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Abstract. Sustainable hydrogen generation from water electrolysis using renewable energy sources is the most promising
pathway for future energy and hydrogen economy. Here, the Chevrel phase (Cuj gMogSg) was synthesized in composite
with Mo, C and good hydrogen evolution activity in acidic media has been demonstrated. Bundles of nanowires were formed
in the templated synthesis route. The composites were characterized by X-ray diffraction, transmission electron microscopy,
scanning electron microscopy and elemental analysis. Detailed electrochemical analysis reveals that MCS-Cu50 composite
exhibits higher hydrogen evolution reaction (HER) activity with 71.4 mA cm ™~ current density at an overpotential of 400 mV.

It requires 250 mV overpotential to produce 10 mA cm

Keywords.

1. Introduction

Energy is the most important input for the social and economic
development of a country. As an outcome of the general-
ization of agricultural, industrial and domestic activities the
demand for energy has increased remarkably worldwide. The
increasing demand for energy has forced people to exploit
the natural resources (coal, petroleum, etc.) in an uncontrol-
lable manner. Due to the present condition of the environment,
there is an urgent need to completely switch over from non-
renewable sources of energy to the renewable sources. This is
the main driving force behind the efforts to utilize renewable
energy sources more effectively. Renewable energy basically
includes the electricity and heat generated from solar, wind,
ocean, hydropower, biomass, geothermal resources, bio-fuels
and hydrogen derived from renewable resources. Hydrogen
would be ideal as a synthetic fuel because it is light weight
and can be obtained in abundance by the electrochemical split-
ting of water. Platinum is one of the best electrocatalysts for
hydrogen evolution reaction (HER). The scarcity and very
high cost of platinum metal has led to an intensive research
to develop electrocatalysts for HER. Mo-based compounds
have gained much importance as an alternative for platinum
in HER. Notable recent progress has been made in the past
decade in developing acid-stable HER catalysts, resulting in
the discovery of excellent HER activity for MoS,, Mo,C,
MoB, Ni-Mo, Ni-Mo-N and Ni,P, which all contain Mo
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current density for HER.
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and/or Ni [1-9]. Various reports exist wherein transition metal
carbides [10-12], nitrides [4,13—15], phosphides [7,16—18]
and sulphides [19-22] are found to be used as a replacement
for platinum as an electrocatalyst for hydrogen evolution reac-
tion. Molybdenum compounds possess downward shift in the
d band centre with respect to the Fermi level and the anti-
bonding state is below the Fermi level, which decreases the
hydrogen binding energy and results in weaker M—H,4 bond
[14,23]. Hence desorption of hydrogen from the surface of the
electrocatalyst becomes easy and this enhances the efficiency
of the catalyst.

Metal-ion-doped molybdenum-based compounds were
explored for good HER activity. Co-doped Mo,C nanowires
were demonstrated for good HER activity with 1, of 140mV,
where Co doping increases the electron density at the Fermi
level and results in weaker M-—H bond [24]. This in turn
facilitates the HER activity. Co-doped nickel phosphide was
exhibited as a good HER catalyst, where Co doping results
in moderate H adsorption and facilitates H, release from
the catalyst’s surface [25]. Cu doping in CoS, results in
remarkable HER activity [26] of 5o at an overpotential of
52 mV with a Tafel slope of 42 mV dec ™! and large exchange
current density of 0.68 mA cm~2. Cu doping leads to lower
H adsorption energy and awakens the inert S sites for HER
activity [26]. Cu-doped Ni catalyst exhibits HER activity of
10 mA cm~? at an overpotential of 27 mV with a small Tafel
slope of 33.3 mV dec™! in 1 M KOH solution [27]. Mo-based
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sulphides exhibit remarkable HER activity [22,28-30].
However, Cu, Mo-based sulphides (Chevrel phase) were not
explored for electrochemical HER activity. Here, we have
synthesized a Cu-based Chevrel phase (Cu; §MogSg) in com-
posite with Mo, C. Introduction of Cu ions in the reaction of
Mo,C-MoS; leads to Chevrel phase formation. This com-
posite was explored for electrochemical hydrogen evolution
in acidic media and it exhibits good HER activity.

2. Experimental

2.1 Materials

Ammonium molybdate tetrahydrate (CDH Chemicals),
copper (II) nitrate hydrate (BDH), trithiocyanuric acid (Alfa
Aesar) and aniline (Qualigens) were used without any fur-
ther purification. Nafion was purchased from Sigma Aldrich.
Double-distilled water was used in all the experiments.

