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Continuous wet chemical synthesis of Mo(C,N,O),
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Molybdenum carbides, oxides, and mixed anionic carbide—nitride—oxides Mo(C,N,O), are potential anode
materials for lithium-ion batteries. Here we present the preparation of hybrid inorganic—organic precursors
by a precipitation reaction of ammonium heptamolybdate ((NH4)gM0,0,4) with para-phenylenediamine in
a continuous wet chemical process known as a microjet reactor. The mixing ratio of the two components
has a crucial influence on the chemical composition of the obtained material. Pyrolysis of the precipitated
precursor compounds preserved the size and morphology of the micro- to nanometer-sized starting
materials. Changes in pyrolysis conditions such as temperature and time resulted in variations of the final
compositions of the products, which consisted of mixtures of Mo(C,N,O),, MoO,, Mo,C, MoyN, and Mo.
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material for application in lithium-ion battery half-cells, one of the optimized materials shows

DOI: 10.1039/d3ta03340f a remarkably high capacity of 933 mA h g~ after 500 cycles. The maximum capacity is reached after an
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1. Introduction

Due to their high energy density, long cycle life, and high
working potential, rechargeable lithium-ion batteries (LIBs)
dominate the current electrochemical energy storage market.'
The ever-growing demand for LIBs, especially in electric vehi-
cles, has increased the necessity for new electrode materials
with improved battery performance. Graphite remains one of
the most important anode materials for LIBs, with a theoretical
capacity of 372 mA h g~ '.** Designing new anode materials with
high specific capacity is becoming an increasingly important
requirement for high-performance LIBs. Therefore, research is
focussing on other materials with enhanced capacity. Particu-
larly attractive are alloying or conversion-type materials.®® For
example, molybdenum oxides provide a theoretical capacity of
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1117 mA h g~ * for MoO; ****> and 838 mA h g * for MoO, 3%
when forming Li-rich phases during conversion reaction.
Molybdenum carbides with the compositions Mo,C or MoC,
show favorable lithium storage properties compared to pure
oxides due to better electrical conductivity and excellent
mechanical and chemical stability.'® Combining the properties
of molybdenum oxides and carbides could lead to promising
electrode materials for LIBs.

A promising way to produce molybdenum carbides and
molybdenum oxycarbides is through precursor methods. The
milder reaction conditions, in combination with a versatile
composition of the precursors, allow better tailoring of the size
and morphology of the final product and are less energy
consuming than other methods."” Suitable precursors can be
obtained from precipitation reactions, which are subsequently
pyrolyzed to the target compounds. Typical examples for this
route are mixtures of various molybdates with aniline,*® para-
phenylenediamine, 2-methylimidazole,'"* melamine,” or
dicyandiamide.** Giordano et al. also showed that Mo,C and
Mo, N nanoparticles could be prepared from MoCls and urea.*
A facile preparation method via self-polymerization of dopa-
mine for Mo,C nanoparticles supported on 3D carbon micro
flowers was discovered by Huang et al.*® Li et al. developed a new
pathway for mesoporous and nanosized Mo,C/Mo,N hetero-
junctions using dopamine-molybdate coordination precursor
with silica nanoparticles,> while mixed salt precursors con-
sisting of a molybdenum hexamethylenetetramine complex
were presented by Wang et al.*

This journal is © The Royal Society of Chemistry 2023
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A popular source for molybdenum in the precursors is
ammonium heptamolybdate (NH,)sM0,0,, (AHM), which can
form inorganic-organic hybrid precipitates with various organic
molecules that can be pyrolyzed to Mo,C.*?>*® The pyrolysis
conditions for converting the precursors to the carbides must
be accurately controlled because of the many binary
compounds in the Mo-O and Mo-C systems. Examples include
orthorhombic high-temperature Mo,0;4,””** monoclinic
Mo00,,*® orthorhombic Mo,C* (ESI, Fig. S1at), and even cubic
Mo.**3! At around 600 °C, M0O,, MoC, and C are in equilibrium.
Molybdenum oxycarbide can be obtained at this temperature,
while above 650 °C Mo,C is the most stable phase.** Other
molybdenum carbide products, such as cubic (ESI, Fig. S1b¥) or
hexagonal (ESI, Fig. Sict) MoC, (x = 0.46-0.75) can also be
formed. The use of amine ligands may furthermore lead to the
formation of nitrides such as Mo,N.***

The present work uses the continuous>*****
scale®”

and easy-to-
microjet reactor synthesis to obtain nanostructured
Mo-based particles. The continuous wet chemical process
allows for larger production volumes while often also a better
control over reaction conditions, and thus a better control over
particle morphology and reproducibility are achieved. We
present a systematic study on the precursor formation by the
microjet method and subsequent pyrolysis of Mo(C,N,O),
materials. In a previous publication, we could show that
different precursor compositions are obtained depending on
the ratio between the molybdenum source and the para-phe-
nylenediamin (PPD) in the reactor.> The resulting non-
pyrolyzed materials showed different electrochemical behavior
in battery applications depending on their composition. The
precursors are obtained as precipitates in the microjet reaction
by an exchange reaction of the ammonium ions in AHM against
the protonated PPD. In our present study, we will focus on the
pyrolysis of the achieved precursors and their electrochemical
behavior. The influence of various parameters, such as the
decomposition temperature, which affects the molybdenum
carbide species, and the effect of the precursor composition was
analyzed to understand the role of the carbon source during the
pyrolysis. In addition, we carried out an electrochemical char-
acterization on the obtained compounds to understand the
effect of composition on electrochemical parameters.

2. Experimental section

2.1. Materials

Ammonium heptamolybdate tetrahydrate ((NH,)sM0,0,,-4H,0,
AHM; =99%) was purchased from Carl Roth. para-Phenylenedi-
amine (PPD; 97%) was ordered from Alfa Aesar. Hydrochloric
acid (HCl; 37%) was bought from Bernd Kraft GmbH. Ethanol
(99% denatured with 1% petroleum ether) was received from
BCD Chemie GmbH. Conductive carbon additive (Type C65) was
ordered from IMERYS Graphite&Carbon. Polyvinylidene fluoride
(PVdF, 99.5%), dimethyl sulfoxide (DMSO, anhydrous, =99.9%),
and lithium hexafluorophosphate (LiPFs; LP 30; 1 M in an
ethylene carbonate (EC) and dimethyl carbonate (DMC) mixture
in the ratio EC:DMC (1:1 by volume)) as electrolyte were
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obtained from Sigma-Aldrich. No further purification was con-
ducted for all chemicals.

