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Inspired by the more positive (about 0.38 V nobler) discharge potential of hydrogen on Ni-W alloy com-
pared to that on both Ni and W, a Ni-W alloy has been developed electrolytically as an efficient electrode
material for water electrolysis. The deposition conditions, for peak performance of the electrodeposits for
hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) in 1.0 M KOH medium have been
optimized. Electrocatalytic activity of the coatings, deposited at different current densities (c.d.�s) for water
splitting reactions of HER and OER was tested by cyclic voltammetry and chronopotentiometry. It was
found that Ni-W alloys deposited, at 4.0 A/dm2 (having about 12.49 wt.% W) and 1.0 A/dm2 (having about
0.95 wt.% W) are good electrode materials as cathode (for HER) and anode (for OER), respectively. A
dependency of the electrocatalytic activity for HER and OER with relative amount of Ni and W, in the
deposit was found. The variation of electrocatalytic activity with W content showed the existence of a
synergism between high-catalytic property of W (due to low hydrogen overvoltage) and Ni (having in-
creased adsorption of OH2 ions), for hydrogen (as cathode) and oxygen (as anode) evolution, respectively.
Electrocatalytic activities of the coatings, developed at different c.d.�s were explained in the light of their
phase structure, surface morphology, and chemical composition, confirmed by XRD, FESEM, and EDX
analysis. The effect of c.d. on thickness, hardness, composition, HER, and OER was analyzed, and results
were discussed with possible mechanisms.
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1. Introduction

Ni-based alloys, in particular, binary Ni-W, Ni-Mo, Ni-P, or
ternary Ni-W-P or Ni-Mo-P, have attracted much interest over
the decades for their many applications in decorative finishing
or as corrosion and wear-resistant materials (Ref 1). Many
studies on electrodeposition of Ni-W alloys have been made
using citrate and pyrophosphate baths, reasoned by their unique
combination of good corrosion resistance, tribological, mag-
netic, and electrocatalytic behaviors (Ref 2). Sridhar et al. have
reviewed the literature on electrodeposition of Ni-W alloys and
studied the effect of Ni2+, Cit3+, bath additives, applied current
density, and bath temperature on the Faradaic efficiency, W
content, and properties of Ni-W alloys deposited on stationary
working electrodes (Ref 3). It is well known that elements, such
as W, Mo, Ge, P, etc., cannot be deposited alone from their
aqueous solutions. However, they may readily be codeposited
with Fe-group elements such as Fe, Co, and Ni. The term-
induced codeposition was coined by Brenner in 1963 to
describe a situation where, �a metal that cannot be deposited
alone from its aqueous solution is codeposited in the presence
of another metal, forming an alloy� (Ref 4). It was applied first

to describe the electroless deposition of Ni-P alloys, and later
for electroplating of alloys of W and Mo with the Fe-group
metals (Fe, Co and Ni). Several hypotheses have been
advanced to explain the mechanism of the induced codeposi-
tion. Among them, the most favored hypothesis is ennobling of
the deposition potential of tungsten by virtue of the formation
of a solid solution or inter-metallic compound (Ref 5).
According to which the codeposition of W is based on the
assumption that the deposition potential of W is too negative
(�0.51 V) to be attained in water solution. It was further
assumed that the formation of a solid solution of W with the Fe-
group metal involves a sufficient decrease of free energy to shift
the deposition potential of W to more positive (more noble)
potentials. This hypothesis is considered to be more acceptable,
and referred to as the shift of the deposition potential.

On the other hand, electrochemical water splitting into
hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER) in alkaline solution, using an effective electro-
catalyst plays a growing role in the fabrication of alternative
energy devices, required for clean and sustainable energy.
Strong intrinsic catalytic activity, large surface area, stability of
performance, and low cost are the required properties of a good
electrode material to be used for HER and OER (Ref 6). It is
desirable that catalysts should demonstrate low over potentials
toward the reaction, along with reasonable current densities. Up
to now, for the hydrogen side (2H2O + 2e� fi H2 + 2OH�, in
alkaline media), platinum is the best catalyst showing high
cathodic current densities at negligible over potential (Ref 7).
Albeit platinum shows almost perfect behavior for the HER, the
drawback lies in the comparatively low abundance and the thus
resulting high price. Additionally, new structured Pt materials
with high surface area have been reported recently by different
approaches (Ref 8, 9). Contrarily, the OER (4OH� fi
O2 + 2e� + 2H2O, in alkaline media) is more complicated
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due to the high number of steps involved. As in the HER, the
best catalysts for the OER consist of less abundant and
expensive materials such as RuO2 and IrO2. Alternatives
comprising more abundant and cheap materials as cobalt (Co)
(Ref 10), nickel (Ni) (Ref 11), iron (Fe) (Ref 12), manganese
(Mn) (Ref 13), and their alloys (Ni-Co, Ni-Fe, Ni-Mo), oxides
(Ref 14), nitrides, and carbides have been subject of intense
research due to their promising electrocatalytic properties. In
this direction, Ni-based alloys are considered to be one of the
most efficient non-noble electrocatalysts in alkaline solution.
Moreover, modifications (i.e., alloying and doping) of Ni and
nickel oxide-based materials can result in higher activity, both
for HER and OER (Ref 15).

