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Herein, we report the one-step synthesis of pure phase molybdenum carbide (Mo,C and
MoC) nanoparticles via the in-situ carburization reduction route without using any
reducing agent. The X-ray diffraction (XRD) results confirm the formation of pure phase
Mo,C and MoC at 800 °C for 8 h and 15 h respectively. The as-synthesized powders have
been investigated for hydrogen production and energy storage applications. The pure
phase Mo,C shows high performance towards the hydrogen evolution reaction (HER) with a
Tafel slope of 129.7 mV dec ' however, MoC exhibits a low activity towards HER with a
Tafel slope of 266 mV dec™". Both the phases show high stability up to 5000 cyclic vol-
tammetry (CV) cycles in the potential range of 0—0.4 V. In the case of MoC, the specific
capacitance increases during the initial 2000 CV cycles which may be attributed to the
electrode activation during the CV test. The Mo,C powder shows a double layer capacitance
(Cq)) value of 2.47 mF cm 2 and a specific capacitance of 2.24 mF g~ *. The MoC phase shows
a higher Gy value of 8.99 mF cm™2 and a specific capacitance of 8.17 mF g~*.
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Introduction

The ever-increasing fossil fuel consumption and associated
environmental issues trigger the requirement of renewable
and environment-friendly energy sources. Hydrogen has been
found to be a good replacement to conventional fossil fuels
due to its high energy density. Moreover, it does not produce
any harmful byproducts [1,2]. Hydrogen exists on earth in
abundance but not as a free molecule. Electrochemical water
splitting can produce hydrogen at a very low cost through the
hydrogen evolution reaction (HER) [3,4]. This process requires
an electrocatalyst having high activity, high surface area, and
high stability to decrease the overpotential for improving ef-
ficiency [5,6]. The conventional platinum (Pt) shows the
highest catalytic activity towards HER, up to date. However,
the high cost and low abundance limit its uses on a large scale
[7]. This puts pressure on the scientific community to develop
such kind of materials which can replace the precious plat-
inum [8].

Many electrocatalysts with an outstanding electro-
chemical performance for HER have been reported recently
[9-12]. Molybdenum is much more abundant in nature than
noble metals such as Pt. Molybdenum based compounds are
found to be highly active towards HER and have the potential
for replacing precious Pt [13,14]. However, molybdenum alloys
such as Ni—Mo exhibit less stability in acidic media [15,16].
Therefore, molybdenum-based compounds such as carbides,
nitrides, sulfides, selenides, etc. are being investigated as an
electrocatalyst because they are highly stable in acidic media.
Among these compounds, molybdenum carbides have been
found as a good replacement to platinum because of its
excellent catalytic activity and high stability in acidic and
basic mediums [17—-23]. The Mo,C phase was found to be
highly active towards HER than the other phases due to its
special electronic structure which is similar to the electronic
states of Pt [24—26]. The catalytic activity of Mo,C and MoC has
been studied previously using Density Functional Theory
(DFT) calculations. It was found that, among the existing
phases of molybdenum carbide, Mo,C has a stronger metallic
character and exhibits the strongest covalent bond. Also,
Mo,C has a low work function of only 3.4 eV, which suggests
that it is appropriate for electrocatalysis [27]. Also, if the Mo,C
particles are encapsulated inside carbon layers, the electro-
chemical activity and stability of the particles are enhanced
[28—30].

The synthesis processes for Mo,C has been improved
significantly after a few years of research. Dong et al. reported
cost-effective Mo rich Mo,C in two-step synthesis exhibiting
high catalytic activity with a low overpotential of 67 mV and a
low Tafel slope of 55 mV dec™* [31]. Zhao et al. synthesized
nanocrystals of Mo,C embedded in the carbon layers by hy-
drothermal method, which showed overpotential of 170 mV in
acidic and 119 mV in basic media for 10 mA dec™* current
density [32]. Pan at el. developed a two-step method to syn-
thesize Mo,C supported by carbon layers on reduced graphene
oxide (Mo,C-RGO). The synthesized hybrid (Mo,C-RGO)
showed high catalytic activity towards HER with a Tafel slope
of 54 mV dec™! and an overpotential of 70 mV at 10 mA dec*
current density [33]. Xia et al. studied the HER performance of

Mo,C nanoparticles supported on nitrogen-doped carbon
nanosheets. It exhibited high performance towards HER with
a low overpotential of 130 mV in acidic and 108 mV in basic
media at a current density of 10 mA dec™* [34].

