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The mechanism and kinetics of the hydrogen evolution reaction (HER) on Ni-Mo-rGO composite electrodes
in 1.0 M KOH solution were investigated by cyclic voltammetry (CV), chronopotentiometry (CP) and potentio-
dynamic polarization techniques. Ni-Mo-rGO composite coatings were deposited on a copper substrate
by an electrodeposition method at a current density (c.d.) ranging from 1.0 to 4.0 A dm™2 The change in
surface morphology and chemical composition was characterized by scanning electron microscopy (SEM),
X-ray diffraction (XRD) analysis, energy dispersive X-ray (EDX) analysis and X-ray photoelectron
spectroscopy (XPS). It was shown that the carbon content of the composite coatings was affected by c.d.
With the increase in the carbon content in the Ni-Mo-rGO composite coatings, the onset potential was
decreased and the exchange current density was increased during the HER. The minimum onset potential
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and maximum exchange current density of Ni-Mo-rGO composite coatings for the HER were —401.6 mV

and 4.31 pA cm~2. The best composite coating exhibited a maximum peak current density of —0.517 A cm™2
DOI: 10.1039/c7nj04552b at —1.6 V, which is approximately 3 times better than that of the binary Ni—Mo alloy, indicating the best

activity for hydrogen production. The potentiodynamic polarization measurements revealed that compo-
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Introduction

As aresult of public awareness of serious environmental threats
caused by massive utilization of fossil and nuclear fuels, an
agreement has been reached towards an energetic system based
on clean, sustainable and renewable resources." Hydrogen is
considered as an alternative clean energy source of fossil fuels
and an ideal energy resource for the future.” Even though
hydrogen is the most abundant element in the universe, it
cannot be found in the pure state in nature. In this regard,
production of low cost and environmentally clean hydrogen by
means of renewable energy sources becomes very important.
Water is a renewable resource of great interest for hydrogen
production and water electrolysis represents the most impor-
tant path to obtain hydrogen from water, although thermal and
photocatalytic decompositions are also attracting some attention. It
is an advanced technology based on the generation of hydrogen
and oxygen from water molecules which are dissociated by applying
direct current electric energy. The hydrogen obtained with this
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site coatings are much more resistant to corrosion than binary alloy coatings.

technology has a high purity that can reach 99.99% when
oxygen and vapor are removed from the hydrogen produced.’
From a technological point of view, at present, one of the
most mature and effective methods for hydrogen production
is alkaline water electrolysis. However, the main problem with
electrolytic hydrogen production is the low electrode catalytic
efficiency and high energy consumption. Ni-based alloys have
long been recognized as suitable electrode materials for hydrogen
evolution reaction (HER) due to their relatively high catalytic activity
and low cost.*® Although nickel shows a high initial electrocatalytic
activity towards the HER, it experiences extensive deactivation as a
cathode during alkaline water electrolysis. The alloying of two (or
more) metals has long appeared as the most straightforward
approach to achieve electrocatalytic activity for the HER.”
Among them, the Ni-Mo binary alloy either electrodeposited,®
mechanically alloyed,” or thermally prepared® shows superior
electrocatalytic performance for the HER. The enhanced
activity corresponds to a synergistic effect due to the electron-
transfer between electron-rich Ni and electron-deficient Mo in
the Ni-Mo alloy.'"*?

Efforts to develop highly active and efficient electrocatalysts
for electrolytic hydrogen production have been a long-standing
challenge. In general, the efficiency of the electrode materials
can be improved by increasing the real surface area or increasing
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the intrinsic catalytic activity by a synergistic combination of
multicomponents.”® Nowadays, graphene, an emerging two-
dimensional structure of free-standing carbon atoms which
are packed into a honeycomb-like crystal structure, is being
predicted to have numerous potential applications because of
its unusual electron transport properties and other distinct
characteristics. Also, graphene-based materials possess large
specific surface area, excellent conductivity and availability for
surface functionalization, which are important characteristics
for electrochemical applications."* The high conductivity of
graphene makes it an inexpensive alternative to CNTs (carbon
nanotubes)." Because of the planar structure of graphene, both
sides of the graphene sheets could be utilized as a support for
catalysts.'® These properties make graphene a promising and
favorable catalyst support.'”

In the present work, electrodeposition of Ni-Mo alloys along
with reduced graphene oxide (rGO) is carried out on a copper
substrate of a known surface area. The rGO can facilitate charge
transfer and ionic interchange to enhance electrocatalysis.'®*°
The enhancement of its electrocatalytic efficiency is studied
using electrochemical techniques such as CV and CP in 1.0 M
KOH medium. Furthermore, the potentiodynamic polarization
technique is used to study the stability of the electrocatalysts in
the same alkaline medium. Additionally, corrosion rates and
HER mechanism pathway are determined using the parameters
derived from the Tafel curves.

