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Abstract In this paper, NiMo coatings were electro-
chemically deposited on a copper electrode (Cu/NiMo) and
on an electrodeposited nickel onto copper plate (Cu/Ni/
NiMo) in citrate solutions. Effects of electrolyte composi-
tion, pH value, and temperature on hydrogen-evolution
reaction (HER) as well as the electrochemical stability in
alkaline solution were investigated, and the electrochemical
activation energy was determined for the NiMo alloys. This
was evaluated by the determination of kinetic and mecha-
nism of HER in alkali medium by the polarization mea-
surements, cyclic voltammetry, and electrochemical
impedance spectroscopy techniques. The morphology and
chemical composition of the electrodeposited Ni-Mo were
investigated using SEM and EDS analyses. The results
showed that the corresponding HER overpotential of the Ni—
Mo film depends on alloy composition and surface mor-

phology. As the wt% of Mo content in the alloy is increased,
the onset potential of electrode for HER shifted in the posi-
tive direction favoring hydrogen generation with lower
overpotential. The overall experimental data indicated that
the porous Ni-Mo coating on electrodeposited nickel plate
was obtained when the molybdenum content was ca.
41 wt%. This electrodes exhibited high catalytic activity in
the HER (17,00 = —48 mV at 100 mA cm™2and 80 °C), and
their stability was tested by polarization measurements after
different anodic and cathodic treatments in 1 M NaOH
solution. Moreover, the corrosion behaviors of Ni and Cu/Ni/
NiMo electrodes at open-circuit potential were also inves-
tigated, and their corrosion resistances were compared.
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1 Introduction

Hydrogen is considered as an ideal energy carrier that can be
an alternative to fossil fuels. It is a clean and fully recyclable
substance with practically unlimited supply and fulfills all the
criteria considered for an alternative energy source [1, 2].

Alkaline water electrolysis is an ideal technique to
produce high-purity hydrogen. However, except the use of
noble metals as the cathode material in water electrolysis,
the high overpotential of the hydrogen-evolution reaction
(HER) (i.e., high energy consumption) is the most signifi-
cant disadvantage which restrains its large-scale applica-
tions [3-5]. The key parameters for selecting a material for
water electrolysis are its good electrical conductivity, low
overvoltage electrochemical stability, low cost, and ease of
use. The performance of electrocatalysts certainly depends
on the chemical composition of the catalyst and its surface
area. Hence, the electrode activity of the electrode mate-
rials can be improved by modifying the intrinsic activity
and/or by increasing the ratio between the real and the
geometric surface areas [4-6]. For the HER in the alkaline
media, Raney Ni and Ni alloys are the most used catalysts
[7-9], among which NiMo is reported to be the best [5, 9—
11]. According to the Engel-Brewer valence bond theory,
whenever transition metals with empty or less-filled d
orbitals (e.g., Mo) are alloyed with those with more-filled d
orbitals (e.g., Ni), a synergistic effect in the hydrogen-
evolving activity of these materials is expected [12].

The electrodeposition process for production of the Ni-Mo
alloys has also some apparent advantages, i.e., nanocrys-
talline/amorphous materials can be obtained, and there is a
possibility to control the chemical composition, grain size,
and surface properties of the alloys [13, 14]. In spite of these
advantages of the electrochemical method, elemental
molybdenum cannot be deposited electrochemically from
aqueous media, but these metals can be codeposited as alloys
with iron group transition metals such as iron, cobalt, and
nickel [15-19]. Alloy electrodeposition of this type is cate-
gorized by Brenner as induced codeposition [19].

