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ARTICLE INFO ABSTRACT

Keywords: This work details the efficiency of Ni-Mo alloy as an electrode for water splitting application through
Ni-Mo alloy electrodeposition method. Nano-crystalline Ni-Mo alloy coatings were deposited in the current density (c.d.)
Corrosion range of 1.0-4.0 Adm™ 2 on a copper substrate, and were investigated for their deposit characters, and their
Water splitting electrocatalytic behaviours in 1.0 M KOH solution. The electrocatalytic behaviour of the coatings, in terms of
EEE study their hydrogen evolution reaction (HER) and oxygen evolution reaction (OER), were evaluated by electro-

chemical methods, like cyclic voltammetry (CV) and chronopotentiometry (CP). Experimental results revealed
that Ni-Mo alloy electrodeposited at 1.0 A dm ™2 (38.3 wt% Mo) and 4.0 A dm~? (33.2 wt% Mo) shows the
highest electrocatalytic tendency for HER and OER, respectively. The corrosion behaviour of Ni-Mo alloy coated
at 4.0 Adm™? is found to be the most corrosion resistant in the same alkaline medium, compared to other
coatings. The highest electrocatalytic activity of Ni-Mo alloy deposit for both HER and OER, depending on
deposition c.d. was attributed to their composition (in terms of Ni and Mo content), structure and surface
morphology; supported by EDXA, XRD, SEM and AFM analyses. The experimental study demonstrated that Ni-

Mo alloy coatings follow Volmer-Tafel type of mechanism for HER, testified by Tafel slope analyses.

1. Introduction

Hydrogen, the most abundant element on earth, is the cleanest and
an ideal fuel. Hence, it is considered as the efficient fuel in the future
[1]. An important method employed for the production of hydrogen is
water electrolysis. However, this method happens to be expensive due
to its high-energy consumption. In recent years, considerable efforts are
made in studying cathodic electrode materials being able to drastically
lower hydrogen over-potential and to increase the production of
hydrogen gas. Alkaline solutions are commonly used in water electro-
lysis, and main properties that the electrodes are considered to have a
large active surface area, long-term electrochemical stability, good
electrical conductivity, low hydrogen overpotential, excellent electro-
catalytic activity and a high resistance to corrosion [2]. But, it is well
known that except for noble metals, other less-noble metals show much
less activity for HER. In this direction, several 3d - transition metal-
based alloys have been tried, mostly binary alloys of Ni- or Co- and
some other transition metals (Mo, Zr, Fe, etc.). The combination of any
two transition metals could indeed enhance the HER electrocatalytic
activity compared to their individual activities, explained by well-
known synergetic effect [3]. Further, the literature reveals that
electrocatalytic activity of electrode materials can be increased sub-
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stantially by introducing a foreign dopant into an electrode possessing
high surface areas, or better electroactive sites. Hence, Ni and its alloys
are traditionally being used as the material of choice for electrodes to
catalyse water electrolysis for both HER [4,5] and oxygen evolution
reaction (OER) [6-8]. Ni is commonly used as a reference for
comparison with new electrocatalysts for the OER [9,10], due to the
fact that OER typically takes place on the surface of metal oxides or
hydroxides. Studies on Ni oxides and hydroxides, when combined with
Co, Mo, and Fe, produced by several chemical, thermal and electro-
chemical routes [10-12] and high-energy ball mill method [13], have
been carried out.

Among Ni-based alloys, Ni-Mo alloy is well known for its use as
cathode material for HER by water electrolysis [14]. Arul Raj and
Venkatesan [15] exhibited an improved electrocatalytic effect of
electrodeposited Ni-Mo alloys for HER than that of Ni and other Ni-
based binary alloys such as Ni-Co, Ni-W, Ni-Fe, and Ni-Cr. It was also
that electrodeposited Ni-Mo alloy coatings exhibit good anticorrosive
behaviour, mechanical and thermal stability by following induced
codeposition mechanism [16]. Many reported documents revealed that
an effective nano-crystalline Ni-Mo electrocatalyst can be developed by
electrodeposition method. The electrolytic synthesis of Ni-Mo alloy
coating has advantages over other methods, like a deposit of desired
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composition, porosity, low-temperature growth could be produced.
With this method, there also is a possibility to control the thickness,
morphology, and phase structure of the coating by adjusting certain
electrical parameters and the composition of electrolytes [17].

In this regard, the present paper reports the experimental results of
the examination on electrodeposition and characterization of Ni-Mo
alloy for water electrolysis i.e., (HER and OER) in the alkaline medium.
The paper is divided into three parts. The first part details on the
chemical, structural and morphological characterization of Ni-Mo
coatings deposited at varying of current densities (c.d.). The second
and third part details on the electrocatalytic behaviour of Ni-Mo
coatings developed at different c.d. for HER and OER, respectively
through cyclic voltammetry (CV) and chronopotentiometry (CP) tech-
niques. The optimal conditions of deposition of Ni-Mo alloy for highest
HER and OER have been proposed, and results are discussed.