In short, up to date, all the above reported methods for
synthesizing Mo,C typically include multistep and/or complex
synthesis procedures that are environmentally unfriendly
and/or expensive. These flaws will hinder their use on a global
scale [29]. Moreover, the reported materials were synthesized
under different synthesis conditions for achieving better
electrochemical properties from Mo,C and higher specific
capacitance from MoC.

Herein, we report a cost-effective and eco-friendly method
to synthesize pure phase Mo,C and MoC embedded in
graphitic carbon in a single step via the in-situ carburization
reduction route. During the synthesis, no external reducing
agent has been used. Many researchers reported the synthesis
of Mo,C and MoC under different synthesis conditions and
their electrochemical activity was investigated [35—38]. In this
work, pure phase Mo,C and MoC have been synthesized under
similar experimental conditions by varying the reaction pa-
rameters and their electrochemical properties have been
compared. The Mo,C particles were encapsulated inside the
graphitic carbon, which enhances the stability and activity for
HER. However, the highly ordered graphic layers in the MoC
powder improves the electrochemical capacitance and sta-
bility. The cyclic stability test up to 3000 CV cycles of Mo,C and
MoC has been done by many groups [39—41]. However, in the
present work both the phases exhibited long cycle stability up
to 5000 CV cycles. The 5000 CV cycle took about 10 h to com-
plete. The Mo,C showed high electrocatalytic activity towards
HER with a low Tafel slope of 129.7 mV dec™? in the acidic
medium [37,42,43]. However, MoC showed a Tafel slope of
266 mV dec ®. Also, Mo,C and MoC exhibited a specific
capacitance of 2.24 mF g~ and 8.17 mF g ' respectively. The
present synthesis method showed promising potential to
synthesize noble metal-free electrocatalyst at a very low price.

Experimental section
Synthesis

For the synthesis of pure phase Mo,C and MoC, ammonium
molybdenum tetrahydrate ((NH,4)sMo;0,4 - 4H,0) was taken as
a molybdenum source and hexamethylenetetramine
(CeH12N4) was used as a carbon source. In this work, 1.235 g of
ammonium molybdenum tetrahydrate (AHM) and 1.401 g of
Hexamethylenetetramine (HMT) were mixed in an agate
mortar and transferred into a specially designed stainless-
steel autoclave and sealed properly. The autoclave was
placed inside a pot furnace and the temperature was raised
from room temperature to 700, 800, and 900 °C at a constant
heating rate of 5 °C per minute for 10 h. In the second set of
experiments, the temperature was maintained at 800 °C for 6,
8, 10, 12, and 15 h of holding time with the same molar ratio of
precursors. To obtain the pure phase Mo,C, the third set of
experiments were done in which the molar ratio of precursors
was varied from 1:10 to 1:12 and 1:14 at a reaction temperature
of 800 °C for 8 h. At last, the autoclave was allowed to cool to
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room temperature and the obtained black powder was
collected. The details of the reaction parameters during ex-
periments and phases obtained are shown in Table 1.

Characterization

The synthesized powders were characterized by XRD for
phase formation and structural analysis via PANalytical X-
Pert-Pro diffractometer having CuKe radiation (A = 1.5406 A)
by copper target with an inbuilt Nickel filter. All the XRD
patterns were taken at room temperature between
20°<26 < 80°. X-Pert High Score Plus was used for phase
identification by matching the patterns with the ICDD data-
base. The morphological and microstructural studies were
done using Field emission scanning electron microscopy (JEOL
JSM 5600) and (TEM) transmission electron microscopy (JEOL
2100F) operating at 15 kV and 200 kV respectively. X-ray
photoelectron spectroscopy measurements were done using
AlKo (1486.6 eV) radiation operating at 15 kV and 15 mA. The
degree of graphitization was estimated by Raman spectros-
copy via Jobin Yvon Horibra LABRAM-HR 800 with a laser light
of 473 nm at room temperature.

Electrochemical studies

The electrochemical studies of as-prepared powders towards
HER were done in a three-electrode cell assembly of biologic
EC lab instrument (SP-300). The working electrode was pre-
pared using the following procedure.

1.5 mg of the synthesized powder was mixed in 250 pl of
ethanol and the solution was sonicated for 30 min to disperse
the particles uniformly. In the obtained solution, 60 ul Nafion
117 (Sigma Aldrich) solution was mixed and sonicated for
10 min 20 pl of the solution was dropped onto the top surface
of the glassy carbon electrode (GCE) having a surface area of
0.070 cm?. Finally, the GCE was left overnight at room tem-
perature for drying.