2.2. Material synthesis

The PPD/molybdate precursor synthesis is described in detail in
our previous work.”® Briefly, AHM and PPD were dissolved in
water, and a 0.25-0.10 M diluted HCI solution was prepared.
These solutions were the educt solution for the beaker and
microjet precipitation. For the microjet experiments, two HPLC
pumps (LaPrep P110 preparative HPLC pumps (VWR)) were
used to deliver the solutions with a flow rate of 250 mL min~ " at
room temperature. The reaction occurred in the microjet
reactor, where the solutions were pushed at high pressure
through a 300 um diameter nozzle into the reaction chamber.
Nitrogen gas was applied to remove the particles formed.?**
The particles were isolated by centrifugation (8000 rpm, 15 min)
at the end of the precipitation. All products were washed with
ethanol and dried at 80 °C. Finally, the obtained precursors
were pyrolyzed under argon flow with the temperature program
shown in Fig. 1.

2.3. Material characterization

Powder X-ray diffraction (PXRD) measurements were performed
using a Bruker D8-A25-Advance diffractometer in a Bragg-
Brentano geometry with CuK,-radiation (Cu-K,, A = 154.06 pm,
40 kv, 40 mA). PXRD was conducted with a total measurement
time of 1 h and from 6-130° 26 with a step size of 0.013°. The
powder is applied to a recessed stainless steel or a silicon zero-
background carrier. Rietveld analysis using Topas 5 was applied
to quantify the crystalline phases in the samples.*® The crys-
tallographic data for the Rietveld refinements were obtained
from Crystallographic Open Database (COD) and the Inorganic
Crystal Structure Database (ICSD).

Scanning electron microscopy (SEM) was carried out using
JEOL JSM-7000 F microscope at a working distance of 10 mm
and operating at 20 kV. A small amount was placed on a sample
stub covered with carbon adhesive film to prepare the samples,
and then a thin gold layer was deposited via sputter coating.

The elemental analyses were performed on an Elementar
Vario Micro cube. 1.5-2.5 mg of the substance to be analyzed is
weighed out. The sample weight is determined to the nearest
0.001 mg. The powders are weighed into special tin boats, then
folded into cube-shaped packets.

X-ray photoelectron spectroscopy (XPS) was conducted using
an Axis Supra (Kratos Analytical) spectrometer. Survey and
elemental scans were recorded using Al-K, radiation with
a power of 150 W and a pass energy of 160 eV and 80 eV,

Fig.1 Temperature program for the pyrolysis (RT: room temperature).
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respectively. Concerning high-resolution measurements, 225 W
at 10 eV was employed. The data was processed with CasaXPS
(Casa Software, version 2.3.15). The powders were sprinkled
onto the surface of a small piece (5 x 5 mm?) of sticky carbon
tape using a spatula. The flat side of the spatula was used to
press the powders firmly into the tape. After removing the loose
powder from the surface of the sample bar, the holder was
inserted into the XPS load lock.

A Renishaw inVia Raman microscope was used to collect
Raman spectra, equipped with a neodymium-doped yttrium-
aluminum-garnet laser with an excitation wavelength of
532 nm and a laser power of approximately 0.05 mW at the
sample surface, a 2400 mm per grating, and a 50x objective
with a numerical aperture of 0.75. From each sample, five
different spots were collected with five accumulations and 30 s
acquisition time. Normalization of all spectra from 0-1 was
performed. The powder samples were fixed onto the glass
microscope slides. The spectra underwent automatic cosmic ray
removal. Before and after the measurement, a silicon standard
was used to calibrate the system.

Transmission electron microscopy (TEM) was performed
using a JEOL JEM-2011 and a JEOL JEM-ARM 200 instrument.
Previously, the sample was suspended in ethanol, assisted by
ultrasonic treatment, then that suspension was deposited on
carbon-coated copper grids (Plano S160-3).

3. Electrochemical characterization

3.1. Electrode materials and preparation

Working electrodes were obtained by mixing 80 mass% PPD/
molybdate (1:1) (750 °C), PPD/molybdate (10:1) (750 °C),
PPD/molybdate (9:1) (600 °C) or PPD/molybdate (10:1)
(600 °C) powder, respectively, with 10 mass% conductive carbon
additive (Type C65, IMERYS Graphite&Carbon) and 10 mass%
polyvinylidene fluoride (PVdF, 99.9%, Sigma-Aldrich), dissolved
in dimethyl sulfoxide (DMSO, >99.9%, anhydrous, Sigma-
Aldrich), in a SpeedMixer DAC 150 SP from Hauschild. After
the active material and the conductive carbon were mixed and
grounded manually in a mortar, the dry powder mix was mixed
at 1000 rpm for 5 min in a SpeedMixer. Then the DMSO was
added dropwise to obtain a viscous paste. This paste was again
mixed at 1500 rpm for 5 min following 2500 rpm for 5 min. After
adding the PVAF binder solution (10 mass% PVdF in DMSO),***
the last mixing step was conducted at 800 rpm for 10 min. The
suspension was stirred for 12 h on a magnetic stirrer to obtain
a homogeneous electrode slurry. The obtained slurries were
doctor-blade cast on copper foil with a wet thickness of 200 pm.
After an initial drying step of the electrodes at ambient condi-
tions for 12 h, a further drying step at 110 °C for 12 h was
conducted to remove the remaining solvent. The packing
density of the electrode was adjusted by dry-pressing in the
rolling machine (HRO1 hot rolling machine, MTI). Afterward,
discs of 12 mm diameter were punched from the coating using
press-punch (EL-CELL) and applied as the working electrode
(WE). The resulting electrode thickness of the dried electrodes

was 45-65 um with a material loading of 2.5 + 1 mg cm™>.
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3.2. Cell preparation and electrochemical characterization

2032-type coin cells as a two-electrode system were used for
electrochemical testing with an organic electrolyte. After drying
all cell parts at 100 °C, the cells were assembled inside an argon-
filled glovebox (MBraun Labmaster 130; O, and H,O < 0.1 ppm)
using a hydraulic crimper (MSK-110, MTI corp). A pressed and
punched lithium metal disc (MTI Corp) of 11 mm diameter and
a uniform thickness of 0.45 mm was used both as the counter
electrode (CE) and a reference electrode (RE). To separate the
WE and CE/RE, vacuum-dried compressed glass-fiber separator
(GF/F, Whatman) discs measuring 18 mm in diameter were
utilized. On the backside of each lithium counter electrode,
a stainless-steel spacer/current collector was placed. The cells
were filled with 150 pL of 1 M lithium hexafluoridophosphate
(LiPF¢) in a mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) in a volume ratio of 1:1 (EC: DMC) as the
electrolyte (LP 30, Sigma-Aldrich).