The literature on electroactive materials confirms that
electrocatalytic activity of electrode materials can be increased
considerably by insertion of foreign dopants into materials
possessing high surface areas, or better electroactive sites.
Keeping this in mind, many effective nanocrystalline electro-
catalytic materials have been produced by means of electrode-
position, using many baths under different deposition
conditions. The electrolytic method of synthesis of these
materials has genuine advantages over other methods. It allows
the convenience of producing the deposits of desired compo-
sition, porosity (large area surfaces), low temperature growth
and the possibility to control film thickness, morphology and
phase structure by adjusting the electrical parameters and the
composition of electrolytes (Ref 16, 17). With this incentive,
recently we have reported the development of electrocatalytic
Fe-Ni coatings for water splitting reaction in alkaline medium
(Ref 18). The deposition current density (c.d.) was used to tune
the composition of the coating for HER and OER, taking the
advantage of anomalous codeposition. In continuation of search
for more efficient electrode material, a new Ni-W bath has been
proposed by adding glycerol as additive, taking advantages of
both electrocatalytic activity and induced codeposition of
metals involved. Ni-W alloy coatings were deposited at
different current densities and characterized. Stability and
electrocatalytic behaviors of the coatings were tested in 1.0 M
KOH medium by cyclic voltammetry (CV) and chronopoten-
tiometry (CP) methods. The water splitting ability for HER and
OER was analyzed in the light of surface morphology,
composition, and phase structures of the deposits, supported
by FESEM, EDS, and XRD analyses.

2. Experimental

Ni-W alloy deposits were electroplated from aqueous solu-
tions having composition shown in Table 1. Here NiSO4Æ6H2O
(0.08-0.01 M) and Na2WO4Æ2H2O (0.12-0.15 M), as metal salts

of electroactive species C6H5Na3O7Æ2H2O (0.40-0.50 M) in
conjunction with NH4Cl, as complexing agent; and glycerol, as
organic brightener were used. All reagents used were of LR
grade (Merck, Mumbai, India), prepared in distilled water. The
pH was measured using Systronics, l pH Systems 362, and
adjusted to a value of 8.5 through additions of H2SO4 and
NH4OH as required. A Hull cell was used to determine the
chemical composition, and range of the cathodic current
densities for galvanostatic deposition (Ref 19). All experiments
were performed at room temperature, under constant agitation.
The operating parameters arrived on by optimization are shown
in Table 1.

The electrolytic synthesis of nanocrystalline Ni-W alloy
coatings/deposit has been accomplished on copper substrate,
using an electrolyte having optimal bath composition in a
200 mL capacity cubic cell (made of PVC material). A DC
Power Analyzer (Agilent N6705A, USA) was used as power
source for electrodeposition. Copper plates having (7.5 cm9
2.5 cm9 0.2 cm) dimension were polished metallurgically to
get mirror finish, and then degreased using trichloroethylene as
solvent. Anode and cathode were kept parallel 5 cm apart
during deposition. All depositions were carried out on
(2.59 2.5 cm2) active surface area, keeping other part insulated
by cellophane tape, at 303 K and pH 8.5 for 10 min to compare
their relative performance. Prior to plating, polished substrate
was electro-cleaned, and then pickled in 0.5 M HNO3. After
deposition, the coatings were rinsed with distilled water several
times, dried in hot air, and then desiccated until further testing.

The electrocatalytic behavior of Ni-W coatings was studied
by depositing them on one end of a copper rod (having the
same specification as the copper plate) with 1 cm2 cross-
sectional area, using a specially designed three-electrode
tubular glass assembly, as shown in Fig. 1. Ni-W alloy deposit,
having different compositions, and hence electrocatalytic
activity were developed, from the same bath by modulating
the deposition c.d. Electrodeposited copper rod was used as
working electrode, platinized platinum of area 1.0 cm2, as
counter electrode, and a saturated calomel electrode (SCE) as
reference electrode (Fig. 1). Electrocatalytic performance was
evaluated by measuring the amount of H2 and O2 gases
liberated, respectively, at cathode and anode, using graduated
gas collector as shown in Fig. 1. All potentials reported in the
present study are with respect to SCE (1.23 V). Luggin�s
capillary with Agar-KCl salt bridge was used to compensate the
error due to Ohmic resistance. Electrocatalytic activity of the
coatings for water splitting reactions of HER and OER was
evaluated in alkaline medium of 1.0 M KOH. Cyclic voltam-
metry (CV) and chronopotentiometry (CP) techniques were
used to arrive at optimal c.d. to deposit Ni-W alloy coatings
with maximum electrocatalytic activity, for HER and OER. CV