2.2 Synthesis of Mo, C—Cu; gMoeSs

To synthesize the composites, a two-step reaction was
carried out where, in the first step, ammonium molybdate was
converted into anilinium molybdate via complex formation
with aniline and then in the second step, the complex material
(precursor) was annealed at 800°C in argon atmosphere as
reported earlier [10]. Here, we introduce trithiocyanuric acid
as a sulphur source to get carbide- and sulphide-based com-
posites. In brief, 1 mmol of ammonium molybdate, 1 mmol
of trithiocyanuric acid and 50 ml double-distilled water were
taken in a beaker. The mixture was kept on a stirrer for half
an hour and then 1ml of aniline was added to the mixture
under stirring followed by addition of dilute HC1 dropwise in
order to obtain a pH of 3.5. After that the mixture was kept
at around 50°C overnight to get the precipitate of ammonium
anilinium molybdate complex. The precipitate was filtered
and dried. The product was ground and heated at 800°C for 5
h. This reaction was repeated by adding a certain percentage
of Cu(Il) nitrate with ammonium molybdate (copper mole
percentage of 5, 10, 25, 50 and 75). 100% Cu containing
reaction was carried out as a control reaction without any Mo
ions. Exact reaction compositions are given in supplementary
table S1.

2.3 Characterization

The crystallinity, phase composition and purity of the
resulting nanocomposites were assessed through X-ray dift-
raction (XRD) analysis on a Bruker D8 Advance diffractome-
ter equipped with Ni-filtered Cu Ko radiation (A = 1.5418 A)
in the 26 range of 10-80° at a scanning rate of 0.02° s~'.
The surface morphologies of the composites were anal-
ysed by scanning electron microscopy (SEM, JEOL IT300)
operating at an accelerating voltage of 15kV. Transmission
electron microscopy (TEM) studies were carried out using a
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Technai G? 20 electron microscope operated at 200kV. TEM
specimens were prepared by dispersing the nanocomposites
in ethanol by ultrasonic treatment, dropping onto a porous
carbon film supported on a copper grid and then drying in
air.

2.4 Electrochemical measurements

Linear sweep voltammetry (LSV), cyclic voltammetry (CV)
and electrochemical impedance spectroscopic measurements
were carried out with a computer-controlled electrochemical
workstation (Autolab PGSTAT 302 N). Hydrogen evolu-
tion reactions were studied using three-electrode set-ups
where Ag—AgCl, graphite rod and catalyst-coated glassy
carbon electrode (GCE) were used as the reference elec-
trode, counter-electrode and working electrode, respectively.
The sample preparation methodology is as follows: a slurry
was obtained by dispersing 2.5mg of Mo,C—Cu; gMogSs
nanocomposite in 480 1 of isopropanol and 20 1 of Nafion;
2wl of this slurry was carefully drop-casted on the working
electrode and dried for 10min. Nafion acts as a proton-
conducting binder for nanoparticles, which forms a membrane
over the surface of the electrode. All the three electrodes were
placed in a freshly prepared solution of 0.5M H,SO4. LSV
was carried out at a scan rate of SmV s~ in the potential range
of (0 to —0.6 V). CV was carried out at different scan rates in
the potential range of +0.04 to +0.4 V vs. RHE. Electrochem-
ical impedance spectroscopic measurements were carried out
over 100 kHz-0.1 Hz at a particular applied bias. All potentials
have been reported with respect to that of reversible hydrogen
electrode (RHE).

3. Results and discussion

3.1 Synthesis and structural analysis

The composites were synthesized in a two-step reaction
where, in the first step, ammonium molybdate was converted
into anilinium ammonium molybdate via complex formation
with aniline and then in the second step, the complex mate-
rial (precursor) was annealed at 800°C in argon atmosphere,
which led to the formation of Mo, C—Cu; §MogSg composites.
This synthesis route was used to synthesize Mo,C and Mo, N
nanostructures [13,31] earlier. Here, trithiocyanuric acid was
used as the S source to get MoS; along with Mo,C. Introduc-
tion of Cu ions in the reaction mixture led to the formation of
Chevrel phase (Cu; §MogSg) along with Mo, C. The phase for-
mation and structures were identified from the XRD analysis.
The reaction of anilinium molybdate complexes (precursor)
with trithiocyanuric acid at 800°C led to the formation of
amorphous Mo, C and MoS; as confirmed by the powder XRD
(figure 1). When Cu ions are added to the reaction mixture, it
results in the Chevrel phase (Cu; §MogSg, JCPDS no-840239)
formation along with Mo, C (orthorhombic structure, JCPDS
no-790744). With increase in the Cu content, the Chevrel
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Figure 1. Powder XRD pattern of Mo, C—Cu; gMogSg (#1is M02C
and * is Chevrel phase Cuj §MogSg).

