogen-
doped carbon materials for LiS-batteries.

To have better understanding on the performance stability,
we carried out post-mortem XPS, TEM, and EDX mapping
measurements of the cathode after the long-time stability test
at low C-rates. The XPS spectra (Supporting Information,
Figure S4) show that a solid electrolyte interphase (SEI) was
formed. The binding energies of the Cl1s, N1s, F1s, Lils, and O1s
in Figure S4 fit the energies found in the literature for SEI
components like LiTFSI, Li,CO,, or polysulfides.®*® The TEM
images (Figure S5) show that the gyroidal structure was
maintained after the electrochemical measurements. A TEM-
EDX mapping was conducted (Figure S6), which shows that
carbon, sulfur, nitrogen, and oxygen remain well distributed in
the sample. The measured nitrogen is not only related to
nitrogen functional groups but also to the SElI which contains
decomposed products of the electrolyte.

An overview of the LiS-performance data normalized to the
mass of sulfur and the whole electrode mass with values from
the literature is given in Table 5. We choose only carbon/sulfur
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materials which were produced with similar synthesis condi-
tions (melt infiltration) and measured under comparable
conditions (e.g., same electrolyte and similar potential window).
Other sulfur infiltration methods like the in-situ formation from
Na,S,0; also show high specific capacities of > 1300 mAh/g,s
for the first cycle with a quite stable performance.” The carbon
host can only be compared when the same infiltration method
is used because it has a significant influence on the perform-
ance.®*® Another approach to producing stable LiS-batteries
can be achieved by C/Li,S-hybrids instead C/S-hybrids.®” Such
system can reach a specific capacity of >1100 mAh/g ., (~
800 mAh/g,n, after 100 cycles with a sulfur loading of
~61 mass%).”” The comparison of different C/S-hybrid cathode
materials measured at similar conditions in Table 5 shows
improved performance for the activated gyroidal carbons. The
gyroidal carbon materials used by Werner et al. show higher
stability normalized to the amount of sulfur (810 mAh/gq.,
after 100 cycles), but this study used a low carbon to sulfur
ratio of only 1:1.%" Even though the sulfur content was
relatively low, a relatively high specific capacity normalized to
the electrode of 365 MAh/Qeecroce after 100 cycles was
reported,”’” 'which is lower compared to G*-C-CO,/S after 100
cycles (387 mAh/g). The high electrode normalized specific
capacity of Werner et al. was reached because they were not
using additional conductive additives for the low C-rate
measurements even though the sulfur content was relatively
low."” Nevertheless, conductive additives are necessary to
reach high C-rates and to enhance the overall performance.®
The gyroidal-templated carbon material from Choudhury et al.
has a relatively low electrode normalized specific capacity of
236 MAh/Qejectroge after 100 cycles.™ Other comparable micro-
porous and mesoporous materials from the literature show
after 100 cycles a lower specific capacity than the G*-C-CO,/S

Table 5. Specific discharge capacity of all three hybrid electrodes after 1, 5, and 100 cycles at low discharge/charge rates with a comparison of other carbon

materials for LiS-batteries from the literature.”!

Electrode material Porosity type ~ SSAg;  Potential  Specific capacity [mAh/g]® Ref.

[m%gl  vs. Li/Li 1% cycle 5% cycle 100" cycle
I\ per per per per per per
sulfur  electrode sulfur electrode sulfur electrode

G"-C-Ar/S mesoporous 197 1.8-2.6 611 336 754 414 151 83 this work

G*-C-CO,/S micro- & 1264 1.8-2.6 1098 603 944 519 704 387 this work
mesoporous

G*-C-NH,/S micro- & 1191 1.8-2.6 1294 71 1080 593 9 5 this work
mesoporous

G*MC-15-900°C mesoporous 600 1.5-2.8 1392 626 1070 482 728 328 [17]

aGPMC-15-CO,-10 h micro- & 2030 1.5-2.8 1700 765 1130 509 810 365 [17]
mesoporous

Gyroid-templated-C micro- & 885 1.8-2.6 580 319 590 324 430 236 [18]
mesoporous

PNC-S-annealed microporous 529 1.8-2.6 1063 601 661 374 560 317 [6]

PNC,.-S-annealed microporous 2700 1.8-2.6 1159 656 662 375 604 342 [6]

OLC-S-1 mesoporous 400 1.8-2.6 950 530 730 407 670 374 [66]

Carbon aerogel micro- & 1395 1.8-2.8 910 364 800 320 600 240 [71]
mesoporous

BCP templated carbon micro- & 630 1.8-2.6 1050 568 800 433 530 287 [72]
mesoporous

Kroll-C/S_53 micro- & 1990 1.8-2.6 1089 577 ~1000 530 817 433 [9]
mesoporous (80" cycle) (80" cycle)

[a] The specific capacity is normalized to the mass of sulfur and to the mass of the whole electrode. [b] Discharge: 0.1C; charge: 0.2C
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material; the latter had a capacity of 704 mAh/g, ., Which
corresponds to 387 MAh/Jeiectroqe (Cycled at 0.1C for discharging

and 0.2C for charging).