All the measurements were done using reversible
hydrogen electrode (RHE) and platinum electrode as reference
and counter electrode respectively. In a 0.5 M H,SO, electro-
lyte solution, all the electrodes were immersed. The linear
sweep voltammetry (LSV) measurements were performed
between 0.1 V and 0.6 V at a scan rate of 5 mV s~. The cyclic
voltammetry (CV) plots were measured at a scan rate of
100 mV s for 5000 cycles in a voltage range of 0—0.4 V. CV
curves at multiple scan rates were taken in the same potential

range (0—0.4 V) to estimate of EDLC measurements. The
galvanic charge-discharge curves were measured from 0 to
1V at different current densities. The EIS measurements were
performed within a frequency range of 10°~10~2 Hz. Before
recording the measurements, CV curves were performed in a
voltage range of —1 V to 1 V at a scan rate of 100 mV s~ * to
activate catalyst, remove contamination and stabilize the
electrochemical current [44].

Results and discussion
XRD

The crystallographic information of the as-synthesized sam-
ples was obtained by the X-ray diffraction technique. The
formation of Mo,C and MoC occurs through the decomposi-
tion of the precursors at high temperatures. To understand
the effect of reaction parameters on the phase formation, a
series of samples were prepared at different reaction tem-
peratures, reaction times, and molar ratios of precursors.
Fig. 1 shows the XRD patterns of the samples synthesized at
different reaction temperatures while keeping the other pa-
rameters constant. Fig. la—c represent the XRD patterns of the
samples synthesized at reaction temperatures of 700, 800, and
900 °C respectively. In Fig. 2, the XRD patterns of the samples
synthesized at different reaction time while keeping the other
parameters constant are shown. Fig. 2a—e represent the XRD
patterns of the samples synthesized at 6, 8, 10, 12, and 15 h of
reaction times respectively. The XRD patterns of the powders
synthesized at a different molar ratio of precursors while
keeping the other reaction parameters constant are shown in
Fig. 3. Fig. 3a—c represent the XRD patterns of the samples
synthesized at a molar ratio of 1:10, 1:12, and 1:14 (Mo:C)
respectively.

Effect of reaction temperature

To investigate the influence of reaction temperature on the
phase formation, the samples were synthesized at 700, 800,
and 900 °C of reaction temperatures at a constant reaction
time of 10 h and a molar ratio of 1:10 (Mo:C). At 700 °C, AHM
decomposes to MoO, and the intense diffraction peaks at 26
values 26.1, 36.9, 43.4, 53.6, 60.7, and 66.8 appear, which in-
dicates the formation of single-phase MoO, [45] (Fig. 1a). The
decomposition of AHM follows the equation:

Table 1 — Reaction parameters, major and minor phases obtained and crystallite size.

S. No. Temperature (C) Holding time (h) Molar ratio of precursors Phases obtained Crystallite Size (nm)
Major Minor
1. 700 10 1:10 MoO, _ 87.68
2. 800 6 1:10 MoC Mo,C 15.96
3. 800 8 1:10 Mo,C MoC, C 120.6
4, 800 10 1:10 Mo,C MoC, C 38.47
5. 800 12 1:10 MoC Mo,C 32.63
6. 800 15 1:10 MoC _ 17.28
7. 800 8 1:12 Mo,C _ 16.53
8. 800 8 1:14 Mo,C MoC 10.95
9. 900 10 1:10 Mo,C MoC 43.49
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Fig. 1 — XRD patterns of the samples synthesized at different reaction temperatures.

(NH,);Mo;0,4.4H,0 > 7Mo0; + 6NH; + 7H,0 1)

Further, the H, gas produced by the thermal decomposition

of NH; (2NH; AN, +3H,) during the reaction helps in the
reduction of MoO3; to MoO, [46]. The reduction of MoO3 by H,
gas occurs by the following scheme.

MoOs + H, — MoO, + H,0 (2)

MoO, does not carburize to form the molybdenum carbide
phases at this temperature. Further, the reaction temperature
was increased to 800 °C and the carburization of MoO, begins
to form Mo,C and MoC with a vol% of 80.72 and 16.14
respectively. Excess carbon also shows its presence at 20 value
31.89 with a vol% of 3.14 (Fig. 1b). The diffraction peaks of
Mo,C, MoC, and C can be matched with the ICDD card number
(00-035-0787), (01-089-2868), and (00-018-0311) respectively.