phase formation increases and at the same time Mo, C phase
decreases. At 75% of Cu content (MCS-Cu75), Chevrel phase
(Cu; gMogSg) was formed with negligible amount of Mo,C.
However, the XRD pattern (supplementary figure S1) of the
control reaction containing 100% Cu shows the formation of
Cu,S (tetragonal structure, JCPDS no-721071).

3.2 Microscopic and elemental analysis of
Mo, C—Cuy gMogSg composites

In figure 2, SEM micrographs show that flakes and bundle
of nanowires are obtained, which may be due to the template
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of the precursor (anilinium molybdate complex) as evident in
the earlier reports [10]. The Chevrel-phase-based composites
exhibit morphologies having bundles of nanowires (figure 2).

The SEM micrograph of the product of the control reaction
with 100% Cu shows the presence of cluster of particles with
random morphology (figure 2f), which might be due to the
formation of Cu,S as confirmed from the powder XRD anal-
ysis (supplementary figure S1). EDAX analysis of the sample
(MCS-Cu50) confirms the presence of Cu, Mo, C and S in
the composites (figure 3a). The variation in the ratio of Cu
and Mo is confirmed from the EDAX quantification (supple-
mentary table S2). In the absence of copper (in case of MCS),
Mo, C and MoS; composite was formed. The presence of cop-
per in the reaction system results in the Chevrel phase along
with Mo, C minor phase formation. It was observed that Mo
content in the composites decreases with respect to Cu con-
tent as expected. Again, S content increases, which indicates
higher amount of Chevrel phase formation as Chevrel phase
has high S content. This follows the reaction condition where
increase in the copper content results in higher amount of
Chevrel phase formation. The elemental mapping of one of
the composites (MCS-Cu50) suggests that Mo, S and Cu are
present uniformly throughout the sample (figure 3b—e). The
mapping of carbon shows dark region of the sample area,
indicating that the presence of Mo,C is less compared with
Chevrel phase (figure 3d).

TEM images of Mo,C-MoS, composite exhibit nanorod
morphologies, which are composed of amorphous Mo,C
nanoparticles and MoS, sheets (figure 4a—c). High-resolution
TEM images show the layers of MoS, randomly oriented in
the nanorod morphology as marked in figure 4b and c. In the
composite of Mo,C—Cu; gMogSg (MCS-Cu50), nanowires

Figure 2. SEM images of MoyC—Cuj §MogSg composites: (a) MCS, (b) MCS-Cul0, (¢) MCS-Cu25, (d) MCS-Cu50,
() MCS-Cu75 and (f) Cul00.
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Figure 3. (a) EDAX profile and (b—e) elemental mapping of MCS-Cu50 showing the presence of the elements.

are evident and are composed of small particles of Chevrel
phase along with Mo,C particles (figure 4d—f). The lattice
fringes in the high-resolution TEM image are identified as
the (001) plane of Cu; gMogSg crystals.

3.3 Electrochemical analysis

Electrochemical hydrogen evolution reactions using the
Mo,C—Cu; gMogSg composites deposited on GCE with a
mass loading of 1.66 mgcm~2 have been investigated using
a typical three-electrode system in 0.5 M H,SO4 aqueous
solution.

LSV studies, where current density has been recorded
as a function of applied potential at a sweep rate of
5mV s~!, suggest that these composites exhibit good catalytic

activity for hydrogen evolution. LSV curves (figure 5a) show
the highest current density (71.4mAcm~2 at —0.4 V vs.
RHE) for the composite MCS-Cu50, whereas 39.22, 52.02,
66.67 and 70.2 mA cm~2 current densities were observed for
MCS, MCS-Cu05, MCS-Cu25 and MCS-Cu75 composites,
respectively. The current density is found to increase
with the increase in the Cu content up to 50%. Further
increase in the Cu content decreases the current density. The
overpotential required for driving a current density of
10 mA cm~2 was found to be 270, 250, 250, 250, 250 and
280 mV for MCS, MCS-Cu05, MCS-Cul0, MCS-Cu25,
MCS-Cu50 and MCS-Cu75, respectively (supplementary
table S3).

