solids

Article

Precursor-Based Syntheses of Mo(C,N,O),, Molybdenum
Carbide, Nitride, and Oxide Applying a Microjet Reactor

Mana Abdirahman Mohamed {7, Oliver Janka !, Susanne Harling ! and Guido Kickelbick *-2*

check for
updates

Citation: Abdirahman Mohamed, M.;
Janka, O.; Harling, S.; Kickelbick, G.
Precursor-Based Syntheses of
Mo(C,N,0),, Molybdenum Carbide,
Nitride, and Oxide Applying a
Microjet Reactor. Solids 2024, 5,
443-459. https:/ /doi.org/10.3390/
s0lids5030030

Academic Editors: Andrei V.
Shevelkov and Maxim N. Sokolov

Received: 8 July 2024
Revised: 15 August 2024
Accepted: 28 August 2024
Published: 4 September 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Inorganic Solid-State Chemistry, Saarland University, Campus C4 1, 66123 Saarbriicken, Germany;
mana.mohamed@uni-saarland.de (M.A.M.); oliver.janka@uni-saarland.de (O.].)
Saarene—Saarland Center for Energy Materials and Sustainability, 66123 Saarbriicken, Germany
Correspondence: guido.kickelbick@uni-saarland.de

Abstract: Composite materials such as molybdenum carbides, nitrides, oxides, and mixed anionic
compounds like Mo(C,N,O), embedded in carbonaceous matrix exhibit promising potential as
anode materials for lithium batteries, with a preference for fine-grained morphologies. In this
study, we present a novel synthetic approach involving an inorganic-organic hybrid precursor
precipitated from aqueous solutions of ammonium heptamolybdate and one of two organic species:
1,8-diaminonaphthalene (1,8-DAN) or hexamethylenediamine (HMD). The precipitation reaction
can be carried out in a beaker and in a continuous process using a microjet reactor. This enables the
synthesis of precursor material on the gram scale within minutes. The pyrolysis of these precursors
yields mixtures of Mo(C,N,O),, M0oO,, M0,C, Mo,;N, and Mo, with the choice of organic compound
significantly influencing the resulting phases and the excess carbon content in the pyrolyzed product.
Notably, the pyrolysis process maintains the size and morphology of the micro- to nanometer-sized
starting materials.

Keywords: continuous synthesis; molybdate; 1,8-diaminonapthalene; hexamethylenediamine;
inorganic-organic hybrid material; pyrolysis; molybdenum oxide carbide; composite material

1. Introduction

Current lithium-ion batteries (LIBs) contain graphite as anode material, which has a
relatively low capacity of 372 mA h g~!. The limited capacity of intercalation materials,
e.g., graphite and other types of materials, such as lithium titanate, Li;TisOq, (LTO), can be
exceeded by conversion materials, e.g., nanoparticles of transition metal oxides, e.g., Fe;O3,
Co0O, and CuO. These materials are being explored for improved battery performance [1-4].

Molybdenum oxides, showing theoretical capacities of 837 mA h g~! for MoO, and
1117 mA h g~ ! for MoO3, are also potential candidates for anode materials. Molybdenum
carbides like Mo, C and MoCy (x = 0.43-0.75) exhibit beneficial lithium storage properties
relative to simple oxides because of their better chemical stability, electrical conductivity,
and excellent mechanical properties [1]. The combination of the properties of molybdenum
oxides and carbides has the potential to create a new class of electrode materials for LIBs [1].

Generally, the industrial production of molybdenum carbides proceeds via a powder
metallurgical process, in which the molybdenum oxides are reduced to the element by
applying hydrogen. Afterwards, the metal is carburized with carbon powders at very
high temperatures (1500-2000 °C). This process is extremely energy intensive, and the
formed Mo, C cannot be used for application in LIBs due to the lack of the required high
specific surface area. Therefore, low-temperature preparation routes are preferred for the
electrochemical applications [5].

One potential method for the production of valuable materials is chemical vapor
deposition (CVD), in which carbonaceous gases like CHy, C;Hg, and CO, along with Mo-
containing precursors, are used for the deposition of the materials on various substrates.

Solids 2024, 5, 443—-459. https:/ /doi.org/10.3390/50lids5030030

https:/ /www.mdpi.com/journal/solids


https://doi.org/10.3390/solids5030030
https://doi.org/10.3390/solids5030030
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/solids
https://www.mdpi.com
https://orcid.org/0000-0003-0708-7623
https://orcid.org/0000-0002-9480-3888
https://orcid.org/0000-0001-6813-9269
https://doi.org/10.3390/solids5030030
https://www.mdpi.com/journal/solids
https://www.mdpi.com/article/10.3390/solids5030030?type=check_update&version=3

Solids 2024, 5

444

While showing some advantages to the industrial method, still the pore structure and
purity of the resulting Mo, C are not satisfying. In addition, the equipment costs of CVD
systems are quite high [5,6]. Alternative synthesis strategies include the use of molecular
precursors in pyrolytic reactions at much lower temperatures than the previously men-
tioned techniques. More moderate reaction conditions, in addition to a diverse composition
of precursors, allow a more flexible adjustment of the size and morphology of the final
product, which is beneficial for the LIB application [5].