Experimental
Synthesis of reduced graphene oxide (rGO)

Graphene oxide was synthesized using the modified Hummers
method. In brief, natural graphite flasks (1.0 g) and NaNO;
(0.5 g) were mixed homogeneously in a 250 mL beaker, with the
simultaneous addition of concentrated H,SO, (50 mL) under
constant mechanical stirring. KMnO, (3.0 g) was then added
slowly to the above mixture and stirred at a constant room
temperature (25 °C) for 1 hour. Later, distilled water (75 mL) was
added to the mixture and continuously stirred for 30 minutes at
95 °C. Finally, the mixture of distilled water (100 mL) and H,0,
(1.0 mL) was consequently added to terminate the reaction, at
this stage the color of the reaction suspension turned from
brown to yellow. The obtained graphite oxide suspension was
separated by centrifugation, washed with distilled water, and
further sonicated to get a graphene oxide solution. The rGO
was finally synthesized by a microwave irradiation method. The
resultant graphene oxide solution was then irradiated with
microwave radiation at 350 W for 10 minutes; here the color
of the reaction suspension turned black. The obtained black
precipitate of rGO was separated by filtration, washed several
times with distilled water and dried at 80 °C for 12 hours in a
vacuum to obtain the rGO powder.

Electrodeposition of Ni-Mo-rGO composite coatings

The electrodeposition of the Ni-Mo-rGO electrocatalyst was
accomplished on a copper substrate from an alkaline sulfate
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Table1l Composition and deposition conditions of the optimized Ni-Mo-rGO
electrolyte bath

Bath constituents Amount (g L") Operating parameters

NiSO,-6H,0 18 Anode: Ni plate
Na,MoO, 48 Cathode: copper
Na;C¢Hs0, 105 pH: 9.5

rGO 0.5 Temperature: 303 K

Deposition time: 600 s
Current density: 1.0-4.0 A dm >

bath with composition and operating parameters as given
in Table 1. The electrolytic bath was prepared from analytical
grade reagents (Merck, India) using double distilled water.
Ni-Mo-rGO composite coatings are deposited on copper plates,
and a copper rod (both having same specifications) of known
surface area, depending on the requirements. For characterization
purposes, composite coatings are deposited on copper plates
(7.5 cm x 2.5 cm x 0.2 cm) in a 200 mL capacity cubic cell
(made of PVC material).

All the electrochemical and electrocatalytic studies of the
electrodeposited Ni-Mo-rGO coatings on a cross-sectional area
of the copper rod were carried out in a customized glass
cell (250 mL capacity) and the results are given in ESIt data
(Fig. S1). The copper rod was sealed with Teflon tape, leaving an
area of 1.0 cm” exposed for electrodeposition and the same
surface is subjected to the electrochemical test in 1.0 M KOH
solution. The mirror polished copper surface was degreased using
trichloroethylene, electro-cleaned and pickled in 1:1 HNO; to
activate the surface prior to deposition and finally rinsed with
distilled water. A copper substrate is used as the cathode in the
electrochemical cell and a pure nickel plate of the same exposed
surface area is used as an anode and kept parallel at a 5 cm
distance from each other. 0.5 g L ™" of synthesized rGO was
added into the Ni-Mo bath. The bath was agitated ultrasonically
for 2 hours to ensure uniform dispersion of rGO. An Agilent
N6705A DC power analyzer was used as a highly sensitive power
source for electrodeposition. The total time for electrodeposition
was fixed at 600 s in all the cases for optimal comparison.

Electrochemical measurements

An electrocatalytic study of Ni-Mo alloy and Ni-Mo-rGO com-
posite coatings was carried out using a customized three-
electrode tubular glass cell, with arrangements as shown in
Fig. 1. This electrochemical cell was designed for the quantita-
tive measurement of hydrogen gas liberated, when the electro-
deposited Ni-Mo-rGO composite electrode was subjected
to cathodic polarization. The prepared Ni-Mo-rGO samples
developed at the different c.d.’s on a copper rod with an
exposed geometric surface area of 1.0 cm”® were used as the
working electrode, a saturated calomel electrode (SCE) was
used as the reference electrode and platinum was used as the
counter electrode. All the potentials mentioned in this paper
are relative to SCE which is 0.241 V positive to the standard
hydrogen electrode. Luggin’s capillary with the agar-KCl salt
bridge was used to minimize the error due to ohmic drop. The
cell is also fitted with graduated tubes (burette), which collects

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018


http://dx.doi.org/10.1039/C7NJ04552B

Published on 28 February 2018. Downloaded by National Institute of Technology - Surathkal on 27/03/2018 10:37:27.