All electrochemical measurements were carried out in
a climate chamber (Binder) with a constant temperature of
25 + 1 °C. Cyclic voltammetry (CV) measurements were per-
formed with a multi-channel potentiostat/galvanostat VMP300
(Bio-Logic Science Instrument), equipped with the EC-Lab
software. All CV measurements were carried out with different
scan rates of 0.10/0.25/0.50/0.75/1.00/2.50/5.00/7.50/10.00 mV
s~ ' for 5 cycles each in a potential window of 0.01-3.00 V vs. Li"/
Li.

The galvanostatic charge/discharge cycling with potential
limitation (GCPL) was carried out in the range of 0.01-3.00 V vs.
Li*/Li with a specific current of 100 mA g~ ' using an Arbin
battery cycler. For the calculation of the specific current and
specific capacity, the mass of active material (total hybrid
material) was used for normalization. Rate performance
measurements were conducted in the same potential window at
different currents. The applied specific currents were 0.1, 0.2,
0.5, 1.0, 2.0, 4.0, 8.0 A g~ ', and (again) 0.1 A g™ ".

4. Results and discussion

4.1. Precipitation of precursors

Precipitation reactions for forming precursors were performed
in an aqueous solution by mixing AHM as a molybdenum
source with para-phenylenediamine (PPD). The resulting hybrid
inorganic-organic precipitates were used as precursors in
a subsequent pyrolysis reaction to form molybdenum carbides,
oxides, oxycarbides, and nitrides (ESI, Fig. S21). The organic
components serve as carbon and nitrogen sources during
thermal decomposition, while the molybdate supplies the
oxygen. Details on the preparations can be found in a previous
publication.*

Two hybrid inorganic-organic precursors can be synthesized
depending on the mixing ratio of molybdate and PPD, regard-
less of the chosen reaction method (batch or microjet). The first
precursor is formed at a low PPD ratio (1:1 to 5:1) and has the
composition [CgH;oN,],[M0gO,6]-6H,0. The second compound
with the composition [CcHoN, |4[NH,4],[M0,0,4]-3H,0 is formed
at PPD to AHM ratios of 10: 1 and higher.*

This journal is © The Royal Society of Chemistry 2023
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4.2. Pyrolysis of the precursors

The pyrolysis of the precursors was carried out by heating the
precipitated products to 600 °C or 750 °C in an Ar flow. The
obtained products were characterized by powder X-ray diffrac-
tion (XRD).

The formation of molybdenum carbide from the precursor
during pyrolysis follows a two-step mechanism.**** In the first
step, MoO; is formed by eliminating H,O and NH;. In the
second step, the formed molybdenum(vi)-oxide reacts with the
carbon source to form carbides such as Mo,C (eqn (1)). The
ratio between MoO; and the carbon source is critical since the
deficiency or excess of carbon leads to non-targeted side-
products such as remaining oxides or elemental Mo.

The binary Mo-C phase diagram reports different molyb-
denum carbides with the general composition MoC,.*! Table 1
lists the structurally characterized modifications according to
their carbon content. The highest carbon content discussed
here applies to the hexagonal y-/Y"-MoC (x = 1), which crystal-
lizes dimorphically in the WC or TiP-type structure.** A defective
cubic NaCl type structure is observed when the carbon content
is lowered, between x = 0.67 and x = 0.75.** Between x = 0.46
and x = 0.64, a defective hexagonal NiAs type structure was
reported.* Since these phases exhibit carbon deficiencies, they
seem to be stabilized by the respective carbon content, leading
to the assumption that electronic reasons play an important
role.* For x = 0.5, the ordered orthorhombic phase Mo,C is also
observed. For the latter phase, however, reduced electro-
chemical activity has been reported.'®**** Therefore, the defects
in the cubic and hexagonal MoC, phases can play a significant
role in electrochemical intercalation chemistry.*

Besides the pure carbides MoC,, oxycarbides Mo(C,0),,
nitride carbides Mo(C,N),, and oxide nitride carbides
Mo(C,N,0), may exist. Further analytical techniques were
required to determine the chemical composition. In the
following paragraphs, only the description of a pure carbide is
used, while the description of oxides or nitrides is used when
a clear identification is possible. For example, a pure molyb-
denum nitride crystallizes in a tetragonal crystal structure.*®
Therefore, it is possible to distinguish this phase from the
carbide phases or the molybdenum oxides.

MOO3 ﬂ» 1/4 04011 ﬂ»
-1/4 CO - 3/4 CO
+2C
-2CO

Mo

This journal is © The Royal Society of Chemistry 2023
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Fig. 2a shows the diffraction data of a pyrolyzed microjet
sample (750 °C) with a precursor ratio of 9:1 (PPD: AHM). In
the Rietveld refinement, the presence of orthorhombic
Mo,C,*** elemental Mo,**** and carbon-deficient MoC, >* was
observed. The latter phase can adopt a defective NiAs- or NaCl-
type structure, in which not all octahedral voids are filled by
carbon atoms. Due to the uncertainties regarding the elemental
composition and the amount of x, the composition MoCy 67 >
was used to model and refine the cubic phase. In contrast,
a hexagonal phase was used for MoC 5.**

The X-ray diffractograms show the presence of crystalline Mo
and Mo,C besides a phase with extensively broadened Bragg
reflections. These broad reflections could be assigned to a NaCl-
type structure. However, the (111) reflection is shifted to higher
angles, while the (200) reflection for the same phase is shifted to
lower 26 values. Furthermore, the (200) reflection is significantly
broadened compared to the (111) reflection. This behavior is
known to be caused by stacking defects in, for example, metals
of the Cu type (fcc).***” Here, the (111) plane is a gliding plane
that leads to stacking errors that can locally show the atomic
arrangement of the hexagonal closed-packed (hep) structure. To
address this problem and qualitatively describe the stacking
errors, the structure refinement (Fig. 2a) was carried out using
two MoC, phases, one derived from the NaCl type and the other
from the NiAs type. The procedure described was also used to
interpret the diffraction data of the samples described in the
next paragraphs.