Several reports in the literature show that suitable compounds can be obtained from
precipitation reactions. Subsequent pyrolytic reactions allow the preparation of the tar-
geted compounds. In the following, several methods for the carbothermic reduction of
molybdenum carbide via a precursor route are listed. Precursors as previously studied
starting materials were mixtures of molybdate and 2-methylimidazole [1], aniline [7], p-
phenylenediamine [8], melamine [9], and dicyandiamide [10]. A novel procedure for the
synthesis of Mo,C and Mo,N nanoparticles was reported by Giordano et al. It was based
on a process in which MoCls was dissolved in ethanol, and urea was subsequently added
to form a polymeric, glassy phase. Later, thermal treatment under nitrogen gas flow was
applied, and by changing the molar ratio of metal to urea, molybdenum nitride or the re-
spective carbide was synthesized [11]. A simple way to prepare Mo,C nanoparticles on 3D
carbon microflowers by self-polymerization of dopamine was found by Huang et al. who
performed the pyrolysis under argon flow [12]. A new route for mesoporous and nanoscale
Mo,C/Mo;N heterojunctions was designed by Li et al. using a dopamine-molybdate
coordination precursor with silica nanoparticles [13]. Finally, Wang et al. found that a
mixed salt precursor containing a molybdenum-hexamethylenetetramine complex could
be pyrolyzed under an argon atmosphere [14].

Several phases can be obtained by such decomposition reactions, such as orthorhombic
HT-Mo,401; [15,16], monoclinic MoO; [16], orthorhombic Mo,C [17] (Figure 1a), and cubic
Mo [18]; thus, reaction conditions have to be accurately controlled [6]. Around 873 K,
MoO,, MoC, and C exist in an equilibrium. At this point, molybdenum oxide carbide
can be obtained; above 923 K, Mo,C is the stable phase [19]. It is also possible to obtain
other molybdenum carbides such as cubic (Figure 1b) or hexagonal (Figure 1c) MoC,.
Furthermore, it is also possible to obtain Mo,N due to the use of amines in the hybrid
precursors [11,19].
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Mo,C, Pbcn MoC,,,, Fm3m MoC,,,, P6.,/mmc

Figure 1. Crystal structures of (a) orthorhombic Mo,C [17,20], (b) cubic MoCy ¢7 [21], and (c) hexago-
nal MoCj 49 [22]. Mo atoms are illustrated in blue, C atoms in black. The space groups are provided.

A prominent source of molybdenum in the precursors is ammonium heptamolyb-
date (NH4)sMogO24 (AHM), which often forms precipitates together with cationic organic
compounds. Mo,C can be obtained after pyrolysis of the resulting, often insoluble precipi-
tates [11]. Another potential molybdenum source is MoCls [11], while compounds such as
H;Mo00Oy4 and MoOs are less often used due to their low solubility [5].

For the application of such materials in energy storage, the formation of nanoscopic
precursors would be very attractive, especially if the precursor can be transformed into
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the desired molybdenum carbide without losing the initial morphology. In addition, the
large-scale production of such materials is important since relevant amounts have to be
produced. In previous studies of our group, it was shown that precipitation methods,
which are commonly conducted in batch processes, can be transformed into a continuous
process by applying a microjet reactor [23,24]. Consequently, the possibility of a large-scale
production of well-defined (nano)particles is opened up. In this procedure, two reactant
solutions are fed into a reaction chamber under high pressure, which initiates the nucleation
process through rapid mixing. The mixed product is removed from the mixing chamber by
a gas jet, and particle growth takes place on the path to the collection container. Isolating
nucleation and growth enable a high degree of control over particle properties. We have
applied this method already to the formation of silicon oxide carbides species for battery
applications [25-27].

Based on the work of Ge et al. [8], where Mo,C nanoparticles are prepared by direct
pyrolysis of their MoOy /p-phenylenediamine hybrid precursors, we optimize in our pre-
vious work the synthesis to transfer this procedure to the microjet reactor [28,29]. This
synthesis was further modified by changing the organic component for the presented study.

Herein, we report a systematic study on the formation of precursors and the synthesis
of molybdenum carbides, nitrides, oxides, and Mo(C,N,0), composite materials. The
effects of the precursor ratio and the influence of different organic species were evaluated
to further explore the role of carbon sources for pyrolysis. In our work, we mainly focus on
the different amines used, the influence of the ratios used, and the resulting compounds, as
well as their composition after pyrolysis.