2. Material and methods
2.1. Electrodeposition of Ni-Mo alloy coatings

The Ni-Mo electrolytic bath has been prepared from analytical grade
reagents (Merck, India) using double distilled water. Here, nickel
sulphate (NiSO46H,0) and sodium molybdate (Na,MoO,) were used
as a source of metal salts and tri-sodium citrate (Na3CgHs0,) as
complexing salt. The optimal bath composition and operating para-
meters for deposition of hard adherent Ni-Mo alloy coating were
arrived by standard Hull cell method [18]. The pH of the bath was
maintained at 9.5 (Systronics, ¢ pH Systems 362) by using either dil.
NH4OH or H,SO,4, depending on requirement. The electrolyte was
filtered using Whatmann-40 filter paper before each deposition, to
remove suspended anodic impurities and other insoluble particles. Bath
composition and operating parameters of the optimized bath is shown
in Table 1.

Ni-Mo alloy coatings were deposited on copper plates, and on a
cross-sectional area of the copper rod (both having same specifications),
depending on the requirement for characterization. For surface mor-
phology, composition and X-ray diffraction (XRD) analyses, Ni-Mo alloy
coatings were carried out on known surface area (2.5 cm X 2.5 cm) of
copper plates (7.5cm X 2.5cm X 0.2 cm) in 200 mL capacity cubic
cell (made of PVC material), by covering the remaining region of the
plate with cellophane tape. All electrochemical and electrocatalytic
study of Ni-Mo alloy coatings were carried out by depositing it onto the
cross-sectional surface area of a copper rod (1.0 cm?), in a customized
glass cell as shown in Fig. 1.

The copper substrate was ground to the mirror finish, using grinding
wheels of varying grade emery mops, and then degreased using
trichloroethylene. It was then electro-cleaned and pickled in 0.5M
HNO; to activate the surface prior to deposition and then rinsed with
distilled water. Copper substrate was used as a cathode in the
electrochemical cell, and pure nickel plate of same exposed surface
area as an anode; maintaining a distance of 5 cm from each other. All
electrodeposition was carried out under the galvanostatic condition,
from the optimal bath (refer Table 1), under the condition of constant
agitation using DC Power Analyzer (Agilent N6705A, USA), as the
power source. Electrodepositions were carried out at different c.d.

Table 1
The composition and deposition conditions of the optimized Ni-Mo bath.

Bath constituents Amount (gL~ 1) Operating parameters

NiSO46H,0 18 Anode: pure Ni plate
Na,MoO, 48 Cathode: copper
Na3zCgHs0, 105 pH: 9.5

Temperature: 303 K
Deposition time: 10 min
Current density: 1.0-4.0 A dm ™2
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Fig. 1. Customized glass cell used for electrodeposition of Ni-Mo alloy on a cross-
sectional surface area of a copper rod for studying its electrocatalytic behaviour.

(1.0-4.0 Adm~?2) for a constant duration (600s) to compare their
relative performance. Finally, the coatings after the deposition were
rinsed several times with distilled water, later dried in hot air, and then
desiccated until further testing.

2.2. Experimental set up

Electrocatalytic study of Ni-Mo alloy has been carried out using a
three-electrode tubular glass cell (customized), shown schematically in
Fig. 2. This experimental setup enabled the quantitative evaluation of
the electrocatalytic behaviour of Ni-Mo alloy deposited under different
conditions of c.d. The customized cell is designed to collect the
liberated H, and O, gas when the electrode is subjected to cathodic
and anodic polarization, respectively. The platinum electrode of
1.0 cm? surface area is used as a counter electrode placed at one end
of the tube and electrodeposited Ni-Mo alloy at another end, which
serves as a working electrode. Saturated calomel electrode (SCE) is used
as a reference electrode and its connection is established through
Luggin's capillary with Agar-KCl salt bridge which eliminates the error
due to iR drop. All potentials reported in this work were converted from
the SCE to the RHE scale using ((RHE) = E(SCE) + 1.030V) in 1.0 M
KOH. The cell is fitted with graduated tubes (burette), which collects
the volume of liberated gas (hydrogen and oxygen) displacing the
solution, whose volume could be easily read. This arrangement helps in
evaluating the electrocatalytic efficiency of Ni-Mo alloy by measuring
the amount of H, and O, generated at anode and cathode, respectively.