Starting from the different precursor systems, we investi-
gated the influence of pyrolysis at 750 °C.*?* Both batch and
microjet synthesized samples with PPD-AHM ratios between
1:1 and 30:1 were used. The systematic studies of the batch
samples show that a ratio between AHM and PPD of at least 9: 1
is required to form the desired MoC, carbide phase (Fig. 2b). At
ratios <9:1, orthorhombic Mo,C, monoclinic M00,,”® and
tetragonal Mo,N,* are formed in addition to elemental Mo. At
higher PPD amounts, mainly MoC, is formed with fewer
amounts of Mo,C and elemental Mo. The ratios 9:1 and 10:1
showed no impurity of elemental Mo. According to these
studies, the first assumption that the organic amount in the
precursor sample plays an essential role in the pyrolysis process
could be verified.

, —125C 4o Mo,c X0 L moc,
] “x 172 CO,
1)
+CO
-1/2CO,

J. Mater. Chem. A, 2023, 11, 19936-19954 | 19939
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Table 1 Different molybdenum carbide modifications (with increasing carbon content from left to right)

Composition Mo,C MoCo.46-0.64 MoCo.67-0.75 y-MoC v-MoC
Space group Phcn P6;/mmc Fm3m Pom2 P6;/mmc
Structure type Fe;Np.os Defective NiAs Defective NaCl wC TiP
Stacking sequence AB AB ABC AA AABB

Subsequently, analogous to the pyrolyzed PPD/molybdate
precursors from batch synthesis, Rietveld analyses were per-
formed to determine the composition of the pyrolyzed
products from the microjet synthesis (Fig. 2¢). These studies
show a similar trend to the results from the batch synthesis.
A PPD : AHM ratio of at least 9: 1 is required to obtain an excess
of MoC,. Compared to the phase compositions of the pyrolyzed
PPD/molybdate precursors from the batch synthesis, the pyro-
lyzed samples from the microjet synthesis tend to form less
Mo,C and Mo at high PPD contents. These observations can be
explained by the different phases (with different chemical
compositions) formed in the precursor syntheses, as described
in our previous work.>®

a)
—— measurement
Rietveld analysis
difference
I Mo,C
I Mo
I fee-MoC,
_§‘ I hcp-MoC,
7]
c
: MJ
= .-
I O T T T NN RN AN AN AT [
| | | I |
| I 11 I I
111 | A A (O [
10 20 30 40 50 60 70 80 90 100 11
20 (°)
c)
100
80
§ 60
]
g 40
=
20

11 21 51
Phase composition PPD : AHM

9:1 10:1 15:1 18:1 20:1 25:1 30:1

A previously reported predominance-area diagram for the
carbothermic reduction of MoO, shows an equilibrium between
MoO,, C, and MoC, at 600 °C.*> In comparison, the reduction
product Mo,C is more stable above 650 °C. Metallic Mo is
predominantly formed above 1060 °C with a certain CO
content.”” This leads to the assumption that the formation of
MoC, or the respective oxide nitride carbide Mo(C,N,O), could
be enhanced at 600 °C."*

Therefore, we also investigated the influence of temperature
during pyrolysis (Fig. 2d). For this purpose, the 10:1 PPD/
molybdate precursors were pyrolyzed at 600 °C and 750 °C,
respectively. In addition, the pyrolysis time was extended to 10
hours instead of 5 hours. Rietveld analysis of the product

b)

100
80
60

40

Mass (%)

1:1 21 51 9:1 10:1 15:1 18:1 20:1 25:1 30:1
Phase composition PPD : AHM

100
80
60

40+

Mass (%)

20

600 °C

Pyrolysis conditions

F fee-MoC, [ hep-MoC, [ MoO, [ Mo,C [ Mo,N [ Mo

Fig. 2

(a) Structural analysis of the thermally treated PPD/molybdate precursor (9 : 1) at 750 °C: the refined phase compositions are 70(1) mass%

fcc-MoC,, 3(1) mass% hcp-MoC,, 13(1) mass% Mo,C and 14(1) mass% Mo. (b) Phase compositions of the pyrolyzed PPD/molybdate precursors
from batch synthesis and (c) from microjet synthesis determined via fitting the XRD data. (d) Phase compositions of the pyrolyzed PPD/molybdate

precursors (10 : 1) determined via fitting the XRD data.
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illustrates the expected trend. Lower temperature results in an
excess of the MoC, phase without significant contamination by
Mo,C and elemental molybdenum. Increasing the pyrolysis
temperature and time leads to an increase in Mo,C and
elemental molybdenum.

A possible approach to avoid the formation of elemental
molybdenum could be to increase the amount of organic
components. This would result in the formation of less
reducing CO and thus more Mo,C (eqn (1)). Another approach
to avoid elemental molybdenum in the sample could be to lower
the reaction temperature. This can be concluded from the
thermodynamic studies of Zhu et al.**

Having established the compositional space by X-ray
diffraction, additional measurements were employed to verify
the results. Elemental analysis of the thermally treated PPD/
molybdate precursors (10:1) (600 °C and 750 °C) shows
a high carbon (21 mass% and 20 mass%, respectively) content
(ESI, Table S11) that can be attributed to the presence of
amorphous carbon in the samples. The product particles are
embedded in a carbon matrix through the pyrolysis of the
precursors conducted in an argon atmosphere.'®>"%%¢°

By comparing the elemental analysis of the pyrolyzed PPD/
molybdate precursors from the 1:1 to 30:1 ratios (ESI, Table
S1t), it is apparent that the carbon content in the 1:1 to 5:1
ratios was not as high as that of the 9: 1 to 30: 1 samples. This
suggests that a higher PPD content is needed to produce the
desired MoC, phases and generate a carbon matrix that hosts
these particles.