The aim of the study was not to obtain phase-pure materials but to investigate
the influence of different diamines on the final composition of the precipitated as well
as the pyrolyzed compounds. This work follows on from two of our previously pub-
lished papers [28,29]. There, the synthesis and pyrolysis of the precursor using para-
phenylenediamine (PPD) was investigated. The present study builds on these earlier
results. Using different amines, the overall influence of organic species in the synthesis
of such molybdenum carbides, nitrides, oxides, and Mo(C,N,O), composite materials
is compared.

2. Materials and Methods
2.1. Materials

Ammonium heptamolybdate tetrahydrate (NH4)sM07054-4 HyO, AHM; >99%) and
hexamethylenediamine (HMD; >99.5%) were obtained from Carl Roth GmbH & Co. KG,
Karlsruhe, Germany. 1,8-diaminonapthalene (1,8-DAN; 97%) was purchased from Alfa Aesar,
Haverhill, MA, USA. Hydrochloric acid (HCl; 37%) was obtained from Bernd Kraft GmbH,
Oberhausen, Germany. Ethanol (99% denatured with 1% PE) was received from BCD Chemie
GmbH, Hamburg, Germany. All chemicals were used without further purification.

2.2. Syntheses—Microjet Synthesis of Precipitates

Diluted hydrochloric acid (between 0.05 and 0.6 mmol L1, solution A) and a combi-
nation of an aqueous AHM solution and an ethanolic solution of 1,8-DAN or an aqueous
solution of HMD (solution B) (Tables 1 and 2) were used in the synthesis. The solutions
were pumped into the reactor using two HPLC pumps (LaPrep P110 preparative HPLC
pumps (VWR)) at a flow rate of 250 mL min~!. In the microjet reactor, the solutions collide
through a nozzle with a diameter of 300 um and a strong mixing takes place under high
pressure. The resulting particle suspensions were removed with a stream of nitrogen gas at
a pressure of 8 bar [23]. Each reactant starting solution (solution A and solution B) had a
volume of 1 L. Both solution jets collide at an angle of 180° to each other, while the nitrogen
stream enters the reaction chamber at an angle of 90° to the nozzles and the outlet pipe is at
an angle of 180° to the nitrogen stream A schematic illustration of the experimental setup
is shown in Figure 2.
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Table 1. The syntheses of the precursors 1,8-DAN/molybdate and the different ratios in the mix-
ing solution.

1,8-DAN AHM

Reaction Ratio () () HCl

Number (1,8-DAN:AHM) (mmol) (mmol) ™)
1 11 316 1o 0.05
2 21 o o 0.05
3 5:1 ;;g igg 0.025
4 9:1 2i353 }22 0.025
; 101 25 19 o5
6 15:1 3215 igg 0.05
7 18:1 4'355 122 0.05
; 0 51 19 005
9 25:1 6:',’%9 12?) 0.075
10 30:1 74364 122 0.1

Table 2. The syntheses of the precursors HMD/molybdate and the different ratios in the mixing solution.

HMD AHM

Reaction Ratio () () HCl
Number (HMD:AHM) (mmol) (mmol) ™M)
: R
: s
; 51 1815 36 03
; o1 a2 a6 03
; 101 s s 03
; 151 s 36 03
; 151 6% a6 y
8 20:1 76%1 g?g 0.4
; 251 s3T5 36 0
10 30:1 1%;39 g?g 0.6

Once synthesized in the microjet reactor, the particles were separated by centrifugation
(8000 rpm, 15 min). Products were washed with ethanol and dried at 80 °C.

Finally, the precursors obtained were pyrolyzed under argon flow using the following
temperature program (Figure 3).



Solids 2024, 5

447

4 . .
microjet

-
NHz NHp educt solution B
ethanolic solution of gz reactor
x 1,8-DAN / )
1,8-Diaminonaphthalene| aqueous solution of partlcl?
(1.8-DAN) x HMD suspension
+

A NH
H N 2

Hexame;:yrbtlegfdiamine y (NH4)6M07024

aqueous solution of l
[ |

centrifugation

A HPLC pump

| +washing
=R
ool el

educt solution A
aqueous HCI

Figure 2. General reaction scheme showing the continuous wet-chemical synthesis of the products
1,8-DAN/molybdate and HMD/molybdate.

particles

750 °C

Figure 3. Temperature program for the pyrolysis.

In the 1,8-DAN/molybdate system, the pH values were between 1 and 3. The pH
values in the HMD/molybdate system were between 0 and 2.