£

R e electrode

Working electrode Counter electrode

Luggin capillary

Fig. 2. Experimental set up used for quantitative evaluation of the electrocatalytic
performance of Ni-Mo alloy coatings.
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2.3. Electrochemical measurements

The electrocatalytic activity of Ni-Mo deposits developed at differ-
ent c.d. (for both HER and OER) were evaluated by subjecting them to
cyclic voltammetry (CV) and chronopotentiometry (CP) study in 1.0 M
KOH medium, using electrochemical workstation (IVIUM VERTEX,
Netherlands). Potentiodynamic 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 1.0 mV s~ '. The potentiodynamic Tafel curves were
simultaneously plotted, and through Tafel extrapolation method, the
polarization parameters like corrosion potential (E.,.), corrosion
current density (ico,), corrosion rate (CR) and cathodic slope (3.) were
deduced.

The corrosion rate was calculated using the following equation [19]:

K X icor X EW
P (@)

where, constant K = 0.00327, p = density of the corroding material,
EW = equivalent weight of the deposited alloy. Corrosion parameters
were used to evaluate the corrosion stability of Ni-Mo alloy in alkaline
1.0 KOH medium, and the cathodic slopes, 8. were used in under-
standing the mechanism pathway for HER.

CR (mm y ) =

2.4. Characterization of Ni-Mo coatings

Surface morphology of coatings was examined using scanning
electron microscopy (SEM) (EVO 18, Carl Zeiss, Germany). The
composition of coatings was studied by Energy Dispersive X-ray
(EDX) technique, interfaced with SEM instrument. Structural change
of Ni-Mo alloys coatings due to the effect of c.d. was analysed by X-ray
diffraction (XRD) study (Rigaku Miniflex 600), using Cu Ka
(A = 1.5406 A) radiation, in continuous scan mode at a scan rate of
2°min~'. The structural analyses were done using the computer
software (PANalytical X'Pert Highscore Plus). Atomic force microscopy
(AFM) measurements were carried out using Innova SPM Atomic Force
Microscope. The surface of the alloy coatings was mapped in tapping
mode, using antimony doped silicon cantilever having a force constant
in the range of 20-80 N m ™ !. The surface roughness of the coatings was
expressed in terms of their average roughness.

3. Results and discussion
3.1. Characterization of Ni-Mo alloy coatings

Electrodeposition of Ni-Mo alloy coatings was carried out at
different c.d. (from 1.0 to 4.0 Adm™?) using the optimal bath
(Table 1). Though molybdenum (Mo) is quite an electro active metal,
it cannot be deposited by itself from its electrolytic bath but can only be
deposited in presence of another metal, through induced co-deposition
[20]. Accordingly, in the electrodeposition of Ni-Mo alloy, Ni stimulates
the deposition process and is called the inducing metal, and Mo is called
the reluctant metal. Generally, it has been observed that in induced
codeposition there is no consistent trend in the reluctant metal content
in the deposit with c.d. i.e. variations in properties of electrodeposited
Ni-Mo alloy coatings with c.d. is quite unpredictable, and hence the
scope for studying the structure-property relationship of Ni-Mo alloy is
quite vagarious. Therefore, in the present study Ni-Mo alloy coatings
electrodeposited at different c.d. were first characterized for their basic
properties, like morphology, composition, phase structure and corro-
sion resistance.

3.1.1. Surface analysis

The surface morphology of Ni-Mo alloy coatings, deposited at
different c.d. is shown in Fig. 3. It may be observed that the coatings
deposited at 1.0 Adm~ 2 and 2.0 Adm™ 2 found to exhibit a nodular
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structure as shown in Fig. 3(a) and (b), respectively. Then, as the c.d.
increased the size of nodules increased, but fewer in numbers making
the surface smoother and uniform as may be seen in Fig. 3(c) and (d).
Further, Ni-Mo alloy coatings deposited at high c.d. were characterized
by some pin holes by attributed to the evolution of hydrogen during
codeposition [21]. Thus, from SEM micrographs of Ni-Mo alloy coat-
ings, it may be inferred that surface morphology of the coatings bears a
close relationship with applied c.d. Further, from the data shown in
Table 2, it may be noted that applied c.d. has a strong influence on the
composition of coatings. It may be further noted that towards lower c.d.
the wt% of Mo is high. Hence the surface is characterized by a nodular
coarse-grained structure. This increased Ni content at high c.d. range is
responsible for increased electrocatalytic activity of the coatings for
OER, as will be discussed.