Han [20] reported that pulse-plated amorphous NiMo
alloy coated with 31.04 wt% molybdenum shows high
catalytic activity of hydrogen evolution (80 °C,
N200 = —62 mV) in 33 wt% NaOH solution. Krstajic [21]
found that the NiMo alloy coating, which was electrode-
posited from the pyrophosphate-sodium bicarbonate bath
on to Ni mesh, possesses high catalytic activity for
hydrogen evolution in 33 wt% NaOH solutions at 85 °C.
Aaboubi [22] reported that electrochemically produced
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NiMo alloy under magnetic field showed increased activity
of HER. Kirstajic studied with non-noble metal composite
cathodes for hydrogen evolution where Ni-MoO, coatings
electrodeposited from Watt’s type bath containing MoOs5
powder particles [23] and Ni-MoO, coatings electrode-
posited from nickel chloride—ammonium bath containing
MoO, powder particles [24]. Both these electrodes were
investigated in 32 wt% NaOH at 90 °C for HER, and the
results were compared with the commercial De Nora’s
coating. Xia [25] reported the comparison of Ni-Mo and
Ni-Mo—Cu alloy coating electrode prepared on copper
substrate by constant-current electrodeposition. Chialvo
[26] investigated the dependence of the electrocatalytic
activity of the bulk Ni-Mo alloys for the HER as a function
of their composition (at varying atomic percentages of
molybdenum from 0 to 25 at.%). Hu and Weng [12] found
that electroplated Ni-Mo deposits from a bath with a pH of
8, a Ni/Mo ratio of 3.3, and a sodium citrate concentration
of 40 g L™" show the highest apparent current density of
hydrogen evolution in 1 M NaOH solution. Beltowska-
Lehman [27] characterized the composition of Ni-Mo
using citrate—ammonia electrolyte with varying pH values.

In this paper, nickel-molybdenum alloy coatings were
obtained by electrochemical method. The impacts of dif-
ferent Ni/Mo ratios and electrolyte pH values on the HER
activity of Ni-Mo coatings on two substrates: first on
copper and second on electrodeposited nickel on copper,
were investigated. The aim of the present work is to study
the electrocatalytic performance of the developed Ni-Mo
coatings for HER, considering the two terms; namely,
intrinsic activity and surface properties of the electrode.
The mechanisms and kinetics of HER on these electrodes
have also been determined. In addition, the HER stability
and corrosion behavior of Cu/Ni/NiMo electrode in an
alkaline electrolyte were examined with various methods.

2 Materials and methods
2.1 The preparation of Ni and Ni-Mo electrodes

In this study, two types of substrates were used for NiMo
electrodeposition. First one is 4 cm® (2 x 2) of copper
plates, and the second one is 4 cm” (2 x 2) of electrolytic
nickel which was electrodeposited onto copper plates. The
nickel electrodeposits were obtained from conventional
Watt’s-type baths including 0.95 M NiSO,.6H,0, 0.17 M
NiCl,.6H,O and 0.65 M H3;BO;. Applied current density
was 20 mA cm ™2, and the temperature was 50 + 0.5 °C.
Before the electrodeposition experiments, copper sub-
strates were carefully prepared by mechanical wet polish-
ing using 1200 grinding paper. Afterward, samples were
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vibrated in an ultrasonic bath with acetone, ethanol, and
pure water for each 10 min. Finally, before the electrode-
position, copper plates were immersed into 20 % HCI
solution for about 1 min, and finally rinsed with pure water
again and immersed in the bath solution. The same surface
treatments were carried out for nickel substrates; however,
mechanical polishing was not performed. Ni-Mo alloys
were obtained in a conventional three-electrode cell. The
anode was large-area platinized titanium mesh, and the
reference electrode was Ag/AgCl (3 M KCl) that was
connected to the cathode by a Luggin capillary positioned
0.2 cm from the cathode surface. The distance between
cathode and anode was fixed at 3 cm. The plating baths
used for the Ni-Mo alloy electrodeposition consisted of
NiSO,4.6H,0 and Na,M00,4.2H,O compounds as Ni* and
Mo®* sources, respectively, and 0.3 M Na,C¢Hs0,.2H,0
was also added to all plating baths as a complexing agent.
3/2, 1/1, 2/3 and 1/12 molar ratios of Ni/Mo in the plating
bath was investigated while the total concentration of
nickel and molybdenum ions in the electrolyte was kept
constant as 0.5 M. Two different constant pH values of the
electrolyte were used: 9.5 and 10.5. This was adjusted by
25 % NH; solution. The electrodeposition experiments
were performed in galvanostatic regime at 200 mA cm >
for 15 min (180 C cm™2) at 30 £ 0.5 "C. The electrolyte
was stirred with magnetic stirrer at 120 rpm for all
experiments. After electrolysis, the samples were rinsed
with distilled water and prepared for the electrochemical
measurements.