2.3. Characterization

Fourier-transform infrared spectroscopy measurements (FI-IR) of dried samples were
recorded in attenuated total reflectance (ATR) mode using a Bruker Vertex 70 spectrometer
(Bruker Optics GmbH & Co. KG, Ettlingen, Germany). Each spectrum was performed
in the wave number range of 500-4500 cm~! and by averaging 32 scans with spectral
resolution of 4 cm~!. The elemental analyses were conducted on an Elementar Vario Micro
cube (Elementar Analysensysteme GmbH, Langenselbold, Germany). Thermogravimetric
analyses (TGA) were performed on a Netzsch TG F1 Iris (NETZSCH GmbH & Co. Hold-
ing KG, Selb, Germany) under a constant flow of N (40 mL min~!) with a heat rate of
20 K min~! and until 1173 K. During the measurements the samples were placed in an
open alumina crucible. Powder X-ray diffraction (XRD) measurements were carried out
on a Bruker D8-A25-Advance diffractometer (Bruker AXS GmbH & Co. KG, Karlsruhe,
Germany) in a Bragg—Brentano geometry with CuKy-radiation. The XRD patterns were
performed with a total measurement time of 1 h and from 7 to 110° 26 with a step size of
0.013°. By the Rietveld analysis, the quantitative analyses were carried out, and the sample
composition could be determined by this method using TOPAS 5 [30]. The crystallographic
data for the Rietveld refinement were obtained from the Crystallographic Open Database
(COD) and the Inorganic Crystal Structure Database (ICSD). Following CIFs were used for
Rietveld Refinement Mo, C [17,20], Mo, N [31], MoO; [32], MoCy 47 [21], M0oCq 5 [22] and
Mo [18,33]. SEM images were taken using a JEOL JSM-7000 F microscope (JEOL (Germany)
GmbH, Freising, Germany) with a working distance of 10 mm and operating at 20 kV. For
the sample preparation, a small amount was placed on a specimen stub covered with a
carbon adhesive foil, followed by the deposition of a gold layer.
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3. Results and Discussion
3.1. Synthesis/Precipitation Reaction

The first precipitation reaction that was carried out in a continuous process was mixing
ammonium heptamolybdate (AHM) as a source of molybdenum with para-phenylenediamine
(PPD) in acidic conditions [28]. For the presented study, the organic components were
changed to study the influence of an aromatic versus a non-aromatic diamine on their
capability as precipitation precursors. The studied diamines were chosen based on their
high carbon content and good availability. In addition, potential differences in the precursor
production and the final product formation depending on the stereochemistry of the
diamines and the extent of aromaticity in the organic molecules can be compared. 1,8-
Diaminonaphthalene (1,8-DAN) with a higher organic content in comparison to PPD and
hexamethylenediamine (HMD) as a non-aromatic diamine were chosen. The precursors
were precipitated by mixing the aqueous solution of AHM as a molybdenum source and
an ethanolic solution of 1,8-DAN or an aqueous solution of HMD under acidic conditions
(Figure 2). The precipitation reactions were carried out in a microjet reactor using different
molar ratios between the molybdenum source and the organic compounds. Subsequently,
the correlation between the formation of the molybdenum oxide carbides, carbides, oxides,
and nitrides and the composition of the precipitated precursor was investigated.

The precipitation reaction was followed by a subsequent pyrolysis reaction to form
molybdenum oxide carbide, carbide, oxide, and nitride (Equation (1)). The organic moieties
in the species act as carbon sources during the thermal decomposition. In our approach,
we exclusively used amines since other groups, such as hydroxyl, carboxyl, or phosphate
groups, can introduce other atoms that can disrupt the delicate reduction equilibrium.
These can cause either an excess of various molybdenum oxides or impurities such as
phosphorus compounds to be obtained. Only the use of amines leads to the desired
molybdenum oxide carbide.

1,8-DAN or HMD + (NH4)sMo;0,, —HCL (1 8-DAN or HMD)/molybdate
l AT (1)
Mo(C,N,0),

The precipitates were characterized employing Fourier-transform infrared (FI-IR)
spectroscopy, elemental analysis, and thermogravimetric analysis (TGA), as well as scan-
ning electron microscopy (SEM) and powder X-ray diffraction (PXRD).

Comparing the FT-IR spectra of all 1,8-DAN/molybdate precipitates with different
ratios indicates a great similarity between these (Supporting Information, Figure Sla). In
the spectra of the 1,8-DAN, a broad band in the area of 3550-3350 cm~! can be attributed to
the stretching vibration of the N-H group [34,35]. In the spectra of AHM at 3600-3200 cm ™!,
a broad band indicates the presence of water [36]. These bands almost completely disappear
in the 1,8-DAN/molybdate precipitates. All spectra show vibrations at 1650-1550 cm ™!,
which are caused by the N-H deformation vibrations. In addition, C=C stretching vibrations
can be detected in the range of 1500-1480 cm~!. Additionally, typically, molybdate bands
are present from 935 to 890 cm~! (Figure 4a). These findings indicate that both organic and
inorganic components are integrated in the precipitates [9,37-39]. The N-H deformation
vibrations are more pronounced at the higher ratios from 10:1, which indicates a higher
amine content in these samples. The vibrations of the molybdate units have the same shape
both at low ratios of 1:1 and higher ratios of 10:1. This indicates that the same molybdate
cluster must be present.
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Figure 4. (a) IR spectra of the starting materials 1,8-DAN, AHM, and two spectra of a 1:1 and 10:1
mixture. (b) IR spectra of HMD/molybdate and their reactants.