The Raman spectra of the pyrolyzed precursors (10 : 1 ratio)
also confirm the presence of graphitic carbon in the sample,
where the characteristic D-band (1360 cm™") and G-band
(1600 cm™") are observed (Fig. 3a).** In contrast, no D-band
and G-band are visible in the Raman spectrum of pyrolyzed
PPD/molybdate precursors from the 1:1 ratio (Fig. 3a). This
observation agrees with the elemental analysis, where we noted
an absence of excess carbon for samples 1:1to 5: 1. At the same
time, this is the case for samples 9:1 to 30:1. Transmission
electron microscopy (TEM, Fig. 3c and d) of the samples ob-
tained from the 10 : 1 precursor further confirms that the MoC,
particles are embedded in a carbon matrix. Combining MoC,
particles embedded in carbonaceous materials creates a poten-
tial anode material with high capacity and cycling stability.®
Finally, Raman spectra of the pyrolyzed 1: 1 precursors (750 °C)
revealed the formation of MoO,, which is in good agreement
with the above-shown results.®>%

Being able to produce nearly phase-pure samples of MoC, at
lower decomposition temperatures revitalized the question
about the stacking problem before addressing the electro-
chemical performance. Fig. 3b shows a powder diffraction
pattern of a PPD : AHM 9: 1 sample decomposed at 600 °C. The
diffraction pattern can be refined by contributions of cubic and
hexagonal MoC, phases, modeling the stacking faults present
in the material. To further assess the postulated stacking fault
interpretation, TEM investigations were conducted. The images
unambiguously prove the presence of stacking faults (Fig. 3c).
Lattice plane distances observed in TEM agree with the expected
values from hexagonal and cubic MoC,. The d-values between

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry A

0.22 nm (011) and 0.24 nm (002) correspond to hexagonal MoC,,
while the lattice plane distance of d = 0.243 nm agrees with the
(111) distance from cubic MoC, (Fig. 3d).

Since batch and microjet syntheses lead to similar products
after decomposition, the samples prepared by microjet were
used for further electrochemical studies. In addition, the
studies show that lower decomposition temperatures (600 °C
instead of 750 °C) are beneficial for the formation of the desired
MoC, phases and that the optimal PPD:AHM ratio for the
present phases is between 9:1 and 10:1. In the syntheses,
molybdenum (oxide nitride) carbides were embedded in an
amorphous carbon matrix.

4.3. Selection of materials for electrochemical

characterization

After the systematic studies regarding the synthesis and pyrolysis
conditions, a range of samples with different phase compositions
was chosen for the electrochemical investigations. Scanning
electron microscopy (SEM) of the samples tested as LIB anodes
was performed (Fig. 4). First, the samples with PPD:AHM
ratio 1:1 (Fig. 4a) and 10:1 (Fig. 4b) pyrolyzed at 750 °C were
investigated. Contrary to 1:1 sample the 10:1 exhibit severe
stacking faults in the carbide phase and the carbon matrix.

Phases with stacking faults are favored in the application as
LIB materials, and the results of the investigations show that
lowering the pyrolysis temperature leads to an excess of them.*
Therefore, the samples pyrolyzed at 600 °C with a PPD : AHM
ratio of 9:1 (Fig. 4c) and 10:1 (Fig. 4d) were additionally
examined. Although their phase composition is similar, the
particles in the 9:1 sample are smaller, suggesting they could
show better electrochemical performance.

4.4. Electrochemical characterization of pyrolyzed PPD/
molybdate as LIB anode

The electrochemical performance of the four samples
mentioned above was investigated in a LIB half-cell set-up with
1 M LiPF¢ in EC: DMC (1:1 by volume) electrolyte. The results
are shown in Fig. 5 and 6. The active materials were wet-coated
with a conductive additive and polyvinylidene fluoride binder
for electrochemical characterization. Cyclic voltammetry (CV)
measurements of all materials were recorded in the voltage
range from 0.01 V to 3.00 V vs. Li'/Li at different scan rates
(0.10-10.00 mV s~ *; Fig. 6 and ESI, Fig. S37).

The two systems containing the decomposed precursors with
a PPD : AHM ratio of 1:1 and 10: 1 (pyrolyzed at 750 °C) show
similar peaks during cycling. For both hybrid systems, one clear
reduction and one oxidation signal exist at potentials of around
1.1 V vs. Li'/Li and 1.6 V vs. Li'/Li, respectively. This mainly
applies to the low scan rates up to 1.00 mV s~ '. When the
lithiation potential decreases from 1.50 V to 0.05 V vs. Li*/Li, the
region where the conversion reaction occurs can be associated
with the formation of amorphous Li,O and the full reduction of
Mo.® At high scan rates, the 10: 1 sample pyrolyzed at 750 °C
current level is reduced, and the curve slightly deviates from
a pure capacitive-like behavior. This may indicate that the scan

J. Mater. Chem. A, 2023, 11, 19936-19954 | 19941
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rate is too fast for the conversion reaction process or that the
electrode degrades quickly.

The two samples with a PPD: AHM ratio of 9:1 and 10:1
pyrolyzed at 600 °C exhibit similar electrochemical behaviors,
with the resulting capacity for the 9:1 sample pyrolyzed at
600 °C being significantly higher. The first cycle displays an
irreversible signal at 0.7 V vs. Li'/Li, which is related to the
conversion reaction and the decomposition of electrolyte and
solid electrolyte interphase (SEI) formation since this signal
disappears in the following cycles. MoC, shows a pseudocapa-
citive behavior due to its nanocrystallinity. The high perfor-
mance at high rates can be partially explained by the significant
contribution of a surface-limited capacitive-like process to the
charge storage.

Through a kinetic analysis composed of different cyclic vol-
tammograms collected at different scan rates, the contribution
of capacitive-like charge storage can be investigated in the so-
called b-value analysis. The correlation between the scan rate
(v) and the current (i) can be described by the equation i = avb,
with the fitting parameters represented by a and b. A b-value of
0.5 suggests an ideal charge storage process limited by

19942 | J Mater. Chem. A, 2023, 1, 19936-19954

diffusion, typically seen in battery-like behavior. Conversely, a b-
value of 1 indicates a charge storage process limited by the
surface and characteristic of electrosorption/capacitive
processes.®*® The b-value analysis performed in this work on
cyclic voltammetry with scan rates between 0.1-1.0 mV s is
shown in ESI Fig. S4.1 In the 9: 1 sample that was pyrolyzed at
600 °C, the sharp lithiation/de-lithiation peak has a b-value of
0.72. In contrast, the regions at 0.50 V and 2.75 V vs. Li'/Li,
which are more pseudocapacitive, demonstrate slightly higher
b-values of 0.79 and 0.93, respectively. In comparison, all other
samples in this study obtain a slightly lower fraction of non-
diffusion limited charge storage.