The formation of Mo,C and MoC by the carburization of MoO,
with HMT can be written as,

C6H12N4 + 6M002 d 3M02C + 6H20 + 3C02 + 2N2 (3)

and 2C6H12N4 + 9M002 — 9MoC + 12H20 + 3COZ + 4N2 (4)

At 900 °C, the diffraction peaks of MoC disappears and the
intense diffraction peaks of Mo,C came into existence (Fig. 1c).
Vol % of Mo,C and MoC were calculated to be equal to 91.2 and
8.8 respectively. The crystallite size of the powders was
calculated using the Debye Scherrer equation, D = 0.9%/(Bcos6)
where 0.9 is Scherrer constant, A is the wavelength used, B is
the FWHM (radians) and 6 is the angle of diffraction. Table 1
indicates that the crystallite size of the samples decreases
from 87.68 to 38.47 nm when the temperature rises from 700 to
800 °C and increases from 38.47 to 43.49 nm when the tem-
perature rises from 800 to 900 °C. The crystallite size depends
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Fig. 2 — XRD patterns of the samples synthesized at different reaction times.

upon the ordering inside the material. The higher the ordering
inside the material the higher will be the crystallite size and
vice versa. At 700 °C, the bonds of MoO, break to form Mo,C/
MoC, and the order inside the material decreases, and hence
crystallite size decreases. Above 800 °C, the MoC phase
transforms to Mo,C, and the order inside the powder in-
creases, and hence crystallite size increases.

Effect of reaction time

The reaction time variation was done to optimize the syn-
thesis conditions to obtain pure phase Mo,C and MoC at a
constant reaction temperature of 800 °C and molar ratio of
1:10 (Mo:C). Fig. 2a shows the XRD pattern of the sample
synthesized at 6 h of reaction time in which the diffraction
peaks of Mo,C (8.6 vol%) and MoC (91.4 vol%) appear. However,
when the holding time was increased to 8 h, the MoC phase
starts transforming to Mo,C. The volume percentage of the
Mo,C phase increases to 98.5 and the MoC phase decrease to
0.7 vol% along with excess carbon in 0.8 vol% (Fig. 2b). Further
increasing the reaction time to 10 h, Mo,C and MoC phases
along with excess carbon were obtained. As discussed earlier,
the vol% of Mo,C, MoC, and C were 80.72, 16.14, and 3.14
respectively (Fig. 2c). When the reaction time was increased to
12 h, the diffraction peaks of Mo,C and MoC phases were

observed in the XRD pattern (Fig. 2d). Vol % of Mo,C and MoC
was calculated to be equal to 3.6 and 96.4 respectively. With
increasing holding time to 15 h pure phase MoC was obtained
(Fig. 2e) according to Eq. (4). Moreover the role of reaction time
for the formation of Mo,C and MoC has been studied previ-
ously [47]. The crystallite size increases with reaction time and
after a certain time reached it decreases with increasing re-
action time (Table 1). Above 4 h of reaction time, MoC trans-
formed into highly ordered Mo,C, and the crystallite size
increases. Above 8 h of reaction time, the Mo,C phase trans-
forms into low ordered MoC, and therefore the crystallite size
decreases.

Effect of amount of precursors

In the third set of experiments, variation in the molar ratio of
precursors was done at a constant reaction temperature of
800 °C and reaction time of 8 h. As discussed above when the
molar ratio was kept at 1:10 the mixed phases of Mo,C (98.5 vol
%), MoC (0.7 vol%), and C (0.8 vol%) were obtained (Fig. 3a).
When the molar ratio was kept at 1:12 we get pure phase
Mo,C. In Fig. 3b, the diffraction peaks at 26 values 34.4, 37.9,
39.5, 52.2, 61.6, 74.7, and 75.7 were observed. However, no
additional peak was detected in the XRD pattern. The detected
diffraction peaks are consistent with the previously reported
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Fig. 3 — XRD patterns of the samples synthesized at different molar ratios of precursors.

Mo,C [48]. Itindicates that the obtained phase of molybdenum
carbide is pure Mo,C. Eq. (3) represents the reaction of the
formation of Mo,C. Further increasing the molar ratio to 1:14,
MoC (97.2 vol%) and Mo,C (2.8 vol%) phases were obtained
(Fig. 3c). The crystallite size of the powders synthesized at
different molar ratios of precursors decreases from 120.6 at
1:10 to 10.95 at 1:14. At a molar ratio of 1:10, bonds inside MoC
breaks to form Mo,C, and the order inside the powder de-
creases, and hence the crystallite size decreases. Further
increasing the molar ratio to 1:14, Mo,C transforms into MoC
and the order inside the powder decreases and hence crys-
tallite size decreases.