Table 1 Composition and operating parameters of proposed bath for electrodeposition of bright Ni-W alloy coatings

Bath composition Composition (per liter) Operating parameters

Nickel sulfate hexahydrate (NiSO4Æ6H2O) 22.4 g pH: 8.5
Sodium tungstate dihydrate (Na2WO4Æ2H2O) 46.07 g Temperature:303 K
Tri-sodium citrate dihydrate (Na3C6H5O7Æ2H2O) 102.06 g Anode: Nickel
Boric acid (H3BO3) 20.0 g Current density range: 1.0-4.0 A/dm2

Ammonium chloride (NH4Cl) 36.15 g …
Glycerol (C3H8O3) 20.0 mL …
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and CP studies were carried out in the same three-electrode set-
up shown in Fig. 1.

Computer-controlled potentiostat/galvanostat (Biologic SP-
150, Biologic Science Instruments, France) was used for all
electrochemical catalytic studies. Corrosion stability of Ni-W
alloy coatings was studied in 1.0 M KOH by potentiodynamic
polarization (in potential range of ±250 mV around OCP, at a
scan rate of 1 mV/s) and electrochemical impedance spec-
troscopy (EIS) (in the frequency range from 100 kHz to
10 mHz) methods. Electrodeposition of all Ni-W deposits was
carried out galvanostatically for the same duration (600 s) for
comparison purpose. The surface morphology of electrode-
posited Ni-W coatings was analyzed using field emission
scanning electron microscope (FESEM) (JSM-7610F from
JEOL, USA). The composition of Ni-W coatings, deposited at
different c.d.�s was evaluated by Energy dispersive x-ray
spectroscopy (EDX) (Link ISIS-300 Micro-analytical System,
Oxford Instruments, UK) interfaced with the FESEM machine.
The change in the phases structure of Ni-W coatings with c.d.
was analyzed by x-ray diffraction (XRD) study (JEOL JDX-
8P0), using Cu Kk (k = 1.5406 Å) radiation, in continuous
scan mode at a scan rate of 2�/min. The thicknesses of the
coatings were calculated from Faradays law, and were verified
using a Digital Thickness Tester (Coatmeasure M&C, ISO-
17025). The hardness of the deposits was measured by Vickers
method, using Micro Hardness Tester (CLEMEX, CMT. HD,
Canada).

3. Results and Discussion

3.1 Induced Codeposition of Ni-W Alloy

Electrochemistry has a role in production of many func-
tional materials at low cost and high degree of accuracy and
reproducibility. The property of electrodeposited coatings can
be tailored to a particular requirement by proper modulation of
deposition conditions, like c.d., pH, temperature, etc. Further-
more, this study was inspired by the fact that the potential

required for the discharge of hydrogen is about 0.38 V more
noble (more positive) on Ni-W alloy than on either Ni or W, as
individual metals. Hence Ni-W alloy is considered to be a
promising material for HER applications. Though tungsten (W)
is good replacement to less abundant and more expensive
electro active materials, it cannot be deposited directly from its
aqueous solutions and can be deposited only through induced
codeposition. In the present study of induced codeposition of
Ni-W alloy, the Fe-group metal (Ni) stimulates deposition and
is called the inducing metal, and W, which does not deposit by
itself, is called the reluctant metal. The effects of plating
variables on compositions of the alloys of induced codeposition
are more vagarious than in other types of alloy deposition (Ref
4). Particularly, with regard to the effect c.d., there is no
consistent trend in the content of the reluctant metal in the
deposit with c.d. Hence variations in properties of electrode-
posited Ni-W alloy coatings with c.d. are quite unpredictable,
and due to which the scope for studying the structure-property
relationship of this alloy is very vast. Therefore, any study of
Ni-W alloy deposition will be incomplete without discovering
the effect of c.d. on its composition, phase structure, and
surface morphology. Hence, the first part of this paper explains
the deposition and characterization of Ni-W alloy deposited at
different c.d.’s; and the second part details their electrocatalytic
behavior as a function of their composition and phase
structures.

3.2 Synthesis and Characterization of Ni-W Alloy

Conventional electrodeposition of Ni-W alloy coatings is
generally carried out at c.d.�s in the range of 1.0-4.0 A/dm2. A
further increase of c.d., brings an increase in the wt.% W in the
deposit, although it reduces the cathode current efficiency
(CCE) of the bath due to excessive hydrogen evolution. Thus,
low hydrogen overvoltage of the W alloy is probably the reason
for the decrease in the cathode current efficiency of alloy
deposition as the W content of the alloy increases. Hence,
electrodeposition of Ni-W alloy coatings was confined to c.d.�s
from 1.0 to 4.0 A/dm2, using the optimal bath shown in
Table 1. The deposits were found to be bright at all c.d.�s. The

Fig. 1 Tubular three-electrode glass cell used for quantification of electrocatalytic behavior of Ni-W alloy deposit, in terms of H2/O2 gases lib-
erated on electrode surface
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composition, hardness, and thickness of the coatings, deposited
at different c.d.’s are reported in Table 2.