The distinct signals which appear from the second cycle
onward at 1.4 V vs. Li'/Li (oxidation) and 1.3 V vs. Li'/Li
(reduction) can be attributed to the conversion reactions of the
associated lithiation/de-lithiation of MoC, (yLi* + MoC, +y e~
— Mo + Li)C,, reaction during charging process).***>” Like-
wise, significantly weaker reversible redox peaks occur mainly
with the 9 : 1 sample pyrolyzed at 600 °C at about 1.2 V vs. Li'/Li,
which are related to the partial embedding of the Li-ions into
the MoC, lattice to form Li;MoC,.**”* The following oxidation

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Scanning electron micrographs of pyrolyzed PPD/molybdate samples (a) 1:1 and (b) 10 : 1 pyrolyzed at 750 °C and (c) 9:1and (d) 10: 1

pyrolyzed at 600 °C.

peak at 1.46 V vs. Li'/Li can be attributed to the oxidation from
Li,MoC; to Mo and Li,O during Li* deintercalation. Mo,C does
not exhibit any electrochemical activity in the voltage range of
0.01-3.0 V vs. Li*/Li, so there are no detectable reduction or
oxidation signals in the cyclic voltammograms.*®

To explore the electrochemical performance and the corre-
sponding conversion reaction of the various pyrolyzed samples,
galvanostatic charge, and discharge experiments were con-
ducted. Typically, the galvanostatic discharge and charge
profiles obtained from these experiments (Fig. 6a-d) are
analyzed for further insights and confirm the observations from
the CV measurements. The first discharge capacities of the
precursors with the PPD : AHM ratio of 1:1 and 10: 1 pyrolyzed
at 750 °C electrodes occur at 87.5 mAh g ' and 123.8 mAh g™,
with an initial Coulombic efficiency of 44.7% and 65.6%,
respectively. This capacity loss follows SEI film formation and
insertion of Li" into the MoC; structure. In the following cycles,
one can observe a broad plateau at 1.4 V and 0.7 V vs. Li'/Li in
the lithiation curve, and a clear plateau at 1.4 V vs. Li'/Li and
a broad peak at 1.6 V vs. Li'/Li in the de-lithiation curve. These
two charge-discharge plateaus were ambiguously found, indi-
cating the phase transition and conversion reaction, which
agrees well with the CV study above. All the plateaus observed,
which are still very pronounced in the first cycles, are signifi-
cantly weakened during the first 100 cycles, which indicates
a changed reaction mechanism and/or rapid aging and degra-
dation of the cell.

This journal is © The Royal Society of Chemistry 2023

In comparison, the galvanostatic charge and discharge
curves of precursors with a PPD : AHM ratio of 10: 1 at 600 °C
and 9:1 pyrolyzed at 600 °C show a discharge capacity of
148 mA h g~ " and 531 mA h g~" with Coulombic efficiencies of
94.4% and 54.7%, respectively. The 10:1 sample pyrolyzed at
600 °C does not show a substantial plateau in the individual
cycles. Instead, there is a broad plateau in the lithiation cycle at
around 0.9 Vvs. Li'/Li and in the de-lithiation of about 1.5 V vs.
Li'/Li. The same plateaus are also observed in a slightly more
pronounced form in the 9 : 1 sample pyrolyzed at 600 °C sample,
which characterizes the lithiation process of the MoC, electrode
with the associated conversion reaction. It is remarkable that at
the 100th cycle, an additional plateau appears at 2.5 V vs. Li'/Li,
which can also be identified in the CV analysis. So there seems
to be another process responsible for slowly increasing the
capacity after a certain number of cycles. The observed elec-
trochemical signatures indicate that the fundamental electro-
chemical process is not significantly varied by varying the
precursors and the pyrolyzing temperature. We also assume
that activated carbon might have contributed slightly to the
capacity.

Fig. 6f demonstrates the difference in cycling stability of all
different Mo(C,N,0),, embedded in carbonaceous materials at
arate of 100 mA g~ ". The lowest electrochemical performance is
delivered by the 1:1 sample pyrolyzed at 750 °C, which starts
with a capacity of 82 mA h g~ " and delivers around 104 mAh g ™"
after 200 cycles, demonstrating a capacity gain of 25%. The

J. Mater. Chem. A, 2023, 11, 19936-19954 | 19943
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10:1 sample pyrolyzed at 750 °C, and the 10:1 sample pyro-
lyzed at 600 °C, offer very similar electrochemical behavior
compared to the 1:1 sample pyrolyzed at 750 °C with de-
lithiation capacities of 94 mA h g”' and 154 mA h g™ ' after
200 cycles combined with a capacity retention of 81% and
124%, respectively.

In contrast, the 9:1 sample pyrolyzed at 600 °C yields high
electrochemical performance. The values start with an initial
capacity of 531 mA h g™, showing a capacity fading for the first
50 cycles but then rising to a capacity value of 933 mA h g™,
demonstrating capacity retention of 175% after 500 cycles. The
presence of Mo,C and carbon in the hybrid materials may
increase the structural stability and buffer the volume changes
during the conversion reaction or lithium-ion insertion/
extraction, resulting in no severe capacity degradation after
200-500 cycles.*” The hybrid material with the PPD : AHM ratio
of 9:1 pyrolyzed at 600 °C indicates at this point that the
structure obtained after pyrolysis is electrochemically active or
is activated while cycling and thus represents a promising high-
capacity material for application in LIBs.