In the spectra of HMD, a broad band in the range of 3550-3350 cm ! can be assigned
to the stretching vibration of the N-H group [34,40]. Furthermore, two bands appear at
29602850 cm ™!, belonging to the ~CH, vibrations, while the AHM shows the same
vibrations as stated before (vide supra). Again, these bands almost completely disappear
in the products of the reaction between HMD and AHM. A comparison of the IR spectra
obtained for the different HMD/molybdate ratios revealed two different types of spectra
in this system depending on the ratios between the components (Supporting Information,
Figure S1b), suggesting the formation of two different compounds. The vibrations at
1650-1550 cm ™! of the N-H deformation are visible in all spectra, as well as the -CH,
deformation vibrations, which are detected in the range of 1470-1430 cm~!. Finally, the
characteristic bands of the molybdate units are located in the range of 935-890 cm™!
(Figure 4b), indicating that both starting materials are found in the precipitate [9,37-39].
There is a more significant N-H deformation oscillation at the higher ratios above 10:1,
indicating a higher amine content in these compounds. At the higher ratios, the vibrations
of the molybdate units show a shift to higher wavenumbers and a more pronounced peak,
indicating a change in the molybdate cluster.

The chemical composition of the precipitates, especially the carbon content, is impor-
tant for the pyrolytic formation of oxide carbides, carbides, oxides, and nitrides. Therefore,
elemental analyses were carried out for all obtained precipitates (Supporting Information,
Tables S1 and S2, and Figure S2). Based on these results, two different compositions could
be determined. Similar to the results from the IR spectra, the samples with the lower
1,8-DAN content from the ratios 1:1 to 5:1 show similar compositions. This is also the case
for the HMD/molybdate precipitates. However, in the latter example, there is no clear
trend as the HMD ratio increases. Overall, the amount of carbon increases when more
diamine is added to the AHM.

According to the experimental results described until now, the different mixing ra-
tios show different products. Furthermore, different morphologies of the precipitates of
1,8-DAN and molybdate were observed depending on the mixing ratios (Figure 5a and
Supporting Information, Figure S3). The first products with the ratio 1:1 and 2:1 show
similar block-shaped morphologies. The larger amounts of 1,8-DAN (5:1 to 30:1) lead to
highly anisotropic rod-shaped morphologies. Also, in the HMD/molybdate system, differ-
ent morphologies were observed for the precursor precipitates (Figure 5b and Supporting
Information, Figure S4). In this case, the morphologies are more irregularly shaped. The
precipitates show agglomerated layered platelets.
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(a) 1,8-DAN/molybdate precursors

2.7 W S5

Figure 5. (a) SEM images of the products of 1,8-DAN/molybdate precursors with different mixing
ratios. (b) SEM images of HMD/molybdate precursors.

Both the composition and the synthesis conditions have a strong influence on the
morphologies of the precursor systems formed. Since we showed in previous studies that
the morphologies of the precipitated products are preserved after pyrolysis, it is therefore
possible to adjust the morphology of the pyrolyzed product by adjusting the precursor
precipitation reactions. These results are consistent with our earlier findings [28,29].

All precipitates obtained are crystalline phases, as demonstrated by XRD analysis
(Figure 6). Based on these measurements, our assumption that different crystalline struc-
tures are formed depending on the ratio between the components can be underlined. The
diffractograms of the 1,8-DAN/molybdate, again in agreement with the results discussed
above, show a transition between a lower ratio of 1,8-DAN (1:1-5:1) and a higher ratio of
1,8-DAN (9:1-30:1) (Figure 6a and Supporting Information, Figure S5a).

The diffractograms of HMD/molybdate do not show such a clear trend, similar to the
results of the elemental analysis. The samples with the lower amount of HMD (1:1-5:1)
again show the formation of the same compound as the diffraction patterns are similar.
Increasing the amount of HMD again leads to similar diffractograms (9:1-30:1) (Supporting
Information, Figure S5b). However, closer observation reveals several additional reflections
in some diffractograms that could be assigned to the reflections from diffractograms with
lower HMD content (1:1-5:1) (Figure 6b). These observed discrepancies most likely also
explain the irregular trends in the elemental analysis. It appears that increasing the amount
of HMD leads to the mixing of the lower ratio (1:1) and higher ratio (20:1) compounds.
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Figure 6. (a) XRD pattern of the starting materials 1,8-DAN, AHM, and 1,8-DAN/molybdate (1:1
and 10:1 mixture). (b) XRD pattern of the starting materials HMD, AHM, and HMD/molybdate (1:1,
10:1, and 20:1 mixture).