3.2.1 Compositional Analysis. From the data in Table 1,
it may be observed that wt.% of W in the deposit increased with
c.d. until it reached a maximum of 12.49% at 4.0 A/dm2 (above
this c.d., W content was found to be decreased in the deposit). It
is worth noting that despite the high concentration of W in the
bath (83.7%), a much lower wt.% of W (<12.5%) was found
in the deposit. This peculiar behavior of small variation of W
content with c.d. may be attributed to the complexation of metal
ions, which affected the static potentials of the parent metals
markedly (Ref 20). In addition, this unusual change of
composition with c.d. is typical of induced codeposition and
is a classic example of irregular codeposition, which is
explained as follows: Regular codeposition is generally con-
trolled by diffusion of ions toward the cathode film, where the
effects of plating variables on the composition of the deposit

are determined by changes in the concentrations of metal ions
in the cathode diffusion layer (CDL) and are predictable from
simple diffusion theory. As explained by Brenner (Ref 4), this
irregular codeposition is controlled by the peculiarities of the
potentials of the metals against the solution to a greater extent
than by diffusion phenomena. The effects of some of the
plating variables on the composition of the deposit are in accord
with simple diffusion theory and the effects of others are
contrary to diffusion theory. Hence, the effects of plating
variables on the composition of the deposit are much smaller
than with regular alloy plating systems.

3.2.2 Hardness and Thickness. Generally, W-based al-
loys are of great importance for specific applications due to
their unusual properties. Of all the metals, W possesses the
highest melting point (3683 K) and highest tensile strength
(410 kg/mm2). This property of the very metal is reflected in
the developed alloy too and it is evident by high Vickers micro

Table 2 Composition, hardness, thickness, and corrosion data of Ni-W alloy coatings deposited from optimal bath
at 303 K

c.d., A/dm2
Wt.% of

W in deposit
Micro hardness
in Gpa (V100)

Thickness,
lm

2Ecorr

(mV vs. SCE)
icorr,

lA/cm2
CR

(31022 mm/year)

1.0 0.95 2.520 8.3 287.1 9.06 7.3
2.0 4.36 2.687 10.5 349.1 6.94 5.6
3.0 8.34 2.834 12.4 380.6 5.45 4.4
4.0 12.49 3.152 15.9 398.1 2.14 1.6

Fig. 2 FESEM images showing microcracks of Ni-W coatings deposited at (a) 2.0 A/dm2, (b) 3.0 A/dm2, (c) 4.0 A/dm2 along with their
magnified images in the inset
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hardness data reported in Table 2. It may be noted that hardness
of the coatings increased with c.d., due to increase of W wt.%
in the deposit (Ref 21, 22). In addition, thicker Ni-W alloy
coatings were formed toward high c.d., supported by data in
Table 2.

3.2.3 Surface Morphology. Surface morphology of the
working electrode is one of the important factors in the case of
its heterogeneous catalytic activity. In general, an enlarged
surface area gives rise to a large number of active sites for
reactions. Thus, an increased rate of the hydrogen adsorption
and evolution processes can be achieved. The representative
FESEM images of Ni-W alloy coatings deposited at 2.0, 3.0,
and 4.0 A/dm2 are shown in Fig. 2. From the images, it may be
observed that as c.d. increases the surface morphology of the
deposit has changed significantly, indicating that corrosion rate
(CR) and catalytic activity of the alloys bear a close relationship
with surface morphology. The coatings displayed microcracks
with increase in current density, i.e., with increase in tungsten
content (Table 2), which is inherent nature of W alloy. As
reported by Zhu et al. (Ref 17), the large strains or the
microcracks observed on Ni-W coatings were due to hydrogen
embrittlement associated with the deposition process. It may
explained by the fact that during alloy deposition, hydrogen gas
remained adsorbed on the surface due to low hydrogen
overvoltage of W. The adsorbed hydrogen leads to the
development of strain in the deposit, which subsequently leads
to the formation of microcracks on the surface. Thus, micro-
cracks on the surface of coatings may be attributed to low
hydrogen overvoltage of W, which was observed to be more at
high c.d. The increased surface area due to microcracks, and
inherent catalytic property of the deposit is due to high W
content, and is responsible for its better catalytic property for
HER. Here it should be noted that increased catalytic activity is
due to low hydrogen over voltage of W (0.395 mV) compared
to that of Ni (0.415 mV) present in the alloy. It was assumed
that formation of a layer of mixed tungsten oxides prevents
nickel deposition and catalyzes hydrogen evolution.