NJC

Reference electrode

Working electrode Counter electrode

Luggin capillary

Fig. 1 Experimental setup used for evaluating the electrocatalytic perfor-
mance of Ni—-Mo alloy and Ni-Mo-rGO composite coatings, with provision
to collect liberated H, and O, gas.

the volume of liberated gas (hydrogen and oxygen) displacing
the solution, whose volume could easily be measured.

Cyclic voltammetry (CV), potentiodynamic polarization and
chronopotentiometry (CP) techniques were used to characterize
the electrochemical performance of the deposited electrodes in
1.0 M KOH solution at room temperature. All the measurements
were performed with a computer-controlled electrochemical
system (model IVIUM, VERTEX, Netherlands). The potentio-
dynamic polarization study was carried out by polarizing the
test electrode by subjecting it to a potential drift —250 mV
cathodically and +250 mV anodically relative to the OCP at a
scan rate of 1 mV s~ and the corresponding Tafel curves were
recorded in alkaline solution, respectively. From Tafel extrapolation,
the polarization parameters such as corrosion potential (Ecor),
corrosion current density (i.o;), corrosion rate (CR) and cathodic
Tafel slope (f.) were deduced.

Characterization

The morphology, as well as the composition of the coatings,
was characterized using a scanning electron microscope (SEM,
EVO 18 from Carl Zeiss, Germany) equipped with EDX. The
crystal structure was measured by an X-ray diffractometer (XRD,
Rigaku Miniflex 600), using Cu Ko (4 = 1.5406 A) radiation, in a
continuous scan mode at the scan rate of 2° min~". The chemical
states of the elements in the as-synthesized samples were
recorded by using X-ray photoelectron spectroscopy (XPS,
Kratos XSAM 800) using monochromatic Al-Ko radiation. All
the measurements were performed after 10 min of argon ion
sputtering to avoid the influence of oxidation by air and were
referenced to the C (1s) line binding energy of 284.5 eV.

Results and discussion
SEM analysis

The surface morphology of the Ni-Mo alloy coatings deposited
at different c.d.’s (i.e. 1.0-4.0 A dm2) was previously reported
in the literature by our group.*® With the addition of graphene to
the deposition bath, as expected, a change in surface morphology
of the coatings was observed. As seen from Fig. 2, an apparent
hybrid structure is successfully produced. Nanoparticles are

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018
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Fig. 2 SEM images of the Ni-Mo-rGO composite coatings deposited
from the optimal bath at (a) 1.0 A dm~2 and (b) 4.0 A dm~2 displaying
irregularly shaped graphene layers embedded in the Ni-Mo alloy matrix;
(c and d) are magnified images showing layers of graphene and encapsulated
alloy nodules in the graphene network.

well dispersed on or covered under the rGO sheets. It can be
observed that the size of the nodules increases with the
increase in c.d. but they become few in number. Owing to
the high specific surface area of graphene, the adsorption of
the electrolyte onto the surface is expected to be very high. On
applying current, the electrolyte adsorbed graphene gets dragged
towards the cathode and gets incorporated into it along with the
growing alloy layer. The adsorbed metal ions on the graphene
are reduced into metal atoms and deposit as an encapsulated
bundle of alloy particles within the graphene network (Fig. 2(b)).
Such structural changes due to the addition of graphene increase
the surface roughness and hence increase the electroactive
surface area of the composite coating, which in turn enhances
its electrocatalytic activity. The observation of such structural
changes due to the addition of graphene is of great importance
in understanding its significance in enhancing the electro-
catalytic activity of the binary alloy coatings.>'

EDX analysis

EDX analysis was carried out to determine the presence of
different elements in the coatings. The composition of the
composite coatings is shown in Table 2 and the spectrum is
given in the ESIT (Fig. S2). From the data reported in Table 2, it
is clear that c.d. has a great influence on the composition of the
coatings. Also, the Ni-Mo-rGO coating prepared at 4.0 A dm >
contains the maximum carbon content 16.14% when compared
with the coatings deposited at lower c.d.’s.