3.1.2. AFM study

The AFM is a powerful means to characterize the microstructure of
the coatings, in terms of their average roughness. Accordingly, a three-
dimensional AFM image of the Ni-Mo alloy coatings at 1.0 A dm ~ % and
4.0 Adm™ 2 (only extreme representatives) have been taken, and are
shown in Fig. 4a and b, respectively. A clear difference in the surface
roughness of the coatings was observed, as the c.d. is increased from
1.0Adm™ 2 to 4.0 Adm™ 2 Experimental data analysis revealed that
the average roughness of coatings at 1.0 Adm™ 2 (Fig. 4a) and
4.0 A dm™ 2 (Fig. 4b) are, respectively 17.0 and 9.11 nm. The increased
surface roughness, and hence the active surface area of Ni-Mo alloy
coatings at 1.0 Adm ™2 is in compliance with is SEM micrograph as
shown in Fig. 3.

3.1.3. EDX analysis

The compositional analyses of Ni-Mo alloys deposited at various
applied c.d. were carried out by EDX method. A strong influence of the
c.d. on Mo content of the coating was found. From the composition data
reported in Table 2, it may be observed that Mo content of the alloy is
maximum for the coating developed at 1.0 Adm™2 (38.3%), and it
decreased with an increase of c.d. It may be noted that an increase of
c.d. from 1.0 to 4.0 A dm ™ ? resulted in the decrease of the Mo content
to about 5 wt%. Regardless of the high Mo content in the bath (82.6%),
wt% of Mo (38.3%) was found to be considerably less in the alloy
coating. Thus, this unusual behaviour of small variation of Mo content,
with c.d. may be attributed to the complexation of metal ions which
affects the static potentials of the parent metals remarkably [22]. In
other words, the bath exhibits very low partial current density for
deposition of Mo (compared to its calculated limiting current density),
due to a low rate of mass transport of electroactive species (Mo * 2 ions)
from a pH dependent molybdate-citrate complex. Hence, an unusual
decrease of Mo content with c.d. is more due to change in pH (due to
the evolution of H, gas), responsible for shifting of the equilibrium of its
citrate complex, than due to change in its limiting current density [23].
This unusual change of composition with the c.d. is a distinctive nature
of induced co-deposition of Ni-Mo alloy as observed by Bratoeva et al.
[24]. The EDX spectrum showing the Ni and Mo content of Ni-Mo alloy
deposited at 1.0 A dm ™~ 2 is shown in Fig. 5.

3.1.4. XRD study

XRD technique was used to determine the phase and crystallite size
of the Ni-Mo alloy coatings at different c.d.'s. The characteristic XRD
peaks of Ni-Mo alloys deposited at 1.0 Adm~?-4.0 Adm™ 2 is pre-
sented in Fig. 6. The XRD peaks at 20 = 22.3°, 43.3°, 50.4°, 74.03° and
89.8° represent tetragonal MoNi, phase [25], corresponding to the
planes (110), (211), (130), (420) and (501), respectively, which is in
good agreement with standard pattern of MoNis (JCPDS no. 03-065-
1533). A gradual increase in the intensity of peaks with c.d. clearly,
indicates that deposition c.d. plays a significant role in structural
property and composition of the coatings [17]. The grain size of the
electroplated Ni-Mo alloy coatings, at different c.d., has been calculated
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Table 2
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EHT = 1500 kv Signal A = SE1
WD= 7.5mm Mag= 2000KX

1 um EHT = 1500/ Signal A= SE1 Date :18 Feb 2016 W

WD= 9.0 mm Mag= 2000KX Time :15:18:00

Fig. 3. SEM images of Ni-Mo alloy coating deposited at: a) 1.0 Adm ™2, b) 2.0 Adm™~ 2%, ¢) 3.0 Adm~2? and d) 4.0 A dm ™2

Corrosion data, like Ecop, icorr and CR of Ni-Mo alloy deposit at different c.d.

cd (Adm™2) wt% Ni Wt% Mo  Ecorr (V. icorr (MAcm™2) CR x 1072
vs. RHE) (mmy~ ")
1.0 61.7 38.3 0.724 26.90 25.27
2.0 64.3 35.7 0.707 25.08 23.76
3.0 65.6 34.4 0.690 22.12 21.06
4.0 66.8 33.2 0.685 20.85 19.94
1.5r
R2am

(a)

using Scherrer equation [26],

092
" Bcos @ 2)

here, d is the crystallite size, A is the wavelength of X-ray radiation, f§ is
the full width at half height of the diffraction peak and 0 is the Bragg's
angle. On calculating the average crystallite size of the coatings
deposited over the wide range of c.d., was found to be 22.14 nm.