2.2 The characterization of Ni-Mo electrode

The surface morphology as well as the composition of the
coatings was characterized with scanning electron micro-
scopy (SEM, Jeol JSM 5600), equipped with EDS (iXRF
500).

Electrochemical characterizations of NiMo electrode for
hydrogen evolution in alkali solution were carried out by
cathodic polarization, cyclic voltammetry, and electro-
chemical impedance spectroscopy (EIS) techniques,
respectively. The electrochemical measurements were
carried out in a conventional electrochemical cell, using
1 M NaOH solution as electrolyte. NiMo alloy electrode
1 cm? was used as work electrode, the counter electrode
was a large Pt foil, while Ag/AgCl (3 M KCI) electrode
was used as a reference electrode with a lugging capillary
being close to the working electrode. All potential data
given in this study were referred to this reference electrode.

The polarization curves were performed in the potential
range from —1.50 V up to the equilibrium potential at a
scan rate of 0.5mVs~' in 1 M NaOH solution at

the different temperatures, and the corresponding
electrochemical parameters were derived from the recorded
curves. Before recording polarization diagrams, electrodes
were exposed to hydrogen evolution in the same solution at
current density of —100 mA cm 2 for the 10 or 60 min. In
the case of the anodic or cathodic treatment (oxygen or
hydrogen evolution on the electrode surface), polarization
diagrams were recorded immediately after these treat-
ments. The polarization diagrams were recorded on a
Gamry Potentiostat Reference 600 with automatic IR drop
compensation (current interrupt technique), using Corro-
sion Techniques Software DC 105.

The EIS measurements were performed with the same
potentiostat using EIS 300 software. Before the EIS
experiments, the electrodes were exposed to HER at
—100 mA cm™? for 30 min. Nyquist and Bode diagrams
were recorded at —1.20, —1.25, and —1.30 V potentials.
The frequency range was 0.1 Hz—100 kHz and the ampli-
tude was 5 mV. In addition, in order to investigate the
corrosion behavior Ni and NiMo electrodes, EIS tests were
performed at open-circuit potential in 1 M NaOH medium
at 25 °C. The acquired data were curve fitted and analyzed
using EIS 300 software.

Electrodes were exposed to cyclic procedure up to
potential of the oxygen evolution in order to investigate the
influence of anodic polarization on the HER activity. The
CV’s were recorded in the 1 M NaOH solution at 25 °C
with a sweep rate of 10 mV s~'. CV experiments were
performed for ten cycles between —1.30 and +0.65 V on
1 cm? of NiMo electrodes with the same potentiostat using
DC 105 software.

In order to determine the kinetic parameters of the HER,
steady-state polarization curves were used. For the linear
part of the steady-state polarization curves, the kinetic
equation can be written as

log(j) = log(jo) +n/b (1)

where, j is the measured current density (mA cm™2), j, is
the exchange current density (mA cm_z) (i.e., the equal,
partial anodic and cathodic current densities at the equi-
librium potentials), # (mV) is the applied overpotential and
b is the Tafel slope (mV dec™'). The other parameters of
interest is 5, the symmetry factor, and/or «, the electron-
transfer coefficient which can be calculated from the Tafel
slope. For any Tafel polarization curves in the case of
alkaline solutions, the hydrogen-evolution overpotentials
are calculated using n = E—E.q — R [24] where E is the
applied potential value, E.q is the equilibrium potential of
the HER in corresponding solutions, and Rl term is the
ohmic drop which was already compensated by poten-
tiostat [5, 22].
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Fig. 1 The polarization curves of different Ni-Mo alloys and a pure
Ni film recorded in 1 M NaOH at 30 °C