The above results reveal that Mo,C or MoC can be obtained
at a particular value of reaction temperature, time, and the
molar ratio of precursors. A change in any of these three
factors influences the formation of Mo,C and MoC, which

means the formation of the Mo,C and MoC phases is a critical
process.

XPS

The as-synthesized powders were further probed with X-Ray
photoelectron spectroscopy to investigate its composition and
surface chemical states. Fig. 4a—c show the XPS spectra of
Mo,C however, Fig. 4d—f show the XPS spectra of MoC powder.
Both the survey spectrums of Mo,C and MoC are similar (Fig.
4a and d). In the survey spectrums, the peaks positioned at
399.1,229.2,529.9, and 232 eV indicating the presence of Mo, O,
and C elements on the surface of the samples [49]. Fig. 4b
shows the deconvoluted high-resolution XPS spectra of Mo3d
(Mo,C), which can be fitted into five peaks. The peaks centered
at 233.1, 235.7, and 236.4 eV are assigned to Mo** 3ds/,, Mo®*
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3ds/,, and Mo®" 3ds/,, which came into account probably due
to the oxidation of Mo,C surface when exposed to air [50,51].
However, the peaks positioned at 228.8 and 232.4 eV corre-
spond to Mo?" 3ds/, and Mo?* 3ds, respectively which are
consistent with the carbide phase indicates the presence of
Mo,C. In the case of MoC, the peak positioned at 235.7 eV can
be assigned to Mo®* 3ds/,, whereas the peaks located at 233.5,
232.2, 231.6, and 228.3 eV can be assigned to Mo®" 3ds/, (Fig.
4e). The peak observed at 232.8 eV corresponds to Mo*" 3ds/,
however, the peaks at 229.6 and 228.9 eV correspond to Mo**
3ds/, state (Fig. 4e) [52,53]. The high-resolution spectrum of
C1s of Mo,C and MoC show similar results and are shown in
Fig. 4c and f respectively. The high-resolution spectra of Cls
can be deconvoluted into three peaks for both the phases. The
peaks at 284.2 eV are characteristic of molybdenum bonded
carbon [54]. Whereas the peaks at 285.8 and 284.9 can be
assigned to C—0O and C—C/C=C respectively [31,55]. Finally,
Fig. S1a (SI) displays the high-resolution XPS spectra of Ol1s of
Mo,C. The two peaks located at the binding energies 530.5 and
531.9 represent Mo—O and C—O bonds respectively [51,56].
However, in the case of MoC, the high-resolution spectra of
O1s can be deconvoluted into three peaks (Figs. S1b and SI).
The peak located at 530.1 eV indicates the presence of Mo—C
bond however, the peaks positioned at 230.9 and 232.2 eV
confirm the presence of Mo—0O bond [53,57,58].

FESEM and EDS

The morphology and elemental analysis of the samples were
investigated using FESEM and EDS. The FESEM micrographs of
Mo,C and MoC are shown in Fig. 5a—f respectively. The FESEM
images of Mo,C clearly shows the stacked layered structure of
graphitic carbon in which Mo,C particles are embedded. This
provides stability to the structure and contributes to the better

electrochemical activity and hence enhances the electro-
catalytic performance. The layered structures could also be
seen in the FESEM images of MoC shown in Fig. 5d—f. The
crystallinity of the graphitic layers seems to be higher than
Mo,C. The structure is more elongated and exhibits faceted to
flowery type morphology providing higher surface area. The
elemental analysis of the samples was done using Energy
Dispersive X-Ray Spectroscopy (EDS). Fig. 5g and h display the
EDS results of the Mo,C and MoC powders respectively. The
weight and atomic percentages calculated from the EDS
measurements are shown in Table 2. The detected elements
are in a good agreement with XRD results. The oxygen was
also detected during measurements, which may be expected
from surface oxidation of the sample when exposed to air.