These observations agree with the rate capability tests
(Fig. 6e) and indicate that the hybrid material with the PPD:
AHM ratio of 9:1 pyrolyzed at 600 °C shows volatile

19944 | J Mater. Chem. A, 2023, 11, 19936-19954

performance. Combined with the charge and discharge profiles,
this could explain that the pre-activation or the addition in the
lithiation mechanism is not achieved yet, leading to very
unstable capacities during different specific currents. With
significantly lower de-lithiation capacities but much more
stable behavior, the precursors 1:1 and 10:1 pyrolyzed at
750 °C and the precursor 10:1 pyrolyzed at 600 °C delivered
values of upto 144 mAhg ', 115 mAhg ' and 243 mAh g™'
with a capacity retention of 85%, 82%, and 91%, respectively
when returning to the initial current. Overall, good electro-
chemical performance is favored by the structural defects
present in the material, which significantly improves the elec-
trical conductivity of the electrode. Likewise, the formed
nanoparticle size influences the Li insertion behavior and
lithium storage capacity.”””¢ Smaller particle sizes of the inter-
mediates allow a smaller lithium-ion diffusion distance and
form a larger specific surface area, thus achieving a larger
electrolyte-electrode material contact area. This effect may
improve the kinetic properties of the system since short ion
diffusion paths exist. Due to the conversion reactions occurring
during cycling, free carbon is also formed from the initial
material, which forms a carbon matrix. It can thus buffer the
volume change during the lithiation/de-lithiation process while

This journal is © The Royal Society of Chemistry 2023
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pyrolyzed at 750 °C, and 9:1 and 10 : 1 synthesized at 600 °C.

reducing the aggregation of Mo(C,N,0), particles.”””® The
carbon formed can also be activated by the reactions to
contribute to the electrochemical storage of the lithium ions.
The high specific capacity of the 9: 1 sample pyrolyzed at 600 °C
can be explained by the enhanced formation of Mo** after
lithiation, a reversible process without the evolution of the
monoclinic MoO, in the 9:1 sample pyrolyzed at 600 °C.” In
addition to the larger interlayer spacing, which favors faster

This journal is © The Royal Society of Chemistry 2023

kinetics, the oxygen vacancies also allow a larger physical space
for lithium-ion storage to be obtained.***"

Comparing the obtained electrochemical performances with
other hybrid and composite molybdenum oxycarbides and
molybdenum carbide compounds reported in the literature
(Table 2), the optimized sample with the PPD : AHM ratio of 9: 1
pyrolyzed at 600 °C can show favorable electrochemical
performance values (e.g., 933 mA h g™ after 500 cycles at
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Fig. 7 Raman spectra of the hybrid materials (a) 1:1 and (c) 10 : 1 pyrolyzed at 750 °C, and (e) 9:1 and (g) 10 : 1 synthesized at 600 °C. X-ray
diffractograms of the hybrid materials (b) 1:1 and (d) 10 : 1 pyrolyzed at 750 °C, and (f) 9 : 1 and (h) 10 : 1 synthesized at 600 °C.

100 mA h g~ !). The materials, optimized by a straightforward
manufacturing process, can therefore keep up well with the
standard of state-of-the-art literature. For example, Xiu et al.

This journal is © The Royal Society of Chemistry 2023

obtained with their molybdenum oxycarbide nanoparticles
embedded in N-doped carbon a reversible capacity of
793 mA h g only for low cycling stability (100 cycles).® A high
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reversible capacity of 1188 mA h g™ ' after 250 cycles at a specific
current of 100 mA g~ " was reported by Yang et al. for MoO,~
Mo,C-C microspheres.®® Based on a one-step annealing
approach, this material delivers a similar electrochemical
behavior to our data. This particularly concerns the increasing
capacity while cycling, probably connected with an activation
process and a change of the material and reaction mechanism,
even if our material shows a slightly steeper increase in capacity
after the 250 cycles than shown here. With a 2.6-fold higher
capacity, our optimized system impresses, for example,
compared to the molybdenum carbide embedded in carbon
nanofiber as a 3D flexible anode system investigated by Lee et al.
in 2018. With superior stability and high-rate performance in
LIBs, performance values of 350 mA g~ could be achieved after
300 cycles at a specific current of 500 mA g '.*> While not
showing the trend of increasing capacity during cycling, Gao
et al. mesoporous Mo,C-C hybrid nanospheres system show
slightly lower de-lithiation capacity with 673 mA h g~" after 50
cycles and a cycling rate of 100 mA h g~ "%

In summary, we see good performance with low energy
consumption for synthesis and the advantages of the microjet
reactor. Optimizing synthesis parameters and subsequent

View Article Online
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pyrolysis at relatively low temperatures made it possible to
obtain characteristic electrochemical behavior comparable to
that found in the literature for different molybdenum
carbides.*”8%%

4.5. Post mortem characterization of pyrolyzed PPD/
molybdate LIB anodes

The electrochemical properties and structure-property correla-
tion were better understood by comparing the cycled with
untreated materials using Raman spectroscopy and XRD
(Fig. 7). PXRD of the PPD : AHM ratio 1:1 pyrolyzed at 750 °C
shows no significant change, which reveals no significant
structural change after electrode preparation (Fig. 7b). After
cycling, the powder X-ray diffractogram changes completely
and could be assigned to lithium molybdate (Li,Mo0O,; Fig. 7b),
crystallizing the trigonal crystal system with space group
R3 (a = 1433.0(2), ¢ = 958.4(2) pm).*

No significant changes are visible in the Raman spectra of
the 10:1 sample pyrolyzed at 750 °C compared to its pristine
electrode (Fig. 7c). The D-band and G-band are still present after
cycling, but we see a strong fluorescence background. Small
peaks in the spectra indicate the presence of the D-band and
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Fig. 8 Fitted XPS Mo 3d spectra of the (a) PPD/molybdate with a PPD : AHM ratio of 9 : 1 pyrolyzed at 600 °C, (b) pristine electrode, (c) electrode
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G-band (Fig. 7c). The corresponding powder X-ray diffracto-
grams reveal a decrease in the crystallinity of the material after
electrode preparation. After cycling, the amorphization of the
material increases even further (Fig. 7d).