3.2.4 X-ray Diffraction Study. The phase structures of
Ni-W coatings, deposited at different c.d.�s were assessed by
XRD analysis. It revealed that the phase structure of the
electrodeposited W alloys is different from that of thermally
prepared alloys. The identification of the phase structures
corresponding to different c.d.�s was obtained from the signals
of peak profile of the x-ray reflection, plotted as a function of
2h. The XRD pattern of Ni-W coatings, deposited at different
c.d.’s labeled by their Miller indices is shown in Fig. 3. It may
be noted that the intensity of the prominent peak corresponding
to the (111) phase increased with c.d., keeping other phases
almost constant. From the intensity and reflection angle of
XRD signals, it may be seen that c.d. plays an important role on
both composition and phase structures of the coatings. The
diffractogram shows characteristic peaks of Ni17W3 corre-
sponding to (111) and (200) phases (JCPDS file no. 65-4828)
(Ref 23). At higher c.d., a peak corresponding to a new phase
with higher W tungsten content in comparison to the Ni17W3

phase as in lower current densities are also visible. The phase
corresponds to NiW alloy with (042), (402), and (530) are also
found to be present at higher current densities with fcc crystal
lattice. The lattice growth from cubic to face-centered cubic
increased its crystalline nature and microhardness as evident
from the obtained results. Both crystalline Ni17W3 phase and
tungsten-rich Ni-W phase are found to be responsible for a
decrease of CR and increased catalytic activity of the coatings,

deposited at high c.d. Hence by considering this change of
composition and phase structure of the Ni-W deposit with
deposition c.d., an effort was made to correlate the electrocat-
alytic behavior with their deposition current densities. The
experimental results of investigations are reported in the
following sections.

3.2.5 Corrosion Stability. The corrosion stability of
electrocatalytic materials is of great significance as far as their
long-term stability in their working condition is concerned.
Hence, the stability of electrodeposited Ni-W coatings has been
verified by subjecting them to corrosion in 1.0 M KOH (the
medium to be used for electrocatalytic study). The corrosion
data of deposits corresponding to different c.d.�s were evaluated
by Tafel�s extrapolation method, and are reported in Table 2.
From the data, it may be noted that Ni-W coatings at almost all
c.d.�s show reasonably less CR, i.e., in the range from
1.69 10�2 to 7.39 10�2 mm/year, which are well within the
limit of corrosion resistance allowed for electrocatalytic
materials (Ref 18). Thus, corrosion data, deduced from
polarization study, revealed that electrodeposited Ni-W coat-
ings qualify as efficient electrode materials, with good struc-
tural stability for water electrolysis in 1.0 M KOH. It was also
found that CR decreased with an increase of c.d. only up to
4.0 A/dm2, and then increased, which indicates that wt.% W in
the deposit bears a close relationship with the corrosion
resistance. Hence it may be concluded that Ni-W alloy,
deposited at 4.0 A/dm2 having highest W content (12.5%)
was found to be more corrosion resistant compared to all alloys,
deposited from the same bath.

Although Tafel polarization data, shown in Table 2, throw
some light on electrochemical stability of different Ni-W
coatings, they cannot be used for assessing their real ability to
HER and OER. This is due to the fact that Tafel curves are
normalized to the geometric area of the coatings, and not to the
real electrochemical area. Hence the polarization behavior
discussed above is either incorrect or does not offer a definite
conclusion, if the observed electrocatalytic activity is a result of
only an increased surface area of the catalysts, or if an improve-
ment in the intrinsic (electronic) electrocatalytic properties of

Fig. 3 X-ray diffraction patterns of Ni-W alloy deposited at differ-
ent c.d.’s from same bath (JCPDS file no. 65-4828)
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the catalyst material is also a contributing factor (Ref 24).
Therefore, in order to obtain information on the intrinsic
activity of the investigated layers in the HER, the curves
presented in Fig. 4 should be normalized to the real electro-
chemically active surface area. Hence, the EIS technique is
appropriate to determine the real surface area in electrochemical
systems, as previously used in the literature (Ref 25). Accord-
ingly, the impedance data of Ni-W coatings at OCP, corre-
sponding to different c.d.�s are presented in Fig. 5 as Nyquist
and Bode representations. The deviation from ideal semicircle
was related to the surface in-homogeneities of the coatings (Ref
26). The observation of only one loop in the Nyquist plots
indicates that the electrode/electrolyte interfacial reaction is
mainly controlled by a charge transfer process (Ref 27).
Further, it may be noted that the Nyquist response of impedance
for Ni-W deposit at 4.0 A/dm2 is of maximum radius compared
to those at other c.d.�s. It indicates that it offers better
electrochemical stability compared to all other deposits. It is
further supported by the Bode diagram magnitude plot shown
in the inset of Fig. 5.