3.1.5. Potentiodynamic polarization study
To assess the stability of Ni-Mo alloy coatings as an effective
material for water splitting applications, they have been subjected to

Fig. 4. Three-dimensional AFM image of Ni-Mo alloy coatings deposited at 1.0 A dm~ 2 (a), and 4.0 A dm~ 2 (b).
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Fig. 5. EDX spectrum of Ni-Mo alloy coating showing the relative peaks corresponding to
Ni and Mo content of the alloy deposited at 1.0 A dm™ 2
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Fig. 6. X-ray diffractograms of Ni-Mo alloy deposit developed at different c.d.
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Fig. 7. Potentiodynamic polarization behaviour of Ni-Mo deposit developed at different
c.d., using the same bath.

corrosion test in 1.0 M KOH (same medium in which water electrolysis
is to be studied) by potentiodynamic polarization method [27]. The
polarization behaviour of the coatings corresponding to different c.d. is
shown in Fig. 7. The corrosion rates (CR) of Ni-Mo alloy coatings at
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Table 3
Kinetics parameters for the HER and OER on Ni-Mo electrode in 1.0 M KOH solution,
obtained from the potentiodynamic polarization curves.

cd. (Adm™? i, (WA cm ™ ?) Be (mV dec™ 1) Ba (mV dec™ 1)
1.0 3.18 115 61
2.0 2.89 116 59
3.0 2.64 118 58
4.0 2.49 120 56

different c.d. were estimated by Tafel extrapolation method and
corresponding data are reported in Table 2. From the corrosion data,
like Ecorrs icorrs Be and CR reported in Table 2, it may be noted that the
Ni-Mo alloy coating developed at 4.0 A dm ™~ 2 (having about 66.8% Ni)
shows the least CR, i.e., 19.94 x 10~ mm y~ !, while the coatings at
lower c.d. are more susceptible to corrosion. Further, the decrease of CR
at higher c.d. indicates that corrosion stability of the coatings is due to
its high Ni content (refer Table 2). This decrease of CR towards high c.d.
is due to increased smoothness, attributed by increased Ni content of
the alloy, supported by SEM and AFM study, as discussed earlier.

Further, the exchange current density (i,) and cathodic Tafel slopes
(Bc and fB,), corresponding to each c.d. have also been determined from
their potentiodynamic polarization curves, and are reported in Table 3.
The HER kinetic parameters, like i,, . and 8, were deduced from the
linear part of semi-logarithmic polarization plots. Apparent i, values
were derived by extrapolation of Tafel plots to zero current potential.
The iy value for the HER is generally accepted as one of the most
important parameters describing the kinetics of the electrochemical
charge-transfer reaction at the particular metal-solution interface and is
a measure of electrocatalytic activity of the cathode [28]. As seen from
the data in Table 3, the value of 8. increased with deposition c.d.
indicating that electrocatalytic behaviour of Ni-Mo alloy coating
towards HER decreases with deposition c.d. In other words, Ni-Mo
alloy at 4.0 A dm~ % is less favourable for HER. Similarly, the value of 3,
is found to be decreased with deposition c.d. of an alloy. Further, it is
important to note that the $, for Ni-Mo alloy deposited at 4.0 A dm™ 2 is
found to be 56 mV dec ™ ! which is on par with the value reported in the
literature [29,30]. This testifies the fact that Ni-Mo alloy deposited at
higher c.d. range is more favourable for OER.

3.2. Electrocatalytic study

The electrocatalytic behaviour of any materials can be evaluated on
the basis of their ability to catalyse the HER and OER since they are the
fundamental process involved in water electrolysis and fuel cell
applications [31]. CV and CP techniques are considered to deliver a
wealth of information with certain parameters that helps in evaluation
of electrocatalytic property for water electrolysis. In the CV study, the
hydrogen desorption peak area is considered as one of the primary
parameters, as it depends on the active specific surface of the deposit; if
the active specific surface is larger, the amount of hydrogen generated
during the reduction of the adsorbed hydrogen on the electrode surface
is higher. Onset potential is considered another important parameter
characterizing the catalytic property of a cathodic material, determined
by intercepting the voltammetric curve tangent to the potential axis
[32]. In CP study, a constant current is applied to the counter and
working electrodes, where the variation in potential of the working
electrode is monitored. When the controlled amount of current is
passed between the counter and working electrode, initially its
potential changes significantly due to the build-up of charge at the
electrode-solution interface until the potential is reached at which the
electrolysis on the surface of electrode commences [33]. Hence Ni-Mo
alloy coatings, deposited at different c.d. from the proposed bath have
been subjected to series to tests to determine its electrocatalytic activity
towards HER and OER in 1.0 M KOH medium, and the experimental
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Fig. 8. Cyclic voltammograms of Ni-Mo alloy deposits developed at different c.d.’s with
their cathodic peak current density, i,. for HER.

results are testified in the following sections.