To understand the mechanism of the hydrogen evolution
reaction, we have studied upon the Tafel slope values
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Figure 4. TEM images: (a—¢) Mo,C—MoS; (MCS) and (d—f) Mo, C—Cuj §MogSg nanocomposite (MCS-Cu50). Arrow

indicates the MoS; layers in the TEM images.
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Figure 5. (a) LSV curve and (b) Tafel slopes of Mo,C—Cu; gMogSg composites.

(figure 5b) of the composites, which is the slope of
the overpotential vs. log(lcurrent densityl) curve and is
indicative of the mechanism of the HER process. Tafel slopes
were found to be 120, 104, 93, 92, 92 and 109 mV dec~! for
MCS, MCS-Cu05, MCS-Cul0, MCS-Cu25, MCS-Cu50 and
MCS-Cu75, respectively. The Tafel slope of 120mV dec™!
suggests that Volmer reaction is the rate-limiting step for
the hydrogen evolution reaction. However, the Tafel slopes
lower than the standard value of 120 mV dec ™! indicate that
the HER process follows the Volmer—Heyrovsky mechanism

with intermediate reaction kinetics. The rate-determining step
is transferred to the Heyrovsky reaction from the Volmer
process. This implies that the HER process may follow the
fast discharge reaction (i.e., Volmer reaction) followed by
slow desorption reaction (Heyrovsky reaction). The electro-
chemically active surface area (ECSA) of the samples was
calculated from the CV. CV measurements were carried out
at different scan rates in the potential region of 0.05-0.45V
(vs. RHE), where no redox peaks were observed (supplemen-
tary figure S2). We have calculated the specific capacitance
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Figure 6. Nyquist plot of Mo,C—Cuj gMogSg composites: (a) MCS, (b) MCS-Cu05, (¢) MCS-Cul0, (d) MCS-Cu25, (e) MCS-Cu50

and (f) MCS-Cu75.

1200 mV vs. RHE

—~

S

<

o

:—/

N —=—MCS
—=— MCS-Cu05
—=—MCS-Cu10

—u— MCS-Cu25
—u— MCS-Cu50
—a—MCS-Cu75

600

400
Z'(ohm)

Figure 7. Nyquist plot of MoyC—Cu; §MogSg composites at an
applied bias of 200mV.

of each composite from the slope of the linear plot of Aj
(current density) vs. scan rate (supplementary figure S3) at
a potential of 0.25V (vs. RHE). The specific capacitance is
the double of the slopes. The specific capacitances of 10, 14,
22, 16.5, 21 and 18.5mF cm~2 were found for MCS, MCS-
Cu5, MCS-Cul0, MCS-Cu25, MCS-Cu50 and MCS-Cu75,
respectively. We used specific capacitance of 40 wFcm™2
(a moderate value as reported in a recent report) to calcu-
late ECSA for the electrodes. The ECSA (Agcsa) can be

calculated from the following equation:
Agcsa = (specific capacitance) /(40 WF cm ™).

Therefore, the highest ECSA was found in the case of
MCS-Cul0 composite.

Electrochemical impedance spectroscopic measurements
at different applied biases suggest that the charge transfer
resistance (R.¢) decreases with the applied bias, which implies
higher HER activity at higher applied potentials (figure 6).
When we compared the Nyquist plot of the composites at
a particular applied bias of 200mV (vs. RHE), we found
that MCS-Cul0 exhibits a smaller semicircle, i.e., lower R
indicating higher HER activity of the composite (figure 7).

4. Conclusion

The Mo,C—Cu; sMogSg composites also exhibit good
catalytic activity for hydrogen evolution. The current density
is found to increase with the increase in the mole percentage
of Cu ions (50%) in the reaction mixture. The specific capaci-
tance of each composite has been calculated from the slope of
the linear plot of Aj (current density) vs. scan rate at a poten-
tial of 0.25V (vs. RHE). The highest ECSA was found in
the case of MCS-Cul0 composite. Electrochemical impeda-
nce spectroscopic measurements at different applied biases
suggest that the charge transfer resistance (R ) decreases with
the applied bias, which implies higher HER activity at higher
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applied potentials. When the Nyquist plot of the composites
was compared at a particular applied bias of 200mV (vs.
RHE), it was found that MCS-Cul0 exhibits the lowest R,
indicating higher HER activity of the composite. However,
these composites exhibited 10mA cm™2 current density at
an overpotential of 250mV. Various Chevrel phases can be
explored further for HER activity.
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