It is well known that molybdenum in the metallic state cannot
be electrodeposited separately from an aqueous solution,?* but it
can be co-deposited with ferrous metals forming an alloy. This
phenomenon is so-called induced co-deposition.>® In the induced
co-deposition, the behavior of individual metal is irregular and
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Table 2 Elemental composition of Ni-Mo-rGO coatings deposited at
different c.d.’s from the optimal bath

Coating configuration wt% Ni wt% Mo wt% C
(Ni-M0-1GO); o o dm-2 49.36 42.08 8.56
(Ni-M0-1GO)s.0 4 am-2 50.10 38.05 11.85
(Ni-M0-1GO)3 ¢ 5 am-2 54.54 32.03 13.43
(Ni-M0-1GO),4 5 dm-2 57.55 26.31 16.14

difficult to predict, which reflects the complicated mechanism of
alloy formation. During this process, the discharge of Ni(u) and
Mo(vi) complex ions and hydrogen evolution occur on the cathode
at the same time. However, besides the induced co-deposition of
metallic molybdenum, low valence state oxides of molybdenum
reduced from Mo(vi) may exist in the deposited films.>*** Further-
more, the bath exhibits a very low partial current density for the
deposition of Mo (compared to its calculated limiting current
density), due to a low rate of mass transport of electroactive species
(Mo*" ions) from a pH-dependent molybdate—citrate complex.
Hence, an unusual decrease of Mo content with c.d. is more due
to changes in pH (due to the evolution of H, gas), responsible for
shifting the equilibrium of its citrate complex, than due to the
change in its limiting current density.”® This unusual change
of composition with the c.d. is a specific nature of the induced

co-deposition of Ni-Mo alloy as observed by Bratoeva et al.”’

XPS analysis

XPS analysis was also performed to determine the chemical
states of the elements in the Ni-Mo-rGO and Ni-Mo alloy
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deposits which are very important for the electrochemical and
catalysis behavior. Fig. 3(a-d) displays the chemical composi-
tion and states of the Ni-Mo-rGO and Ni-Mo coatings. From
the survey spectrum (Fig. 3(a)) the presence of C, O, Ni and Mo
peaks was observed. The high-resolution Ni (Fig. 3(b)) XPS
spectra show the binding energies of Ni 2pz, (+2 = 852.2,
+3 = 855.6) and Ni 2p;,, (+2 = 869.4, +3 = 873.3) for Ni-Mo-
GO, and Ni 2ps, (+2 = 852.6, +3 = 855.9) and Ni 2p,, (+2 = 869.8,
+3 = 873.7) for Ni-Mo and its satellite, respectively. The high-
resolution Mo (Fig. 3(c)) XPS spectra show the binding energies
of Mo 3ds, (+6 = 235.2, +2 = 230.7) and Mo 3ds;, (+6 = 232.1,
+2 = 227.7) for Ni-Mo-rGO, and Mo 3d3, (+6 = 235.6, +2 = 231.1)
and Mo 3ds, (+6 = 232.4, +2 = 228) for Ni-Mo, respectively.
However, from the peak positions it is observed that the Ni and
Mo binding energy peak in Ni-Mo-rGO is negatively shifted
as compared to the Ni-Mo sample (AE = 0.3-0.4 eV) (Fig. 3(b)
and (c)), indicating the existence of an electron transfer process
between the Ni-Mo and rGO networks, which is beneficial for
increasing the catalytic activity and also favorable for stabilizing
the electronic and ionic conductivity. A high-resolution spectrum
of C 1s shows the peak located at 284.7 eV, which corresponds to
the carbon of the rGO (Fig. 3(d)).

XRD study

XRD was used for the structural characterization of the Ni-Mo-rGO
composite coatings. The obtained diffraction patterns are shown
in Fig. 4. As observed in Fig. 4, the peaks at 22.3°, 43.3°, 50.4°,
74.03° and 89.8° are the characteristic peaks of the tetragonal
MoNi, phase (JCPDS no. 03-065-1533), and correspond to the
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Fig. 3 Survey spectrum (a) and high-resolution spectrum of Ni 2p (b), Mo 3d (c) and C 1s (d) of the Ni-Mo-rGO and Ni—Mo coatings.

4664 | New J. Chem., 2018, 42, 4661-4669

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018


http://dx.doi.org/10.1039/C7NJ04552B

Published on 28 February 2018. Downloaded by National Institute of Technology - Surathkal on 27/03/2018 10:37:27.