3.3 Electrocatalytic Activity for Water Splitting Reaction

The HER and OER on metal and metal-based materials
continue to attract great attention among electrochemists. The
steady-state equilibrium method is one of the simplest tech-
niques for investigating the electrocatalytic activity in alkaline
water electrolysis. Hence Ni-W alloy coatings electrodeposited
at different current densities, from the proposed bath, were
tested for electrocatalytic activity for HER and OER in 1.0 M
KOH, and experimental results are reported as below.

3.3.1 Electrocatalytic Activity for HER. 3.3.1.1 Cyclic
Voltammetry Study. The cyclic voltammetry technique allows
determination of a set of parameters that are useful in the
evaluation of electrodes. The hydrogen desorption peak area is
one of the main parameters among the electrode characteristics.
It depends on the active specific surface of the deposit: the
larger the active specific surface, the higher the amount of
hydrogen produced during the reduction and of the hydrogen
adsorbed on the electrode. Another important parameter
characterizing cathodic alloys is the discharge potential of
hydrogen determining the interception of the voltammetric
curve tangent with the x-axis. It indicates the electrocatalytic
properties of the cathodic material used in the water electrolysis
and thus allow evaluation of the energy consumption in
hydrogen production (Ref 28). Accordingly, electrocatalytic
behaviors of Ni-W alloy deposits for water splitting of both
HER and OER have been studied.

The water splitting ability Ni-W alloy coatings for HER has
been obtained by cyclic voltammetry (CV) study with a
potential ramp of 0.0 to �1.6 V at 50 mV/s scan rate for 50
cycles. The scan rate of 50 mV/s was selected, among different
scan rates based on better readability of data. For CV of 50
cycles, the current density peaks at �1.6 V decrease sequen-
tially with increase of number of cycles and then becomes
stable. This may be attributed to the progressive resistance
induced by the hydrogen bubbles formed on the catalyst
surface; and a stable and reproducible CV curves obtained
indicated a state of equilibrium between adsorption and
desorption of hydrogen gas on the electrode surface (Ref 18).
The current density corresponding to stable state of equilibrium
for H2 evolution is called, cathodic peak current density,
abbreviated by icp. Accordingly, CV curves of different Ni-W
alloy deposits showing relative icp are shown in Fig. 6, and

Fig. 4 Potentiodynamic polarization behavior of monolithic Ni-W
alloy deposits obtained at different current densities at a scan rate of
1.0 mV/s

Fig. 5 Nyquist plot of Ni-W alloy deposits obtained at different
current densities

Fig. 6 The CV curves of Ni-W coatings deposited at different
c.d.’s demonstrating their cathodic peak current density, icp
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corresponding electrochemical data are given in Table 3. From
Fig. 6, it may be noted that the Ni-W coating formed at
4.0 A/dm2 exhibits the highest icp (�0.66 A/cm2), compared to
other coatings. Thus the highest icp values recorded by Ni-W
coatings deposited at 4.0 A/dm2 can be attributed to the highest
W content (12.49 wt.%) of the all coatings deposited from the
same bath. Further, it may be noted from the data reported in
Table 3 that the onset potential for H2 evolution decreased as
the deposition c.d. increased, suggesting that Ni-W coatings
deposited at high c.d. are more congenial for HER. Thus,
electrocatalytic behavior of Ni-W alloy deposits was found to
have a close relationship with the c.d. employed, a dictating
parameter of surface morphology, composition, and phase
structure of the deposits. Experimental study by Herraiz et al.
(Ref 24), demonstrated that the intrinsic catalytic activity for
HER on Ni-based electrodeposits depends on the synergism
among the catalytic properties of nickel (low hydrogen over
potential) and of its counterpart�s (high hydrogen adsorption).
Hence, it may be concluded that the highest realized icp value of
Ni-W coating corresponding to 4.0 A/dm2 is attributed to the
synergistic effect of lower Ni content (87.5 wt.%) and higher W
content (12.5 wt.%) of the deposit.

3.3.1.2 Chronopotentiometry Study. Chronopotentiometry
(CP) was used to assess the electrocatalytic behavior of
electrodeposited Ni-W alloy coatings, using 1.0 M KOH as
electrolyte. The solution is usually, but not necessarily,
unstirred and contains an excess of a supporting electrolyte to
ensure that mass transport at the electrode/electrolyte interface

takes place only through diffusion. The CP study for evolution
of hydrogen on Ni-W alloy coatings, deposited at different
c.d.’s was made at a constant current density of �300 mA/cm2

for duration of 1800 s. The electrocatalytic behavior of each
coating was evaluated by measuring the amount of H2 liberated
for 300 s. The chronopotentiograms for each Ni-W coatings are
shown in Fig. 8, and volume of hydrogen liberated on these
coatings for first 300 s is also shown in the inset. It may be
noted that Ni-W coating deposited at 4.0 A/dm2 produced the
maximum amount of H2 gas compared to coatings deposited
other c.d.�s This confirmed the fact that Ni-W coating at 4.0 A/
dm2 was the most electrocatalytically active. An initial sharp
decrease of potential immediately after starting electrolysis may
be observed in some coatings, due to an increased reduction of
H+ to H2 as the current is applied suddenly. However, the
constant potential immediately after a few minutes of starting
electrolysis, as in Fig. 7, indicates that HER reaction takes
place unabatedly on the electrode surface at applied current
density.