TEM

Transmission electron microscopy (TEM) was used to observe
the microstructural nature of the synthesized sample. The
TEM micrographs of Mo,C powder are shown in Fig. 6a—d.
These micrographs clearly show the spherical shape of the
particles. The particle size distribution curve is displayed over
Fig. 6a. The average particle size calculated from the Gaussian
fit is 33.46 nm, which is greater than the crystallite size esti-
mated from XRD analysis. Fig. 6¢ and d confirm the insertion
of Mo,C nanoparticles within graphitic carbon layers, which is
in good agreement with the XRD results. These micrographs
also reveal that the graphitic carbon layers are stacked
together and the Mo,C particles are encapsulated inside the
carbon cloth. This type of structure plays a crucial role in the
electrochemical activity of the catalyst. The carbon cloth
around the Mo,C particles is responsible to enhance the
electrical conductivity of the Mo,C electrocatalyst [59]. The
high-resolution TEM image of the sample indicates the
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powder.

crystalline nature of the powder (Fig. 6e). The interplanar
spacing for the (100) plane of Mo,C was found to be 0.26 nm
which is in good agreement with the XRD data. Similarly, the
interplanar distances for the planes (101) and (002) were
computed to be equal to 0.22 and 0.24 nm respectively. The
selected area diffraction pattern (SAED) showed the poly-
crystalline nature of the as-synthesized Mo,C powder (Fig. 6f).
The interplanar spacing obtained from the SAED pattern was
in good agreement with the XRD results. The intense diffrac-
tion rings for (101) and (102) planes and weak diffraction rings
corresponding to (200), (201) and (203) planes were observed
for Mo,C.

MoC was also investigated by TEM and its micrographs are
shown in Fig. 7a—c. The particle size distribution curve is
displayed over Fig. 7a. The average particle size was found to
be equal to 1.95 nm from Gaussian fit, which is smaller than
the Mo,C particles and the small size may help to enhance the
electrochemical properties of the sample. Fig. 7b shows the

Table 2 — Elemental composition from EDS
measurements.

S. No. Element Weight (%) Atomic (%)
Mo,C MoC Mo,C MoC
1. Mo 40.58 44.81 5.83 11.12
2. C 66.24 31.04 75.99 61.50
3. o] 21.10 18.40 18.18 27.38

layered structure of the graphitic carbon, which helps to
improve the EDLC performance of the electrocatalyst. The
SAED pattern was indexed to (311) and (211) planes of MoC,
which confirms the MoC phase as obtained in the XRD results
(Fig. 7d).

Raman

The nature of carbon plays an important role in the conduc-
tivity of the sample. To investigate the composition of the as-
synthesized Mo,C powder Raman spectroscopy was con-
ducted and the spectra are shown in Fig. 8. The three char-
acteristic peaks positioned at 663, 820, and 992 cm™! can be
attributed to the Mo,C phase which was observed in XRD re-
sults. The two bands at 1364 and 1600 cm ™ can be indexed to
the D and G band. The MoC powder was also investigated
under Raman spectroscopy and the nature of the carbon was
found to be similar to Mo,C. The D and G bands are positioned
at 1396 and 1599 cm™*. A small peak at 805.3 cm™* can be
indexed to MoC [60]. The D band corresponds to the vibration
of sp3-hybridized carbon atoms representing defect induced
structure. However, the G band refers to the sp? hybridized
carbon type structure [35,51,61]. To determine the nature of
graphitization, the intensity ratio of D band to G band (Ip/Ig)
plays a crucial role. As this ratio increases the degree of
ordering decreases in the carbon material [60,62]. The ratio of
the intensity of the D and G band (Ip/Ig) was calculated to be
~0.93 and ~0.85 for Mo,C and MoC respectively. It indicates the
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Fig. 6 — (a, b, ¢, d) TEM micrographs, (¢) HRTEM and (f) SAED pattern of the Mo,C powder.

higher crystallinity of graphitic carbon within MoC than Mo,C,
which is in a good agreement to the FESEM data [63—65].

Electrochemical studies

HER activity

The electrochemical activity of the as-synthesized samples
was studied in a three-electrode system using an acidic me-
dium of 0.5 M H,SO,. To investigate the HER activity of the as-
synthesized samples, linear sweep voltammetry has been
performed at a scan rate of 5 mV s~ . The polarization curves
of the Mo,C and MoC in the acidic medium are shown in
Fig. 9a. Mo,C and MoC deliver an overpotential of 260 and
425 mV at a current density of 2 mV cm? respectively. How-
ever, in the case of MoC, the current density decreases sharply
with decreasing potential. Also, current fluctuation at lower
potential can be observed, which is due to the partially
blocked surface area of the electrode by evolved air bubbles
during measurements. The electronic structure of Mo,C is
responsible for the higher value of current density. The

graphitic carbon on the surface also improves the charge
transfer rate on the surface of Mo,C, which influences the
value of current density.

To further investigate the mechanism responsible for HER
activity, the Tafel plots were fitted according to the equation
n = a + b log|]| where a, b and J are intercept, Tafel slope, and
current density respectively. The HER mechanism involves
the following pathways [36,64].