NJC
S »
\\\Q\ q,"\ ':’Q % S‘q?
. W S >
o S \‘9\\ @ox\ ¥ MoNi, (501)
7 - A —A
(Ni-Mo-rGO)4 g A gm2
- L J A
£ [(Ni-MorGO)y g p grr?
[
£
£ A A
(Ni-Mo-rGO), g A 42 J
‘A_l A
(Ni-Mo-rGO), g p 4m?
T T ) ' I

20 40 60 80 100
Diffraction angle (260)

Fig. 4 XRD patterns of the Ni-Mo-rGO composite coatings deposited at
different c.d.’s.

(110), (211), (130), (420) and (501) planes.”® As seen from the
XRD patterns, there were no apparent reflections of rGO;
this could be ascribed to the lower percentage of rGO in the
coatings. The grain size was obtained from the XRD line broadening
analysis of the peaks using the Scherrer equation,*

09)
" Bcos0

1)

where d is the crystallite size, 4 is the wavelength of X-ray
radiation, f is the full-width half maxima (FWHM) of the
diffraction peak and 0 is the diffraction angle. Upon calculation,
the average crystallite size of the coatings was found to be 25 nm.

A comparison of the diffraction patterns of the Ni-Mo
alloy coating and Ni-Mo-rGO composite coating deposited at
4.0 A dm™? is given in Fig. 5. From the graph, it is evident that
there are no significant changes in the crystallographic orienta-
tion after the addition of rGO; however, the intensity of the
(420) plane is reduced substantially indicating the reduction in

(002)
2
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s
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Fig. 5 XRD patterns of the Ni—-Mo alloy and Ni-Mo-rGO composite
coatings deposited at 4.0 A dm~2, along with the XRD pattern of rGO
shown in the inset.
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Table 3 Scherrer's equation parameters of Ni-Mo and Ni-Mo-rGO
composite coatings

Coating configuration 0 hkl plane FWHM d (nm)
(Ni-MO0), 0 A dm-2 73.90 420 0.3361 29.6
(Ni-M0-1GO),4 04 am-2 74.13 420 0.4137 24.1

its crystallinity. The values of the Scherrer parameters for the
(420) plane of Ni-Mo and Ni-Mo-rGO composite coatings are
given in Table 3. The crystallite size of the (420) plane of
the composite coating was 24.1 nm against the 29.6 nm of
the Ni-Mo alloy coating. This reduction in the crystallite size of
the composite coating was further supported by a higher peak
width in their diffractograms. This increase in peak width of
composite coating exhibits the influence of graphene on the
Ni-Mo coating. During the deposition of the composite coating,
the incorporation of graphene into the matrix enhances the
nucleation by creating disorder. The diffusion of graphene
towards the growth centers on the surface caused a detrimental
effect on the crystal growth. This increase in the nucleation
growth and retardation in the crystal growth is responsible for
the reduction of the crystal size."*

Potentiodynamic polarization study

To evaluate the suitability of the Ni-Mo-rGO composite elec-
trode for possible industrial application, the electrochemical
stability of the electrode was investigated using a potentio-
dynamic polarization study. The corrosion behavior of the
Ni-Mo-rGO coatings was evaluated using the Tafel plots.
Fig. 6 shows the Tafel curves of the Ni-Mo-rGO composite
coatings, and the CRs of the coatings, deposited at different
c.d.’s, are reported in Table 4. From the corrosion data, it can
be inferred that the Ni-Mo-rGO composite coating deposited
at 4.0 A dm 2 (having about 57.6% Ni) shows the least CR,
ie 4.69 x 107> mm year ', while the coatings deposited at
lower c.d.’s are more susceptible to corrosion.

Fig. 7 compares the Tafel curves of the Ni-Mo alloy and
Ni-Mo-rGO composite coatings recorded under electrocatalytic

-0.25
-0.30
S
w -0.354
O
(7]
@ ]
T: e —0— (Ni-Mo-rGO), ¢ » g2
%= —o0— (Ni-Mo-rGO), -2
§ -0.45 - ( 2.0 Adm
g —4— (Ni-Mo-rGO); § p g2
-0.50 7— (Ni-Mo-rGO), 5 g2
-0.55

T T
1E-3 0.01 0.1
Current density (mA cm'z)

Fig. 6 Potentiodynamic polarization curves of Ni-Mo-rGO composite
coatings deposited at different c.d.’s.
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Table 4 Corrosion parameters such as Ecor, fcorr @and CR's for the
Ni-Mo-rGO composite coatings deposited at different c.d.’s, using the
same optimal bath

View Article Online
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Table 5 Kinetic parameters obtained from the cathodic polarization

curves for the HER on the Ni-Mo-rGO composite coatings developed
at different c.d.'s