The performance of the gyroidal carbon materials was also
investigated at higher charge and discharge rates (Figure 7).
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Figure 7. Electrochemical performance of G*-C-Ar/S, G*-C-CO,/S, and G*-C-

NH,/S at different rates.

The sample G*-C-Ar/S does provide stable performance, yet
only a small effect of scan rates is seen for the specific capacity.
The specific capacity of G*-C-NH,/S and G"-C-CO,/S slightly
reduces at 0.2C (discharge) and 0.4C (charge), but there is a
large performance drop below 200 mAh/g,, at higher C-rates.
It is likely that the crystalline sulfur within the mesopores
hinders the intrapore mass transport. At low rates, this issue is
not a limiting factor because the system is given sufficient time
for sulfide dissolution. At high rates, the sulfur in the mesopores
cannot be fully capitalized on; therefore, activated and non-
activated materials show a similar performance. By reducing
the C-rate again to the initial charge/discharge rate, the high
specific capacity with a stable performance is restored,
especially for G*-C-CO,/S.

Electrochemical impedance spectroscopy of the initial cells
at 2.6 V vs. Li/Li* was carried out, and the Nyquist plot is shown
in the Supporting Information, Figure S3. The Ohmic resistance
(Ry) is influenced by the electrolyte resistance, the current
collector, and the cell design and all material showed a very
similar value for R,” This relates to the use of the same
setup and cell design for all measurements. The charge transfer
resistance (R, in the medium-to-high-frequency range corre-
lates to the electrochemical kinetics and is also similar for all
three hybrid cathode materials.”®”® The R, for G*-C-CO,/S is
slightly smaller compared to the value of G*-C-Ar/S and G*-C-
NH,/S which is in line with the similar performance at high C-
rates (1C discharge and 2C charge), where G*-C-CO,/S also
performs better.
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3. Conclusions

In this study, we prepared ordered porous carbons by co-
assembly of a commercial resol with an ISO block copolymer.
The latter was pyrolyzed and in-situ activated in different
atmospheres, namely Ar, CO,, or NH;. All samples had micro-
and mesopores, with the smallest volume of micropores and
smallest total pore volume after treatment just in argon (G*-C-
Ar; non-activated sample). Larger pore volumes were obtained
after activation with CO, (G"-C-CO,) or NH; (G*-C-NH,). We
hybridized all samples with sulfur using melt infiltration to test
the resulting materials as cathodes for LiS-batteries. The pore
structure of the non-activated sample was not suitable to
achieve a homogeneous phase distribution. The ammonia
activation increased microporosity and formed nitrogen func-
tionalities, identified by XPS as pyridinic, pyrrolic, amine, and
amide groups. These groups lead to a superior initial capacity
(~1300 mAh/g,z, in the 1% cycle), but simultaneously drasti-
cally reducing the long-term stability. The activation with CO,
did not change the chemical composition much compared to
the non-activated argon sample but enhanced the total pore
volume and the microporosity. Thereby, it was possible to
obtain a homogeneous carbon/sulfur hybrid by melt infiltration.
This cathode material showed a slightly lower initial capacity of
1100 mAh/g s but rather stable performance with a specific
capacity of more than 700 mAh/g,, after 100 cycles. While

NH; treatment did introduce nitrogen to our samples, it failed
to generate graphitic nitrogen. Thereby, we see a severe drop
in performance and poor cycling stability of the sample G*-C-
NH;. Obviously, the pore structure is of high importance for the
performance of LiS-batteries. We also see that nitrogen-doping
may enhance the initial capacity, but there may be a poor
performance stability depending on the type of nitrogen.
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Figure S5: TEM images of the sample GA-C-NH3/S after the long-time performance stability

measurements at low C-rates (0.1C discharge; 0.2C charge).
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measurements at low C-rates (0.1C discharge; 0.2C charge).
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5. Conclusions

This thesis has investigated several methods to create nanoporous carbon materials from selected
organic and inorganic precursors. To achieve a high pore volume, all carbon precursors undergo
massive mass loss after activation or thermal treatment with chlorine gas. Fig. 14 illustrates the
increase in total pore volume and SSAper with an increasing total mass loss for the novolac-derived

carbons and the SiOC-CDC.
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Figure 14: Comparison of different polymer-derived carbon materials produced in this work regarding
the porosity (A: total pore volume; B: SSAprr) and the total mass loss, 88 169,172,175

The porosity of the investigated materials increases until a mass loss of about 90 %. The total pore
volume and SSApr of the novolac-derived carbons are reduced when the mass loss exceeds >90 %. The
SiOC-CDC, which were produced by the VTMS, had a high mass loss of 98 % and showed the highest
total pore volume, but its SSAper was not much higher compared to the other SiOC-CDC materials of
that study. Nitrogen-doped SiOC-CDC also showed a large total mass loss due to the high amount of
VTMS.