Step I: M+ H30" + e~ < MHg4s + H,O (Volmer reaction)

Step II: MHgygs +H30" +e” < H, + M
+ H,0 (Heyrovsky reaction)

Step 11I: MHggs + MHggs < H, + 2M (Tafel reaction)

Here M is the active site and MH,q4s denote the hydrogen
adsorbed on that active site. If the value of the Tafel slope is
about 40 and 30 mV dec ' then Heyrovsky and Tafel reactions
determine the rate of the reaction. The rate-determining step
will be the Volmer reaction when the value of the Tafel slope is
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Fig. 7 — (a, b, ¢) TEM micrographs and (d) SAED pattern of the as-synthesized MoGC powder.

up to 120 mV dec™'. The Tafel plots of both the samples are
displayed in Fig. 9b. The Tafel slope of 129.7 mV dec ' was
obtained for Mo,C however, MoC shows a Tafel slope of
266 mV dec . This indicates that the Mo,C phase of molyb-
denum carbide is more suitable for hydrogen evolution reac-
tion because of its platinum-like electronic structure. The
Tafel slope of both the samples suggests that the rate-
determining step is the Volmer reaction. The higher value of
b for MoC indicates the faster reaction kinetics on the surface
of it. The synthesized Mo,C powder exhibits a small Tafel
slope (129.7 mV dec™') which means that it is one of the best
Mo-based electrocatalysts than other reported work as given
in Table S1 (SI).

Electrochemical double-layer capacitance (EDLC, Cq)
To investigate the electrochemical double-layer capacitance
(EDLC, Cq1) CV measurements were done which were per-
formed in a voltage range of 0—0.4 V at various scan rates
ranging from 5 to 250 mV/s. The CV plots of Mo,C and MoC at
different scan rates are displayed in Fig. 10a and b respec-
tively. The plots between scan rates (mV sec™?) versus current
density Ajo., (mA cm~2) of Mo,C and MoC are shown in Fig. 10c.
MoC and Mo,C showed a Cq; value of 8.99 and 2.47 mF cm 2
respectively which is consistent with the literature [48]. The
higher C4 value of MoC suggests that it can be a suitable
candidate for high-performance capacitors. The particle size
plays an important role in the electrochemical capacitance of
the sample. The smaller the size of the particle the higher will
be its capacitance [66]. The pure phase Mo,C showed a sharp
rectangular-shaped CV plot, which indicates high electro-
chemical reversibility during charging-discharging cycles

even at higher scan rates. MoC shows a rectangular-shaped
CV cycle exhibiting a large value of charge storage capacity.
The larger value of C4, for MoC might be a result of fast charge
separation of non-faradic processes within the electrolyte and
electrode interface. The specific capacitance measured from
the CV plots at multiple scan rates for Mo,C and MoC were
found to be equal to 2.24 mF g~* and 8.17 mF g~ ! respectively.
In the case of MoC, two weak redox peaks can be observed at
lower scan rates, which indicates the presence of an addi-
tional pseudocapacitive behavior along with EDLC [67]. These

Mo,C

Mo,C b G
—_ MooC
=
L
2 D G
n
% Mo,C
=
£|—moc

MoC

400 600 800 1000 1200 1400, 1600

1800 2000
Raman Shift (cm'1)

Fig. 8 — Raman spectra of as-synthesized Mo,C and MoC
powders.
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Fig. 10 — Cyclic voltammetry curves at different scan rates of (a) Mo,C and (b) MoGC; (c) scan rates vs. current density (AJo.2)
curves of Mo,C and MoGC; GCD curves of (d) Mo,C and (e) MoC powder; (f) number of cycles vs. specific capacitance (%) of Mo,C
and MoC powder; EIS curves of (g) Mo,C and (h) MoC powder; (i) Z-fitted equivalent circuit of EIS curves of Mo,C and MoC.

redox peaks weaken at higher scan rates which are due to
greater polarization as the potential of the redox reaction Ix At

exceeds the scan potential range [68]. The galvanostatic CF/9)= vxm ©)
charge-discharge measurements were also done to confirm
the capacitive behavior of the samples as indicated by CV
data. All the GCD measurements were performed in
0.5 M H,SO, at different current densities ranging from 1 to
2 A g1, The discharge time and specific capacitance of the
electrode are directly related to each other by the relation,

Where I denote the discharge current, Atis the discharge time,
AVrepresents the potential window and m is the mass of the
catalyst. The charge-discharge curves of Mo,C and MoC are
shown in Fig. 10d and e respectively. The charging time of
both the samples is approximately the same. However, MoC
shows a higher discharge time, which indicates the higher
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specific capacitance of MoC as they are directly proportional
to each other. With increasing current density, the discharge
time decreases which indicates the decrement in specific
capacitance. This could be due to the shortage of time avail-
able for the ions of the electrolyte to disperse on the sample
surface. These results are in good agreement with the CV
measurements.