_Ecorr icorr CR X 1072
Coating configuration (V vs. SCE) (LA cm?) (mm year ")
(Ni-M0-1GO); 0 A dm-2 0.290 21.50 12.56
(Ni-M0-1GO),.0 A dm-2 0.298 19.61 10.28
(Ni-M0-1GO);3.0 4 dm-2 0.311 15.36 7.80
(Ni-M0-1GO)4.0 A dm-2 0.315 9.91 4.69

-0.25

-0.304 ‘a'
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-0.40

-0.45
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1E-3 0.01 0.1
Current density (mA cm'z)

Fig. 7 Comparison of Tafel curves of the Ni-Mo alloy and Ni-Mo-rGO
composite coatings developed at 4.0 A dm~2.

working conditions. It can be observed from Fig. 7 that curve ‘@’
is shifted to a more positive potential compared to curve ‘b’
indicating the more noble character of the Ni-Mo-rGO compo-
site coating and also its i.,, value decreased significantly
relative to the Ni-Mo alloy deposit. This shift of E.,, and a
decrease in i, indicates the higher corrosion resistance
property of the composite coatings.

In order to decouple the chemical composition related
intrinsic activity of the Ni-Mo-rGO composites towards hydro-
gen evolution, the effective exchange current density, i,, for the
Ni-Mo-rGO electrodes was calculated. The i, is derived directly
from the intercept by the extrapolation of the Tafel slope to the
equilibrium potential based on its relationship with the over-
potential described as:*°

n=a+ blogi (2)

where 7 (V) represents the applied overpotential, i (A cm ™ ?) the
resulting (measured) current, b (V dec™ ") the Tafel slope and
a (V) the intercept related to i, (A cm ?) through equation
a = (2.3RT)/(pnF) x logi,.

The optimal HER electrocatalyst is the material that gives
the highest current at the least overpotential and this particular
electrocatalyst shows low f. and large i, values. The kinetic
parameters of the Tafel curves are given in Table 5. As seen
from the data given in Table 5, the i, values decrease with the
c.d. and are found to be maximum for the composite, coated at
1.0 A dm~? indicating the better efficiency of that electrode for
the highest HER activity. Furthermore, values of f. that were
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Coating configuration —f. (mV dec™') i, (1A cm™?) —y. (mV vs. SCE)

(Ni-Mo—1GO); paam-> 89 4.31 401.6
(Ni-M0—1GO), 0pdm—2 95 4.11 409.9
(Ni-Mo-1GO); 0aam-> 98 3.92 419.5
(Ni-M0—1GO),0aqm-> 103 3.78 426.6

Table 6 Comparison of Tafel slope (fc) exchange current density (ig) and
cathodic overpotential (n.) of Ni-Mo alloy and Ni-Mo-rGO composite
coatings deposited at 1.0 A dm~2 and 4.0 A dm~2

Coating configuration —f. (mV dec™") i (WA cm™?) —y. (mV vs. SCE)

(Ni-MO)1.0 4 dm-2 115 3.18 438.8
(Ni-MO0).0 A dm-2 120 2.49 451.2
(Ni-Mo-rGO); gaqm-2 89 4.31 401.6
(Ni-M0-1GO),0aqm-> 103 3.78 426.6

directly obtained from the slopes of the Tafel curves increase
with the increase in c.d. This signifies a better electrocatalytic
behavior for the HER by the coatings developed at lower c.d.
(1.0 A dm™?), as it was found to have the least 8. and highest
ip value. A lower Tafel slope means that a catalyst requires a
low applied overpotential to generate a required current. Since
i is the measure of electron transfer rate of a catalyst,’’ a
higher amount of i, means a higher electrocatalytic activity,**
further proving the point.

From Table 6, it can be seen that the i, for HER on the
Ni-Mo-rGO electrodes is obviously higher than that on the
Ni-Mo electrodes, showing that the intrinsic activity of
the Ni-Mo-rGO composite coating toward HER is remarkably
higher than that of the Ni-Mo alloy coating. This suggests that
the introduction of rGO into the Ni-Mo alloy coating enhances
its intrinsic electrocatalytic activity for the HER in addition to
an increase in the surface area.™

Cyclic voltammetry

The electrocatalytic activity of the Ni-Mo-rGO composite coat-
ing deposited over the c.d. range of 1.0 A dm > to 4.0 A dm >
for the HER has been evaluated using the CV technique in the
potential range of 0.0 V to —1.6 V at a scan rate of 50 mV s~ * for
50 cycles. It was observed that the initial cycles showed larger
cathodic peak current density (i) values which eventually
decreased with the increase in the number of cycles. After about
25 cycles, the value of 7, was found to be constant, and the CV
curves were observed to retrace the previous cycle. This situation
corresponds to the conditions under which the rate of adsorp-
tion of the H atom on the surface for the formation of H, gas is
equal to the rate of desorption of H, gas.*® The CV curves for the
HER of the Ni-Mo-rGO composite coatings are shown collec-
tively in Fig. S3 (ESIf) and the corresponding electrochemical
parameters are listed in Table 7.