3.2. Thermal Decomposition Behavior of the Precursors

The thermogravimetric analysis (TGA) and TG-FTIR data of the 1,8-DAN/molybdate
samples support the hypothesis that two different products were obtained at different
ratios (Figures 7a and 8 and Supporting Information, Figure S6). The TGA curves were
recorded in nitrogen atmosphere with a heating rate of 20 K min~!. At lower 1,8-DAN to
molybdate ratios the release of water, carbon monoxide and carbon dioxide are visible. As
the amount of 1,8-DAN increases, the release of ammonia is also observed.

100
(b) ]

— 11

—2:1

— 511

90 — 91
—_ 10:1
2 85 | 15:1
~ 18:1
3 80 —20:1
g 75 — 25:1

N ——30:1

T T T T T T T T U 55 T T T T T T T T 1
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900

Temperature (°C) Temperature (°C)

Figure 7. (a) Overview of TG curves of 1,8-DAN/molybdate with different ratios; heating rate: 20 K
min~!; gas: nitrogen. (b) Overview of TG curves of HMD/molybdate with different ratios; heating
rate: 20 K min~'; gas: nitrogen.

Furthermore, the TGA and TG-FTIR date of HMD/molybdates samples (Figures 7b and 9
and Supporting Information, Figure S7) also show the formation of two products depend-
ing on the respective reactant ratios. At lower HMD ratios, three distinct steps of mass
loss are visible, which can be attributed to the loss of water, ammonia, carbon monoxide
and carbon dioxide. An increase in the HMD ratio results in the release of less water, more
ammonia, carbon monoxide and carbon dioxide.

These results are very similar to the trend of our previous results [28]. In all cases, an
increase in the amount of diamine leads to a release of ammonia or an excess of ammonia.
The previous results with the PPD/molybdate system show that in the samples with less
diamine the diamine is doubly protonated, while in the samples with higher diamine the
amine is monoprotonated due to the higher basicity of these samples. The samples with
higher diamine also contained ammonium cations (NH4*) in order to achieve electroneu-
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trality [28]. The release of ammonia observed in the TG-FTIR measurements underlines
that the 1,8-DAN/molybdate and HMD/molybdate samples show a similar trend.
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Figure 8. (a) TG-FTIR measurements of 1,8-DAN/molybdate (1:1), (b) TG-FTIR measurements
of 1,8-DAN/molybdate (10:1), (c) thermogravimetric curve, with Gram-Schmidt and differential
thermogravimetric curve of 1,8-DAN/molybdate (1:1); heating rate: 20 K min™; gas: nitrogen;
(d) thermogravimetric curve, with Gram-Schmidt and differential thermogravimetric curve of 1,8-
DAN/molybdate (10:1); heating rate: 20 K min~'; gas: nitrogen.

3.3. Pyrolysis of the Precipitation Products

In analogy to our previous work [29], all precursors were heated to 1023 K in an Ar
flow and allowed to remain at this temperature for 5 h. As described previously [29], a
two-step mechanism takes place during pyrolysis when forming molybdenum carbide
from the starting material [6]. Exemplarily, the X-ray diffraction pattern of the decomposed
precursor 1,8-DAN/molybdate (1:1) and 1,8-DAN/molybdate (10:1) are presented together
with the obtained fit (Figure 10a,b). The presence of orthorhombic Mo,C [17,20] (Pbcn),
cubic Mo [18,33] (Fm3m), and also MoCy (Fm3m or P63/mmc) [21] was observed. The
latter phase is described as a defect structure of the NaCl or NiAs type, whereby not all
octahedral voids are filled by carbon atoms. The formation of the respective structure types
is attributed to the different carbon content. Because of the uncertainties concerning the
elemental composition and thus the amount of x, the composition MoCy 7 [21] was used to
refine the structure of the NaCl type, while the composition MoCy 5 [22] was used for the
hexagonal NiAs type.
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Figure 9. (a) TG-FTIR measurements of HMD/molybdate (1:1), (b) TG-FTIR measurements of
HMD/molybdate (10:1), (c) thermogravimetric curve, with Gram-Schmidt and differential ther-
mogravimetric curve of HMD/molybdate (1:1); heating rate: 20 K min~!; gas: nitrogen; (d) thermo-
gravimetric curve, with Gram-Schmidt and differential thermogravimetric curve of HMD/molybdate
(10:1); heating rate: 20 K min~!, gas: nitrogen.