3.2.1. Electrocatalytic behaviour for HER

3.2.1.1. Cyclic voltammetry study. CV is a powerful tool to provide
substantial information on the thermodynamics of redox processes and
the kinetics of heterogeneous electron-transfer reactions and of coupled
chemical reactions or adsorption processes. Hence, CV study of Ni-Mo
deposits developed at 1.0-4.0 A dm ~ 2 for HER is made in the potential
range of 1.03 V to — 0.57 V, at 50 mV s~ ! scan rate for 50 cycles. It was
observed that the initial cycles showed larger cathodic peak current
density (i,.) values which eventually decreased with further increase in
a number of cycles. Nearly after 25 cycles, the value of iy, was found to
remain constant, and CV curves were observed to retrace the previous
cycle. This situation is corresponding to the condition where a rate of
adsorption of H atom on the surface of an electrode for the formation of
H, gas is equal to the rate of desorption of H, gas [34].

The cyclic voltammograms for HER of Ni-Mo alloy deposits,
developed at different c.d. are shown collectively in Fig. 8, and
corresponding electrochemical parameters were drawn are given in
Table 4. From Fig. 8, it could be concluded that Ni-Mo alloy deposited
at 1.0 Adm ™~ 2 exhibits the highest i,. value (— 0.186 A cm~ ?) when
compared to all other coatings.

The highest i, value recorded by the deposit at 1.0 A dm~ ®> may be
ascribed to the highest Mo content (38.3 wt%) of the deposit when
compared to other coatings. As the wt% of Mo content in the alloy is
increased, the onset potential of an electrode for HER shifted in the
positive direction favouring hydrogen generation with lower over-
potential, a similar observation was reported by Manazoglu, and co-
workers [35]. Therefore, this particular coating at 1.0 A dm ™ 2 showed
the least onset potential and the least overpotential for HER reaction as
reported in Table 4. Further, it is important to note that the onset
potential for HER is — 0.18 V (vs. RHE) for Ni-Mo alloy deposited at

Table 4
The HER parameters of Ni-Mo alloy deposits developed at different c.d. from the optimal
bath.

cd. (Adm~?) Cathodic peak Over potential  Onset Volume of H,
c.d. (ipe) for HER (mV potential for evolved 300 s
(Acm™3?) vs. RHE) HER (V vs. (cm®)

RHE)

1.0 —0.186 —263.4 -0.18 12.0

2.0 —0.152 —-291.7 -0.20 11.5

3.0 —-0.121 —300.4 —-0.22 10.8

4.0 —0.102 —326.5 -0.24 10.2
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Fig. 9. Chronopotentiograms of Ni-Mo deposits, developed at different c.d. under
impressed cathodic current of — 300 mA cm ™~ 2 (volume of H, evolved in 300 s on each
test electrodes are shown in the inset).

1.0 Adm™ 2 is found to be on par with the values already reported in
the literature [36,37]. It can be finally concluded that HER activity
enhancement for Ni-Mo alloy coatings is due to a combination of
increased surface area and increased fundamental catalytic activity
[38].

3.2.1.2. Chronopotentiometry study. The CP study on Ni-Mo alloy
coatings, deposited at different c.d. (1.0-4.0 A dm ™~ ?) to analyse their
efficiency towards HER was determined by applying a constant current
of —300mAcm~2 for the duration 1800s. The electro-catalytic
activity of each Ni-Mo alloy deposits was assessed by measuring the
volume of H, liberated for initial 300s (Table 4). The
chronopotentiograms obtained for each sample are shown in Fig. 9,
with the volume of hydrogen gas collected (in the inset), and in Table 4.

Experimental results showed that alloy deposited at 1.0 A dm~ 2
produces a maximum amount of H, compared to the coatings deposited
at higher c.d., concluding that it is electro-catalytically more active for
HER. Further, an initial change of potential was observed in all samples
soon after the initiation of electrolysis, followed by a steady-state
potential response. This may be due to sudden exhaustion of the
electrolysed components at the surface of the electrode, where H*
ions from the solution undergo reduction to release H, gas, and
ultimately a state of equilibrium is established between H™ ions and
H, during the process [17,34]. However, as the electrolysis further
proceeds, almost a constant potential is achieved as observed in Fig. 9.
During this stage, the evolution of hydrogen gas takes place unin-
terruptedly on the surface of an electrode, where the current applied is
spent completely for conversion of H* ions into H, gas.