From the data in Table 7, it is evident that i}, decreases with
the increase in c.d. It can be observed that the Ni-Mo-rGO
composite coatings developed at the lowest c.d. (1.0 A dm?)
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Table 7 HER parameters of Ni-Mo-rGO coatings developed at different
c.d.’s from the optimal bath

Cathodic peak Onset potential Volume of

c.d. (l'pc; for HER H, evolved in
Coating configuration (A cm™ %) (V vs. SCE) 300 s (cm?)
(Ni-Mo-rGO); padm-2 —0.517 ~1.06 15.7
(Ni-M0-1GO), g pqm-2 —0.407 —~1.09 14.4
(Ni-M0o-1GO)3 g pqm-> —0.314 —1.11 13.2
(Ni-M0-rGO) o adm-2 —0.222 ~1.14 12.3

-100
o 200
- o (Ni-Mo)y ¢ o 4m™®
‘E( -300 - —— (Ni-Mo-rGO), ¢ p 4m?
-400

-500

T T
-1.6 -1.4 -1.2 -1.0 -0.8 -0.6
E (V vs. SCE)

Fig. 8 Comparison of CV curves for HER on the surface of the Ni-Mo alloy
and Ni-Mo-rGO composite coatings deposited at same c.d. (1.0 A dm2).

show the maximum i, value (—0.517 A cm™?), with the least
onset potential (—1.06 V), proving that it is the most effective
coating for HER activity, compared to other coatings. The onset
potential is defined as the potential at which the hydrogen
evolution reaction commences. For this study, the onset
potential of HER is obtained by the intersection of the extra-
polated baseline current and the prolonged tangent of the
cathodic linear curve. Moreover, the measured onset potential
of the Ni-Mo-rGO electrode for HER was significantly more
positive than that of the Ni-Mo electrode as shown in the
comparison graph given in Fig. 8.

It is observed that at —1.6 V, i,. for HER decreases as the
deposition c.d. increases and is approximately three times
better than that of the binary Ni-Mo alloy coating. This increase
in 7. can be attributed to the increased electrochemically
active surface area of the electrode, which is supported by the
increased area covered under the CV plot. Therefore, it can be
concluded the the Ni-Mo-rGO composite electrode displayed
considerably higher electrochemical activity for hydrogen
evolution and better electrocatalytic performance by reducing
the overpotential of HER. Apparently, the enhanced performance
of the Ni-Mo-rGO electrode towards electrocatalytic activity of
HER in comparison with the Ni-Mo electrode is strongly credited
to its chemical composition and microstructure."?

Chronopotentiometry

To test the electrocatalytic activity and stability of a catalyst,
CP was utilized as a suitable technique. In this method, a
controlled current (generally a constant current) is made to flow
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between two electrodes, in which the potential of one electrode
(working electrode) is monitored as a function of time with
respect to a suitable reference electrode. The solution is usually, but
not necessarily, unstirred and contains an excess of a supporting
electrolyte so that diffusion is the principal mechanism of mass
transport. Conventional industrial low-pressure alkaline electrolyzers
usually operate at c.d.’s from —100 mA cm™ > to —300 mA cm™ >
Chronopotentiograms of the Ni-Mo-rGO composite coatings depos-
ited at different c.d.’s along with the volume of H, gas liberated are
shown in Fig. S4 (ESIY), for the initial 300 s. For all of the modified
electrodes, the electrode potential reached a constant value after
some time (Fig. S4, ESIT). It can be seen that the coating corres-
ponding to 1.0 A dm ™2 shows the maximum liberation of H, (refer to
Table 7), due to excess reduction of H' ions as there are plenty of
active sites for their adsorption, provided by the graphene incorpo-
rated binary alloy matrix. This is further proved by the substantial
reduction in the operating cathodic potential (—1.51 V) of the
Ni-Mo-rGO composite coating as compared to its binary alloy coat-
ing (—1.74 V) as seen in Fig. 9. Also, the volume of hydrogen gas
liberated in the first 300 s was found to be much higher in the case
of composite coatings, as shown graphically in the inset of Fig. 9.