3.3.2 Electrocatalytic Activity for OER. 3.3.2.1 Cyclic
Voltammetry Study. The Ni-W alloy deposited at different c.d.�s
was also tested for electrocatalytic activity for OER in 1.0 M
KOH, in same line as for HER. The CV experiments for OER
on Ni-W alloy deposits were conducted in the potential range of
0 to 0.75 V at a scan rate of 50 mV/s, and corresponding CV�s
are shown in Fig. 8.

The onset potentials for continuous evolution of O2 gas for
each coatings developed at different c.d.�s are shown in the CV
curves. It was observed that the Ni-W alloy deposited at 1.0 A/
dm2 gave good activity toward OER with the lowest onset
potential (0.51 V) and maximum anodic peak c.d. at 0.75 V
(Fig. 8; Table 4). The mechanism proposed involves the
adsorption of OH� from the medium on to the surface of the
electrode followed by the formation of adsorbed oxygen
through electron transfer leading to the formation of O2 gas
as shown in Fig. 10(b) (Ref 29, 30).

The cathodic and an anodic peaks observed in cyclic
voltammograms (Fig. 10) in the applied potential range (0.0 to
+0.75 V) are due to the formation and reduction of a NiOOH
layer. In this potential range, the substrate surface is covered
with a thin p-type semiconducting layer of NiO(H2O) (Ref 31),
and can enhance the OER within the potential range by

Table 3 The hydrogen evolution reaction parameters of
Ni-W coatings developed at different c.d.’s from optimal
bath

Coating
configuration,
A/dm2

Cathodic
peak c.d.,
A cm22

Onset potential
for H2 evolution
(V vs. SCE)

Volume of H2

evolved in
300 s, cm3

1.0 �0.11 �1.39 11.1
2.0 �0.42 �1.32 12.2
3.0 �0.58 �1.26 13.4
4.0 �0.66 �1.21 14.8

Fig. 7 Chronopotentiometry curves for Ni-W alloy coatings under
impressed cathodic current of �300 mA/cm2, volume of H2 evolved
in 300 s on each test electrodes are shown in the inset

Fig. 8 CV curves for OER studies of Ni-W alloys deposited at dif-
ferent c.d.�s
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enhancing the OH� adsorption. While apart from this potential
range, the activity will be limited due to the lack of formation of
semiconducting layer of NiO(H2O). This is in agreement with
the well-established generalization on OER; that it normally
takes place on a metal surface which is firstly covered with
appropriate oxides (Ref 32). In the present study, the coating
developed at 1.0 A/dm2 shows maximum activity toward OER
due to its higher Ni content leading to better adsorption of OH�

through redox reaction under the applied potential.
3.3.2.2 Chronopotentiometry Studies. The efficiency of

electroactive coatings of Ni-W alloy for OER has also been
tested using chronopotentiometry. The amount of oxygen
evolved was measured in the similar way as discussed earlier,
and corresponding chronopotentiograms are shown in Fig. 9.
As the current pulse of +300 mA/cm2 was applied, a sharp
increase in the potential was observed until a potential at which
OH� is oxidized to O2 is reached. In other words, an
equilibrium state is reached between newly forming bubble
and bubbles escaping from the surface of the electrode (Ref 18,
24). The inset in Fig. 9 shows the relative amount of O2

liberated in 300 s on Ni-W coatings deposited at different
c.d.’s, and corresponding volumes are given in Table 4. In this
case, the amount of O2 liberated on the surface coating formed
at 4.0 A/dm2 is less compared to other coatings. In other words,
the Ni-W alloy deposited at 1.0 A/dm2 exhibits the lowest
potential for O2 evolution. Hence, the Ni-W alloy coating
deposited at 1.0 A/dm2 is more electroactive for OER com-
pared to other coatings. Thus, from experimental results of
HER and OER of electrodeposited Ni-W alloy coatings

deposited at different c.d.’s, it may be inferred that the surface
favoring the cathodic reaction has an adverse effect on anodic
reaction and vice versa. It may be due to unique phase structure
and composition of the coatings deposited at different c.d.’s,
but from the same bath. To sum up, an increase of H2 and O2

evolution with c.d., is found as shown in Fig. 7 and 9,
respectively. This indicates a synergism between the good
catalytic property of W (due to low hydrogen overvoltage) and
Ni (having increased adsorption of OH� ions) for better
catalytic properties of the Ni-W deposit as cathode and anode,
respectively.