The high porosity of the produced carbon materials makes them attractive for use as electrical double-
layer capacitors. All materials were tested in a symmetrical supercapacitor with several electrolytes,
and the best performance of these studies can be compared in a Ragone plot (Fig. 15). The specific
energy depends on the cell voltage squared, and a comparison of the materials strongly depends on
the electrochemical stability window of the electrolyte. Aqueous electrolytes have a relatively narrow
electrochemical stability window (~1.2 V) in a symmetrical supercapacitor. Nevertheless, using an
aqueous redox electrolyte (KI) achieved a high specific energy of 33 Wh/kg at only 1.4V, which is
comparable to the performance of an organic electrolyte operating at 2.5 V. The performance of the
samples in the redox electrolyte is similar to the performance of the commercial organic electrolytes
using the novolac-derived carbon beads as an electrode material. The CDCs showed for the organic

electrolyte even higher specific energy at high specific powers due to the higher pore volume, larger
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average pore size, and more ordered structure of the carbon. A higher specific energy up to 61 Wh/kg
was achieved by using an ionic liquid with a high cell voltage of 3.2 V. The nitrogen groups in novolac-
derived carbons and SiOC-CDC did not significantly increase the specific energy. A comparison of the
samples with and without nitrogen showed that the nitrogen groups reduce the rate handling

capability in organic electrolytes and ionic liquids.
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Figure 15: Ragone chart of symmetrical supercapacitors with various electrolytes and the different
polymer-derived carbon materials produced in this work (normalized to the active mass of the
electrode).88, 169, 172, 175

The CDI experiments with the CO; activated novolac-derived carbon beads showed that a low number
of oxygen functional groups are crucial for a high salt sorption capacity and stable performance. These
functional groups are less critical in aqueous supercapacitors but can also reduce the performance

stability for other electrolytes (e.g., TEA-BF, in ACN).

State-of-the-art Li-ion batteries use graphitic carbon as anode material, which has a theoretical
capacity of only 372 mAh/g.’>* The SiOC beads intermediate products, which were used to produce
CDCs, are well suited as anode material for Li-ion batteries, due to its higher specific capacity than
graphitic carbon. Fig. 16A compares the specific capacity of a commercial carbon black with the SiOC
beads produced in this work, normalized to the mass of the electrodes. The specific capacity of the
SiOC is at low specific currents more than three times higher than the specific capacity of the carbon
material. It also remains higher at high specific currents of 1.4 Ah/g. A challenge for silicon-based
electrode materials is the longtime performance. The carbon black shows no capacity decrease after
100 cycles, while the capacity of the SiOC beads is reduced by around 17 %. Nevertheless, the SiOC
beads produced in this thesis are relatively stable compared to other SiOC materials in the

literature,86 179-180
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The novolac-derived carbon beads and gyroidal porous carbon materials were also investigated as host
for sulfur for LiS batteries. The best performance of both materials is plotted in Fig. 16B, where they
were melt infiltrated with 66 mass% of sulfur. The number of micropores of the activated novolac-
derived carbon beads was large enough to host all sulfur inside the micropores, while some sulfur was
stored in the mesopores of the gyroidal carbon because the number of micropores was smaller. The
electrode normalized specific capacity of the CO, activated novolac-derived carbon beads is at low
specific currents with ~380 mAh/gelectrode after 10 cycles lower than the gyroidal porous carbon with
~480 mAh/gelectrode after 10 cycles. The hierarchical gyroidal pore structure seems to improve the
stability of the LiS battery, but the high amount of sulfur within the mesopores reduces the specific
capacity at high specific currents. The novolac-derived carbon bead hosted the sulfur entirely in the
micropores, which enabled a high specific capacity at a fast charge and discharge rates. The gyroidal
carbons were also treated with NHs during the pyrolysis, which led to a higher specific capacity but

reduced the performance stability.
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Figure 16: Rate capability test of the SiOC (A) and C/S electrodes (B) measured in a half-cell
configuration vs. metallic lithium,173-174. 176

This work presented how spherical carbon precursors can be produced with scalable methods, via a
self-emulsifying process or the continuous MicroJet reactor technique. It was shown how the porosity
can be tuned for each carbon material and how the pore structure and heteroatoms influence the
performance of supercapacitors, CDI, and LiS batteries. Further optimization regarding the chemical
composition and pore structure is essential to improve the performance of future electrochemical

energy device.
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