3.2.2. Electrocatalytic behaviour for OER
3.2.2.1. Cyclic voltammetry study. Fig. 10 shows the cyclic
voltammograms recorded for Ni-Mo alloy coatings at 1.0, 2.0, 3.0 and
4.0Adm™? in the potential range of 1.03 to 1.78 V at a scan of
50mV s~ 1. The OER is believed to catalyse by the redox transitions of
interfacial oxy-cations between higher and lower oxidation states
[39,40]. Therefore, OER of Ni-Mo alloy coatings is attributed to
electrochemical properties of redox pair just before the onset of
oxygen evolution [41]. The onset potential of oxygen evolution was
defined as the decomposition potential of water under the anodic
polarization because the OER is an irreversible reaction with a high
activation over potential [42].

The values for anodic peak current density (i,,) and onset potentials
derived from the graphs for OER are reported in Table 5. From the
recorded electrochemical parameters, it may be noted that the Ni-Mo
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Fig. 10. The CV curves of Ni-Mo alloy coatings deposited at different c.d. demonstrating
their anodic peak current density i,, for OER, and their redox couples are shown in the
inset.

Table 5
Electrode kinetic parameters of OER on the surface of Ni-Mo alloy coatings electro-
deposited at different c.d.

cd. (Adm~? Anodic peak Over potential ~ Onset Volume of O,
c.d. (ipa) for OER (mV potential for evolved 300 s
(Acm™?) vs. RHE) OER (V vs. (cm®)

RHE)

1.0 0.098 155.9 1.50 8.1

2.0 0.173 152.1 1.48 8.7

3.0 0.237 150.0 1.46 9.5

4.0 0.325 147.2 1.42 10.3

alloy deposited at 4.0 A dm ™ 2 presents good catalytic activity for OER
with maximum i,, of 0.325 A cm™ 2 and least onset potential (1.46 V),
compared to coatings at deposited at lower c.d.'s. Here, it is important
to note from the nature of CV curves, both anodic peak i,, and onset
potentials of Ni-Mo alloy coatings has a strong dependency on the c.d.
used. In other words, it depends directly on the Mo content of the alloy.

Oxygen evolution on the Ni-Mo coating deposited at 4.0 A dm ™2
occurs at a less positive potential than on the alloy deposited at lower
c.d. (1.42V vs. RHE) which is on par with the value reported in the
literature [43,17]. This further confirms that alloy coating at
4.0 Adm~ 2 shows improved OER activity than the rest [39]. The
positive shift in redox potentials results in the fact that oxygen
evolution commences immediately when the electrode potentials just
reach the redox potential of this redox couple, probably indicating a
better catalytic activity for the OER [42]. As it can be seen from Table 5,
Ni-Mo alloy deposited at 4.0 A dm ™~ 2 exhibit the least over potential
value of 147.2 mV, compared to coatings at another c.d. This points out
the fact that, the deposit coated at higher c.d. is the most electro-
catalytically active for OER.

3.2.2.2. Chronopotentiometry study. The CP technique has been
employed to estimate the OER activity of Ni-Mo alloy coatings in the
same medium, following CV study in a similar manner as HER analysis,
with the quantity of O, liberated during the study was also measured.
The chronopotentiograms for OER were recorded at a constant applied
current of + 300 mA cm™ 2 (anodic) and the corresponding potential
obtained were plotted against the time as shown in Fig. 11, with the
volume of O,, collected shown in the inset. Initially, during the
beginning of the analysis, a sharp increase in the potential was
observed, later this potential attains a stability, i.e., until when the
potential for the formation of O, is reached (by the oxidation of OH ™).
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Fig. 11. Chronopotentiograms of Ni-Mo deposits developed at different c.d. under
impressed anodic current of + 300 mA cm~ 2 (volumes of O, evolved in 300 s on each
test electrodes are shown in the inset).

This stability is an equilibrium state associated with the newly forming
oxygen bubble and bubbles escaping from the surface of the electrode
[39,44].

Thus, from data obtained from i,. and i,, values, onset potentials,
the amount of gases liberated and from their overpotentials (Tables 4
and 5), it may be concluded that electrodeposited Ni-Mo alloy devel-
oped at the lower c.d. (1.0 Adm™ 2) is more suitable for HER and those
at higher c.d. (4.0 Adm™ 2) are best suitable for OER.

3.3. Mechanism of water splitting

To understand the mechanism of water electrolysis, on to the
surface of present Ni-Mo alloy coatings and the factors responsible for
favoured HER and OER under different conditions its composition, a
well-known spillover process of heterogeneous catalysis has been
proposed. It generally considers the synergism of transition metal-based
alloys for water electrolysis [45]. Hence, it can be extended for Ni-Mo
alloy coatings as well. According to this theory, a simple cooperative
functioning of the alloy components is arbitrated via, rapid intra- and
inter-particle surface diffusion of H ad-atoms. It is postulated that Ni
sites on the Ni-Mo surface influence proton discharge, and serve as a
hydrogen source for neighbouring Mo sites which act as hydrogen ‘trap’
sites where the ion/atom recombination of ad hydrogen atom to form
hydrogen molecule and its desorption is promoted more efficiently.
Highfield et al. [45] fundamentally ruled out any relationship between
the electronic interactions among Ni-Mo alloy and observed synergy.