3 Results and discussion

3.1 Effect of electrodeposition conditions of Ni-Mo
alloy on HER

Figure 1 shows the cathodic polarization curves that were
recorded in 1 M NaOH solution at 30 °C for different
contents of Ni/Mo concentrations, pH value, and substrate
material. A curve performed on nickel coated copper
electrode was also included to compare the results. The
experimental conditions are summarized in Table 1. In
addition, wt% Mo in alloy and electrode potential (E) at
—100 mA cm™? and equilibrium potential (Eeq) during
polarization test are given in Table 1. The HER kinetic
parameters; the Tafel slope (b), the exchange current
density (jy), were determined for each electrode from the
linear part of polarization plots (Fig. 1) (for low
(1-10 mA) and high (10-100 mA) current density areas).
Jo values were derived by extrapolation of Tafel plots to
zero overvoltage. From the Tafel slopes in Fig. 1, the
electron transfer coefficient was estimated through
o = (—2.3RT)/(bnF), where R 1is the gas constant
(8.314 ] mol ™! Kil), n is the number of electrons

Table 1 Electrolyte compositions of Ni and Ni-Mo alloy samples and corresponding potentials for hydrogen evolution at —100 mA cm™

transferred in the reaction, T is temperature (K), and F is
Faraday’s constant (96.485 C molfl). Also, the overpo-
tentials at a fixed current density of —100 mA cm 2 M100)
and the current densities at —100 mV overpotential (j;00)
were determined from the Fig. 1 and are given in Table 2.

In general, in the alkaline media, hydrogen evolution
reaction proceeds via three consecutive reactions: Volmer
(D, Heyrovsky (II), and Tafel (III)

(M + H,O + e~ — MH,y + OH") (1)
(MH,gs + HoO +e” —Hy, + M + OH") (I1)
(2MH,g, — 2M + H,) (110)

HER starts with the proton discharge electrosorption (I),
and follows either or both, electrodesorption step (II), and/
or H recombination step (IITI). When the Tafel slopes at
25 °C are 120 mV, then Volmer reaction is known to be
the rate-determining step (rds). If this value is 40 mV,
Heyrovsky or 30 mV Tafel is considered as the rds
[28-30].

It has been accepted in the literature that the value of the
charge-transfer coefficient, o, depends on the rds for mul-
tistep reactions [7, 30, 31]. It is important to note that for
the Volmer step as the rds, the symmetry factor, f, is equal
to the transfer coefficient, o, while for the Heyrovsky step,
the transfer coefficient is o = 1 + f [32-34].

It can be seen from Fig. 1 and Table 2 that all Ni-Mo
alloys show better HER activity than pure nickel. However,
the minimum HER potentials between curves 1-4 (Fig. 1)
at current density of —100 mA cm™2 is —1.307 V where
curve 4 corresponds to about 28 wt% Mo (Table 1). Jaksic
[35] has discussed the effect of alloying with transition
metals on both hydrogen evolution activity and catalyst
stability on the basis of the Engel-Brewer valence bond
theory. According to this theory, the electrocatalytic
activity of Ni-Mo deposits is qualitatively proportional to
the Mo content [12]. It is important to note that except 1/12
of Ni/Mo ratio (curve 4-7), all other Ni-Mo alloys and
pure Ni films show nearly the same Tafel slopes. Current—
potential curves of 1-3 NiMo electrodes and Ni electrode