The Raman spectra of the 9:1 sample pyrolyzed at 600 °C,
the corresponding pristine electrode, and the corresponding
electrode after cycling all show the carbon-related D-band and
G-band (Fig. 7e). X-ray diffractograms show an amorphization
of the material after electrode preparation and cycling (Fig. 7f).
The 10: 1 samples pyrolyzed at 600 °C show similar behavior to
the sample 9: 1 pyrolyzed at 600 °C. The Raman spectra of the
10:1 pyrolyzed at 600 °C and the pristine electrode and the
electrode after cycling show the D-band and G-band (Fig. 7g).
Furthermore, a decrease in crystallinity is visible in the X-ray
diffractograms (Fig. 7h). Moreover, the X-ray diffractograms of
the electrodes with the ratio 10:1 pyrolyzed at 750 °C after
cycling, and the samples 9: 1 and 10 : 1 pyrolyzed at 600 °C show
a decrease of the intensity of the reflection at ~37° 26, which
belongs to the carbide. Nevertheless, several peaks appear in the
electrode materials due to the electrode preparation, where
PVdF as a binder and carbon black is involved. Furthermore,
after cycling, electrolyte components can be detected.”®

X-ray photoelectron spectroscopy (XPS) was conducted to
provide information on the Mo species' oxidation states, oxygen
bonding states, and carbon bonding states. Four components
were used to fit the Mo 3d peaks (Fig. 8a—c). The Mo®" species
has the maximum binding energy (BE) with a BE of 232.6(2) eV.
Mo with a constant binding energy distance of —1.3 eV was
fitted to Mo®’, while Mo*" with a constant binding energy
distance of —3 eV was fitted to the Mo®" binding energy. The
Mo-carbides were fitted with a BE of 228.5(3) eV.** There were
four components to fit the O 1s peaks (Fig. 8d-f). The signal at
530.6 eV was used for calibration, which is caused by the O-
Mo°®" interaction. At a binding energy of 531.2 eV, the O-Mo>"
contribution was detected. The binding energies attributed to
the O=C and O-Mo"*" bonds overlap at 532.0 eV, and the O-C-
bond-derived contribution has a binding energy of 533.3 ev.*
The C 1s peaks were fitted with eight components (Fig. 8g-i).
The carbide carbon (Mo-C) was fitted with a binding energy of
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283.4(1) eV. The oxide carbide carbon (C-Mo-O) was fitted at
283.9(1) eV. Graphitic carbon (C-C sp®) is seen at 284.3(1) eV,
and amorphous carbon (aliphatic C-C sp®) is observed at
284.8(1) eV. The binding energies of C-OH/R were found at
286.5(1) eV and C=O0 at 288.4(1) eV.*>** Additionally, the elec-
trode material bonding of C,-F, is visible, which partially
overlapped. The binding energy of C-CF is 285.7 eV, the one of
C=0/C-CF, is 287.7 eV, and the one of CF,/COj is at 290.1 eV.**
In all cases, the precursor with the PPD:AHM ratio of 9:1
pyrolyzed at 600 °C electrode after cycling was compared with
its pristine electrode.

The shallow signal depth of XPS of about 10 nm favors
information from the interfacial/superficial SEI layer. A
comparison of the Mo 3d spectra of the precursor with the
PPD : AHM ratio of 9:1 pyrolyzed at 600 °C (Fig. 8a) with the
pristine electrode (Fig. 8b) shows no significant change. The
only difference is that the Mo carbide content decreases slightly
while the Mo®" increases slightly. A major change is visible after
cycling (Fig. 8c). The content of Mo®", Mo®", and Mo*" increases
while the Mo-carbide decreases enormously. The O 1s spectra
show a decrease in the O-Mo®" content and an increase of the
0=C/O-Mo*" content from the precursor with the PPD : AHM
ratio of 9 : 1 pyrolyzed at 600 °C (Fig. 8d) to the pristine electrode
(Fig. 8e) or the electrode after cycling (Fig. 8f). In the C 1s
spectra of the precursor with the PPD : AHM ratio of 9:1 pyro-
lyzed at 600 °C (Fig. 8g), both carbide (Mo-C) and oxycarbides
(C-Mo-0), C=0, C-C sp?, and aliphatic C-C sp® are visible. In
the pristine electrode (Fig. 8h) and the electrode after cycling
(Fig. 8i), CF, appears due to the polymer binder PVdF added to
the material during electrode fabrication. In addition, the peak
of aliphatic C-C sp® increases because carbon black was also
added during electrode fabrication. The increase of the signal
sp> C-C- binding energy confirms the above assumptions that
the carbon matrix increases.

The XPS data indicates a complex process occurs during the
electrode preparation and cycling. The Mo-carbide peak
vanishes in the Mo 3d spectra, consistent with the XRD data. A
shift in the relative ratios of the O-Mo peaks indicates a reduc-
tion from O-Mo®" to O-Mo™".

Fig. 9 Scanning electron micrographs of the PPD/molybdate with a PPD : AHM ratio of 9 : 1 pyrolyzed at 600 °C, (a) pristine electrode, and (b)

electrode after cycling.

This journal is © The Royal Society of Chemistry 2023
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Scanning electron micrographs of the original electrode
(Fig. 9a) and the electrode after cycling (Fig. 9b) were performed
to confirm the assumption that two processes (decomposition
of the carbide and the reduction of O-Mo®") occur during
cycling leading to the formation of two products. In the pristine
electrode, the initially present sheet-like morphology origi-
nating from the precursor with the PPD:AHM ratio of 9:1
pyrolyzed at 600 °C can be seen. In addition, a homogeneous
distribution of the carbon black particles is observed. The
electrode additionally shows particles with a fibrous
morphology after cycling. This underlines the assumption that
a lithium-ion insertion/extraction and a conversion reaction
must occur during the electrochemical cycling.

5. Conclusions

In this study, we investigated the effects of synthesis conditions
for synthesizing inorganic-organic hybrid materials from
ammonium heptamolybdate (AHM) and para-phenylenedi-
amine (PPD) by a wet chemical continuous precipitation
microjet method. In the second step, these served as precursors
for the pyrolytic production of molybdenum carbides, nitrides,
and oxides. Our data show the crucial role of the proportions of
the organic component in the hybrid precursors. The precur-
sors with lower PPD content resulted in a mixture of Mo,C,
MoO,, Mo,N, and elemental Mo. These materials do not exhibit
stacking defects and excess carbon, which was shown to be
crucial for improving electrochemical performance. Precursors
with higher PPD content led to Mo(C,N,0), with stacking
defects embedded in a carbonaceous matrix, a potential anode
with high capacity and cycling stability. The electrochemical
measurements showed that different morphologies and particle
sizes could be obtained by different synthesis parameters and
pyrolysis temperature settings, resulting in different electro-
chemical behaviors. For example, the precursor with a PPD:
AHM ratio of 9:1 was pyrolyzed at 600 °C and exhibited
capacities up to 933 mA h g’ after 500 cycles. Further investi-
gation showed that two processes, decomposition of the carbide
and reduction of O-Mo®" occur during cycling. We assume that
lithium storage/removal and a conversion reaction occur during
electrochemical cycling, resulting in an improved electro-
chemical performance with high cycling stability.
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