Mechanism for HER

The Tafel slope has often been used to identify the mechanism
and rate-limiting step of HER. These characterization techni-
ques revealed that the HER mechanism in high alkaline media
consisted of the three following steps:*”

(i) electro-reduction of water molecules with hydrogen
adsorption; Volmer reaction (eqn (3))

(ii) electrochemical hydrogen desorption; Heyrovsky reaction
(eqn (4))

(iii) chemical desorption; Tafel reaction (eqn (5)).

M+ H,0 +e <> MHygs + OH ™ (3)
MH,qs + H,O+e o M+ H,T + OH™ (4)
2MH,q4s <> 2M + H,1 (5)

Ni-Mo-rGO

®

] (Ni-M0) 4 g

222

E (V Vs. SCE)

2.0 —o— (Ni-M0o-rGO), ¢ p 42

® o

-2.1

-2.2

Volume of Hy evolved (cm®)

o N & @

'2.3 T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800

Time (seconds)

Fig. 9 CP curves at —300 mA cm™2 recorded for the Ni—Mo alloy and
Ni-Mo-rGO composite coatings developed at 1.0 A dm™2. The inset chart
shows the volume of H, liberated in 300 s on each of the electrodes.
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1.0 M KOH medium

Adsorption
(Volmer Reaction)

o Desorption

g (Heyrovsky Reaction)

n

*g H,+ OH-

)

It

@ ; H,

= ir Recombination
(Tafel Reaction)
Electrodeposited

I Alloy Surface

I
Voltage

Fig. 10 Diagram showing the mechanism of HER on the surface of
Ni—Mo-rGO composite coatings, used as the cathode respectively, in
1.0 M KOH solution.

The electrocatalytic HER on the Ni-Mo-rGO composite coat-
ings can also be explained by means of a mechanism, as shown
in Fig. 10. For a complete HER, the combinations of Volmer-
Heyrovsky or Volmer-Tafel mechanisms should be involved to
produce molecular hydrogen.

Tafel slope is an inherent property of a catalyst determined by the
rate-limiting step of HER.*' The Tafel plots are shown in Fig. 6 and
the corresponding f. values are reported in Table 5. The Tafel slope
for Ni-Mo-rGO was found to be around the theoretically obtained
value of —118 mV dec™ ' indicating that the rate-limiting step was
the Volmer-Tafel mechanism (eqn (3) and (5)) being operative in the
HER.*® From the data obtained from Table 5, the composite
deposited at 1.0 A dm? has the lowest fi, value compared to the
rest of the composite coatings developed at a higher c.d. proving the
fact that it is the more efficient electrocatalyst for HER. When
compared with the binary alloy coating, the rGO induced Ni-Mo
alloy shows better catalytic activity towards hydrogen production;
this is because graphene acted as a communicating platform in
facilitating the electron transfer and transport during the HER. As a
result, the c.d. of the HER was enhanced. Therefore, the improved
HER performances of the Ni-Mo-rGO composite coatings could also
be attributed to the high specific surface area and excellent electrical
conductivity of graphene present in the alloy matrix.*”

Conclusions

In this study, a simple electrochemical method was used
to synthesize an electrocatalyst consisting of graphene.

4668 | New J. Chem., 2018, 42, 4661-4669

View Article Online

NJC

The Ni-Mo-rGO composite coatings were electrochemically
deposited on a copper electrode and characterized using
different techniques in view of their possible applications as
an electrocatalyst for an efficient hydrogen production in an
alkaline solution. On the basis of the above experiments, the
following conclusions are drawn:

(1) The introduction of rGO into the Ni-Mo alloy matrix
provided an abundance of available edge sites for HER.

(2) with the highly exposed edge sites, the Ni-Mo-rGO film
achieved an excellent electrocatalytic activity towards HER with
a low 7. (—401.6 mV) and large i, (up to 4.31 pA cm ™ 2).

(3) The best coating exhibits a maximum i, of —0.517 Acm™
at —1.6 V, which is approximately three times better than the
binary Ni-Mo alloy.

(4) Tafel slope analysis revealed that the HER on the surface
of composite coatings follows the Volmer-Tafel mechanism.

(5) The prepared Ni-Mo-rGO composite coating shows four
times better corrosion stability in the alkaline medium than
Ni-Mo alloy electrodes.

(6) The highest electrocatalytic activity for the Ni-Mo-rGO
composite coating is attributed to a synergistic effect between
the binary alloy and rGO, in terms of its composition and
increased surface area.
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