3.3.2.3 Mechanism of HER and OER. The factors respon-
sible for increased HER and OER on Ni-W electrodes
deposited, respectively, at 4.0 and 1.0 A/dm2 can be explained
by a mechanism as shown in Fig. 10. The schematic represen-
tation of the steps such as chemisorption, desorption, and
recombination leading to the evolution of H2 gas on Ni-W
electrode surface is given in Fig. 10(a). The physical properties
of the coatings like size, shape, composition, and crystallo-
graphic structure are equally responsible for their catalytic
activity toward HER. High-catalytic efficiency of Ni-W alloy,
deposited at 4.0 A/dm2 may be attributed to an increased W
content (12.49 wt.%) of the alloy. The increase of W (having
low hydrogen overvoltage) leads to promotion of the evolution
of hydrogen. In addition, properties like increased surface area,
due to microcracks also contribute to more H+ adsorption and
hence catalytic activity.

Contrarily, the Ni-W alloy deposited at low c.d. (having low
wt.% of W) was found to be more efficient electrode material,
when it is used as anode, i.e., for OER reaction. The mechanism
of OER on Ni-W alloy, when used as anode, is shown
schematically in Fig. 10(b). This behavior may be explained by
the adsorption of comparatively large OH� ions on electrode
surface, where it overlaps with other processes like oxygen
reduction reaction at the same time. Thus, enhanced OER
activity of Ni-W coating, developed at 1.0 A/dm2 can be
attributed to the increased OH� adsorption through the
formation of a semiconducting layer in the applied potential
range.

Since the adsorption characteristics of the OH� can lead to
the formation of NiOOH on its surface, the increase of Ni
content in the coating (98.5%), deposited at 1.0 A/dm2 largely

Table 4 The OER parameters of Ni-W coatings elec-
trodeposited at different c.d.’s

Coating
configuration,
A/dm2

Anodic
peak c.d.

at 0.75 V, A/cm2

Onset potential
of O2 evolution
(V vs. SCE)

Volume of O2

evolved in
300 s, cm3

1.0 1.25 0.51 13.1
2.0 0.83 0.53 12.6
3.0 0.61 0.57 11.8
4.0 0.45 0.61 11.1

Fig. 9 Chronopotentiograms for Ni-W alloy coatings under im-
pressed anodic current of +300 mA/cm2, volume of O2 evolved in
300 s on each test electrodes are shown in the inset

Fig. 10 Mechanism of electrocatalytic (a) hydrogen evolution
(HER) and (b) oxygen evolution reaction (OER)
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favors the OER. As the Ni content in the coating decreases, the
oxide layer formation will become limited and thereby reduces
OER. Therefore, it may summarize that the Ni-W electrode
material favoring HER has an adverse effect on OER and vice
versa.

4. Conclusions

In this study, Ni-W alloy coatings have been developed
through a compositionally versatile electrodeposition method
from a new tri-sodium citrate bath, using glycerol as the
additive. Deposits with various chemical compositions were
synthesized on copper, and their possible applications as
electrocatalytic materials for water splitting (HER and OER)
have been tested by CV and CP methods. All Ni-W coatings
were found to be stable in the working conditions of its
electrocatalytic study confirmed by potentiodynamic polariza-
tion and EIS study. The effects of c.d. on deposit character-
istics, as function of their electrocatalytic efficiency for HER
and OER, have been tested using CV and CP studies. It was
found that Ni-W alloy deposited, respectively, at 4.0 A/dm2

(having about 12.49 wt.% W) and 1.0 A/dm2 (having about
0.95 wt.% W) is good electrode materials for HER and anode
for OER, deposited from the same bath. It was observed that
Ni-W alloy favoring HER has an adverse effect on OER and
vice versa. This is due to the presence of some reactive sites,
which responds to the process, based on situation whether it is
used as a cathode or anode. An increase in H2 and O2 evolution
with c.d. was found, and it indicates the existence of a
synergism between high-catalytic property of W (due to low
hydrogen overvoltage) and Ni (having increased adsorption of
OH� ions) for better catalytic property of Ni-W deposit as
cathode and anode, respectively. A synergism between high-
catalytic property of W, having low hydrogen overvoltage and
of Ni, caused by increased adsorption of OH� ions (depending
on the composition of the alloy) was found, and is responsible
for the better catalytic property of the deposit, both as cathode
and anode. The FESEM, EDS, and XRD studies supported the
fact that Ni-W alloy deposit, developed at different c.d.’s, has
specific electrocatalytic activity, influenced by their composi-
tion, surface morphology, and phase structures.
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