As described in our previous work [29], stacking faults can be observed in these
materials; therefore, the refinement has been conducted using the cubic as well as the
hexagonal phase (Figure 10a,b) to model the different stacking periodicities. Metals adapt-
ing the Cu-type structure show a similar behavior [41—44]. Representative XRD patterns
of the decomposed precursors HMD/molybdate (1:1) and HMD/molybdate (10:1) are
shown together with the achieved fit (Figure 10c,d). In contrast to the XRD pattern from
the 1,8-DAN/molybdate precursor systems (Figure 10a,b), the XRD pattern from the
HMD/molybdate systems (Figure 10c,d) is more crystalline. There is no broad reflection at-
tributable to MoCy [21], and no amorphous background is visible. The structure refinement
revealed the presence of orthorhombic Mo,C [17,20] besides the presence of monoclinic
MoO; [32], tetragonal Mo, N [31], and cubic Mo [18,33].

The pyrolysis of the 1,8-DAN/molybdate precursor was carried out at 1023 K in accor-
dance with our previous experiments [29]. Results from phase composition are presented
in Figure 11a. In comparison to the PPD/molybdate system [29], the 1,8-DAN/molybdate
precursors mainly form the MoCy carbide phases besides small amounts of Mo,C, empha-
sizing the previous assumption that the pyrolysis process depends on the carbon content in
the precursor [29]. This is furthermore in line with the carbon content of PPD (67 mass% C)
versus 1,8-DAN (76 mass% C).
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Figure 10. (a) Structural analysis of the thermally treated 1,8-DAN/molybdate precursor (1:1)
at 1023 K: the refined phase compositions are 78(1) mass% fcc-MoCy, 11(1) mass% hcp-MoCy,
10(1) mass% Mo,C, and 2(1) mass% Mo. (b) Structural analysis of the thermally treated 1,8-
DAN/molybdate precursor (10:1) at 1023 K: the refined phase compositions are 87(1) mass% fcc-MoCy,
9(1) mass% hcp-MoCy, 3(1) mass% Mo, C, and 1(1) mass% Mo. (c) Structural analysis of the thermally
treated HMD/molybdate precursor (1:1) at 1023 K: the refined phase compositions are 69(1) mass%
MoO;, 21(1) mass% Mo N, and 10(1) mass% Mo. (d) Structural analysis of the thermally treated
HMD/molybdate precursor (10:1) at 1023 K: the refined phase compositions are 39(1) mass% Mo,

33(1) mass% MoQO,, and 27(1) mass% Mo, N.
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HMD/molybdate was pyrolyzed, applying the same parameters as the other two
examples. Results from phase composition are presented in Figure 11b. The pyrolysis study
of HMD/molybdate with the use of an aliphatic amine does not show a clear trend. In
many samples, an increased amount of elemental molybdenum besides MoO; is found.
Reasons for this divergent trend might be the lower carbon content of HMD (62 mass% C)
and its aliphatic nature along with the lower stability (in comparison to aromatic amines)
that do not allow for the formation of molybdenum carbide.

The elemental analysis of all pyrolyzed products of 1,8-DAN/molybdate shows a high
amount of carbon (Supporting Information, Table S3). This is in contrast to the pyrolyzed
samples from the PPD/molybdate system, where only the samples with higher PPD ratios
showed higher carbon contents [29]. This is due to the higher carbon content introduced
via 1,8-DAN. This excess carbon found in the elemental analysis furthermore indicates that
amorphous carbon has to exist in the samples, especially since a high amorphous fraction
and no crystalline carbon was observed in the XRD pattern discussed above. Due to an
argon atmosphere pyrolysis of the precursors, the resulting particles are embedded in a car-
bon matrix [1,10,45,46]. Combining molybdenum oxides with carbides and carbonaceous
materials creates a potential anode material. For other systems, it has been reported that
this can lead to materials that exhibit high capacities along with good cycling stability [1].
The elemental analysis of the pyrolyzed products of the combination between HMD and
AHM, again, shows different results. The carbon content in the sample is very low, which
is based on the lower carbon content and lower stability of the aliphatic amine (Supporting
Information, Table S4). This reveals that the amines decomposed more or less completely
via the pyrolysis process.

Finally, SEM images were taken to compare the morphologies before and after py-
rolysis. The SEM images before pyrolysis are shown above (Figure 5). In Figure 12a,
the corresponding images after pyrolysis of the 1,8-DAN/molybdate precursors are de-
picted. It is obvious that morphology was preserved after pyrolysis. The SEM images of
the HMD/molybdate precursors also indicate the preservation of the morphology after
pyrolysis (Figure 12b).