Another key factor of an electrocatalyst is long-term sta-
bility. To evaluate the stability of the synthesized powders, CV
measurements were performed in a voltage range of
0—0.4 V at a scan rate of 100 mV/s for 5000 cycles, which took
10 h to complete. The graphs between the number of cycles
and percentage specific capacitance for Mo,C and MoC are
shown in Fig. 10f. Also, The CV plots obtained for both the
phases up to 5000 cycles are shown in Fig. S2 (SI). CV curves of
Mo,C are displayed in Fig. S2a however, Fig. S2b shows the CV
curves of MoC. For Mo,C, the CV curves nearly remain the
same up to 5000 CV cycles, which indicates that it is very
stable HER electrocatalyst in acidic medium. The high stability
may be due to the graphitic carbon on the surface of Mo,C
particles. In the case of MoC, the shape of the CV curves
changes during the first 2000 cycles, and after that, the shape
of the CV curves remains approximately the same up to 5000
cycles. The poor stability may be due to the less carbon
amount in MoC which suggests that it is not stable HER
electrocatalyst.

Electrochemical impedance spectroscopy (EIS)

The Mo,C and MoC powder were further investigated with EIS
to get more information about the interfacial properties of the
obtained catalysts in 0.5 M H,SO,. The information about the
reaction kinetics and the adsorption/desorption on the cata-
lyst surface can be gathered from the EIS curves. The typical
Nyquist plots of Mo,C and MoC from the EIS measurements at
various overpotentials ranging from 100 to 600 mV are dis-
played in Fig. 10. The Nyquist curves of Mo,C are displayed in
Fig. 10g, however, Fig. 10h shows the Nyquist curves of MoC.
Fig. 10i shows the electrical equivalent circuit model of both
the phases by Z-fitting of the EIS curves. The charge transfer
resistance (R; = Ret) values were calculated from the Nyquist
plots at 200 mV to compare charge transfer kinetics of both the
phases. The Nyquist plots revealed that the R, value of Mo,C
(26.37 Q) is obviously lower than that of MoC (88.91 Q), which
indicates the high efficiency and fastest electron transfer of
Mo,C during HER. The Nyquist plots of Mo,C at different
overpotentials reveal that the R, values decrease with
increasing overpotentials from 29.45 Q at 100 mV to 22.49 Q at
600 mV. This indicates the fast reaction rate and favorable
behavior of charge transfer kinetics towards HER [69]. For
MoC, the R values at 100 mV and 600 mV are 90.25 and 84.72 Q
respectively, which are similar to Mo,C.

Conclusion

In summary, we reported carbon-coated Mo,C and MoC pha-
ses of molybdenum carbide, synthesized in a stainless-steel
autoclave at a temperature of 800 °C for 8 (1:12; Mo:C) and
15 h (1:10; Mo:C) respectively. The synthesis temperature, re-
action time, and molar ratio of precursors play an important

role in the synthesis of pure phase molybdenum carbides. The
results indicate that pure phase Mo,C and MoC can be pro-
duced under similar conditions just varying the reaction pa-
rameters. The results show that Mo,C is encapsulated inside
graphitic carbon layers and has a stacked layered structure.
The particle and crystallite size of MoC are lower than that of
Mo,C, which increases its capability to store energy. However,
Mo,C shows higher HER activity due to its Pt like electronic
structure. Mo,C shows a low value of specific capacitance
because of its large particle and crystallite size. The graphitic
layers provide a path to the electrons and electrolyte ions to
interact with the electrocatalyst (Mo,C) and hence increases
its activity. The carbon matrix enhances the stability of the
electrocatalyst, which is a critical factor of an electrocatalyst
to be useful. The high specific capacitance value of MoC
calculated from EDLC measurements suggests its broad
application in energy storage devices. Mo,C exhibits high
stability however, MoC shows poor stability towards HER up to
5000 CV cycles. The synthesis of a noble metal-free catalyst
via the aforementioned method can be an effective and
environment-friendly way to achieve pure phase Mo,C and
MoC at different reaction conditions.
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