The electrocatalytic evolution of H, (HER) on the surface of Ni-Mo
electrode surface can also be explained by the mechanism shown in
Fig. 12(a). The HER in an alkaline solution is considered as an
amalgamation of three basic steps, two electrochemical (Egs. (3) and
(4)) and one chemical (Eq. (5)).

M + H,0 + e~ = MH,q + OH~ Volmer reaction 3)
MH,4s + HbO + e~ = H, 1 + M + OH~ Heyrovsky reaction (&)
MH,4s + MHy4s = H, 1 + 2M, Tafel reaction (5)

It can be observed that the initial step is an electrochemical
reduction of the water molecule, to give hydrogen adsorbed on the
electrode surface by Volmer reaction (Eq. (3)), followed by Heyrovsky
reaction (Eq. (4)), an electrochemical step for adsorbed hydrogen to
produce H,, and/or by chemical reaction i.e. Tafel reaction (Eq. (5)).
Choquette et al. have reported that HER follows different mechanism
based on the value of Tafel cathodic slope, 8. [46]. It has been described
that Tafel slope in range 66 mV dec™ ' corresponds to Heyrovsky-
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Fig. 12. The scheme representing the mechanism of HER and OER on the surface of Ni-Mo alloy coating of a specific composition when used as an electrode material, respectively in

1.0 M KOH solution.
Volmer mechanism, and in the neighbourhood of 118 mV dec™ !
follows Volmer-Tafel mechanism, and finally above 200 mV dec
exhibit the Tafel mechanism. In the present study, it may be seen that
B. values of Ni-Mo alloy coatings deposited at increasing c.d. (deter-
mined from the linear part of Tafel plots, see Fig. 7) fall in the range of
about 118 mV dec ™ ' as reported in Table 3. Hence, it may be inferred
that Ni-Mo alloy coatings follow Volmer-Tafel type of mechanism for
HER, and is shown schematically in Fig. 12(a).

Similarly, the OER proceeds in alkaline media via the steps
sequentially shown below [47] and is shown schematically in Fig. 12(b)

-1

OH™ — (OH)yqs + €~ (6)
(OH),g + OH™ = (07),4s + H,0 @
(07)ads = (O)ags + €~ ®
2(0)ags = 021 ©)

This behaviour could be described by the adsorption of relatively
large OH™ ions on the surface of an electrode, where at the same time it
overlaps with other processes like oxygen reduction reaction.
Therefore, improved OER activity of Ni-Mo coating, developed at
4.0 Adm™ 2 can be ascribed to the increased adsorption of OH™ ions
through the formation of a semiconducting layer in the range of applied
potential [48]. Since the adsorption characteristics of the OH™ can lead
to the formation of NiOOH on the electrode surface, the highest Ni
content in the coating (66.8%), electrodeposited at 4.0 A dm~ ? mainly
favours the OER.

4. Conclusions

The following conclusions are established based on the systematic
study on deposition, characterization and electrocatalytic study of the
Ni-Mo alloy coating as electrode materials for alkaline HER and OER.

1. A Ni-Mo alloy bath has been optimized for the best performance of
the coatings for water splitting applications (for both HER and OER)
in 1.0 M KOH solution.

2. Experimental results revealed that Ni-Mo alloy electrodeposited at
1.0 A dm~ 2 (having 38.3 wt% Mo) and 4.0 A dm ~ 2 (having 33.2 wt
% Mo) shows better electrocatalytic property for both HER and OER,
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respectively, supported by CV and CP study.

3. Ni-Mo alloy coatings developed at 1.0 A dm ™~ 2 exhibit a maximum
cathodic peak current density, i, = —0.186 Acm™? at —1.57 V
for HER and 4.0 Adm™ 2 shows maximum anodic peak current
density, i,, = 0.325Acm™ 2 at 1.78 V for OER.

4. The highest electrocatalytic activity of Ni-Mo alloy coatings for both
HER and OER, depending on deposition c.d. were attributed to their
composition (in terms of wt% Ni and Mo), structure and surface
morphology, supported by EDXA, XRD, SEM and AFM analyses.

5. Ni-Mo alloy coated at 4.0 Adm ™2 is found to be more corrosion
resistant in 1.0 M KOH medium, compared to coatings at another
c.d.

6. The experimental study demonstrated that Ni-Mo alloy deposit
follows the Volmer-Tafel type of mechanism for HER, supported
by Tafel slope analyses.
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