(a) Pyrolyzed 1,8-DAN/molybdate precursors
1:1 21 _ e P B " B

Figure 12. (a) SEM images of the pyrolyzed 1,8-DAN/molybdate precursor. (b) SEM images of the
pyrolyzed HMD/molybdate precursors.
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It is interesting to note that there is a great correlation between all reported experi-
ments and our previous results with the PPD/molybdate systems [28,29]. The variation of
the ratio between ammonium heptamolybdate and diamine under acidic conditions leads
to the formation of two different precipitate compounds with different morphologies. In
any case, increasing the diamine amount causes a higher organic content in the precipitate.
The results also show the occurrence of ammonium cations with increasing diamine content,
which is due to monoprotonated diamines [28]. The pyrolysis of the precursors systems
PPD/molybdate [29], 1,8-DAN/molybdate, and HMD/molybdate reveals a similar trend.
Pyrolysis of the PPD/molybdate system shows that at low PPD amounts, a mixture of
orthorhombic Mo,C, monoclinic MoO,, tetragonal Mo, N, and cubic Mo is formed, while
at higher PPD amounts, mainly MoC, with lower amounts of Mo,C and elemental Mo
is obtained [29]. Similarly to these results, the pyrolysis of the 1,8-DAN/molybdate pre-
cursors reveals the formation of MoC, carbide phases with less impurities of Mo,C and
elemental Mo due to the higher carbon amount in all investigated ratios. Compared to
the pyrolysis behavior of PPD/molybdate [29] and 1,8-DAN/molybdate precursors, the
HMD/molybdate precursors show a difference. No formation of the MoC, carbide phases
is visible. At lower HMD amounts, mainly MoO, was obtained, while at higher HMD
amounts, elemental Mo was received. Other side products were Mo,C and Mo,N. The
low stability of the aliphatic diamine of HMD compared to the aromatic diamine of PPD
and 1,8-DAN is the reason for the formation of carbon deficiency in the pyrolysis products
of HMD/molybdate precursors. This behavior is also known in the literature. Varganici
et al. [47] and Garcia et al. [48] reported higher thermal stability of aromatic compounds
compared to aliphatic compounds.

4. Conclusions

The aim of this study was to investigate the synthesis conditions for the preparation
of inorganic-organic hybrid materials from ammonium heptamolybdate (AHM) and 1,8-
daminonaphthalene (1,8-DAN) or hexamethylenediamine (HMD) utilizing a wet-chemical
continuous microjet precipitation method along with subsequent pyrolytic production
of molybdenum carbides/nitrides/oxides. For the first step, organic components were
selected according to their structure. On the one hand, 1,8-DAN, as an aromatic amine
with higher carbon content, was used. On the other hand, hexamethylenediamines, as
an aliphatic amine, were utilized. The results clearly show that these differences play
a key role in the pyrolysis. Pyrolytic treatment of the 1,8-DAN/molybdate hybrid pre-
cursor leads to a variety of composite materials (Mo(C,N,O)y, molybdenum carbide, and
molybdenum) embedded in the carbonaceous matrix. The molybdenum carbide MoC,
shows stacking defects, as seen from PXRD measurements. In contrast, the pyrolysis of the
HMD/molybdate precursor does not lead to a material with an excess of carbon, which is
attributed to the reduced stability and carbon content of the aliphatic amine. It was also
shown that the pyrolysis of the inorganic-organic hybrid materials 1,8-DAN/molybdate as
well as HMD/molybdate leads to the preservation of the morphology. In the present work,
we show that the newly used amines and the newly produced hybrid materials exhibit
different behavior in the pyrolysis of the composites than in our previous studies [28,29].
We also observed that different compositions are obtained. Overall, the microjet method
enables the synthesis of an extremely interesting hybrid material that could potentially
become a candidate as an anode material for Li-ion batteries because of its potentially high
capacities and cycling stability over other carbide materials.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/s0lids5030030/s1, Figure S1: (a) Overview of the received IR
spectra of the products from reactions with different ratios of 1,8-DAN/molybdate. (b) Overview
of the received IR spectra from HMD/molybdate with different ratio; Figure S2: C, H and N mass
percent as a function of the ratio of precursors; Figure S3: SEM images of 1,8-DAN/molybdate
precursor; Figure S4: SEM images of HMD/molybdate precursors; Figure S5: (a) Overview of the
received XRD pattern of the products from reactions with different ratios of 1,8-DAN/molybdate.


https://www.mdpi.com/article/10.3390/solids5030030/s1
https://www.mdpi.com/article/10.3390/solids5030030/s1

Solids 2024, 5 457

(b) Overview of the received XRD pattern from HMD/molybdate with different ratio; Figure Sé:
TG-FTIR measurements (a) associated FTIR spectra of 1,8-DAN/molybdate (1:1) and (b) associated
FTIR spectra of 1,8-DAN/molybdate (10:1); Figure S7: TG-FTIR measurements (a) associated FTIR
spectra of HMD/molybdate (1:1) and (b) associated FTIR spectra of HMD/molybdate (10:1); Table S1:
Elemental analysis of the precipitated products 1,8-DAN/molybdate; Table S2: Elemental analysis of
the precipitated products HMD/molybdate; Table S3: Elemental analysis of 1,8-DAN/molybdate
precursors after the pyrolysis; Table S4: Elemental analysis of HMD/molybdate precursors after
the pyrolysis.
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