2

Substrata/sample no Ni/Mo ratio pH £ 0.05 Exposure time of HER (min) wt% Mo in alloy —E (V) —Eeq (V)
Cu/l 32 10.5 10 9.7+ 15 1.434 1.018
Cu/2 171 10.5 10 119 £ 19 1.367 1.011
Cu/3 2/3 10.5 10 13.8 £ 1.9 1.352 1.016
Cu/4 1/12 10.5 10 283 £ 2.1 1.307 1.017
Cu/5 1/12 9.5 10 40.1 £ 3.2 1.240 1.023
Cu/6 1/12 9.5 60 40.1 £3.2 1.200 1.021
Cu/Ni/7 1/12 9.5 60 41.1 £33 1.154 1.007
Cu/Ni - 52 10 - 1.465 0.999
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Table 2 HER kinetic parameters obtained by analysis of curves presented in Fig. 1

Sample no  —b; (mV dec™!)  jo; (mAcm %) o —by (mV dec™)  joo MACm™) Moo (MV)  jioo (MA)
1 185 0.56 0.32 187 0.61 0.32 416 3.1

2 152 0.55 0.39 154 0.57 0.39 356 2.8

3 141 0.60 0.41 144 0.60 0.41 336 3.7

4 71 0.56 0.83 196 42 0.30 290 11.8

5 56 0.59 1.05 152 43 0.39 217 19.5

6 40 0.59 1.48 143 6.5 0.41 179 34.8

7 36 0.66 1.64 145 11.1 0.41 147 47.1

Ni 118 0.21 0.50 121 0.28 0.49 466 0.12

1 and 2: low and high current density areas, respectively

(Fig. 1) show a typical Tafel behavior indicating that the
HER is kinetically controlled. It can be said that based on
the Tafel slopes and charge-transfer coefficients of samples
1-3, the Volmer step must control the HER on this elec-
trodes, i.e., the adsorption of H™ onto the active sites of
surface is a slow step than the order in HER. On the other
hand, curves 4-7 show two different Tafel slopes, which
implies that the increase in the overpotential in intermedia
increased the surface coverage of the adsorbed hydrogen
(Oy) from O to 1 [28]. This point will be discussed in more
detail later in the text.

The composition and structure of Ni-Mo electrodeposits
should also depend on pH. For Ni-Mo-induced codeposi-
tion, a basic plating bath’s pH has been proposed to be an
important variable influencing the quality and composition
of the deposits because of the presence of free NH;. The
curve 5 shows a set of Tafel curves recorded at pH value of
9.5, while curve 4 is obtained for pH value of 10.5.
According to EDS results of sample 5, Mo amount in the
alloy was increased up to 40.1 wt%, when the electrolyte
pH was 9.5. However, HER voltage of this alloy at a
current density of 100 mA cm™? decreased to ca. 67 mV
with decreased pH (Table 1). For an induced codeposition
mechanism, Ni>* can be reduced on the cathode surface
via the (NiCit)~ and [Ni(NH3),]*" (n = 2-6) complexes,
while the molybdenum can be deposited from the
[(N1)(MoOy4)(Na)(Cit)]*~ complex only. Hence, the only
factor which can affect the molybdenum amount in the
alloy is [(Ni)(MoO4)(Na)(Cit)]27 concentration in the
plating bath. This multicomplex compound occurs based
on the reaction given in the literature [19, 36-38] by the
following reaction;

(NiCit) ™ + [(MoOy,)(Cit)(Na)]*~

— [(Ni)(MoOy)(Na)(Cit)]*~+ (Cit)*~ (IV)

It can be concluded that (NiCit)~™ and [(MoOQOy)
(Cit)(Na)]4_ species must be formed in the electrolyte for

the mentioned reaction to be performed. At this point,
citrate plays an important role, and it is important to know
which citrate species is predominant in the plating bath. In
this type of electrolyte, there are two factors that influence
citrate species. The first one is the citrate concentration,
and the second one is the pH value to wit NH; concen-
tration. Since the citrate concentration in the electrolyte
was already kept constant for all experiments, the effect of
electrolytic pH value stands out. (Cit)3_ anions are nec-
essary to create (NiCit)~ and [(M004)(Cit)(Na)]4_ com-
plexes. Eliaz [36] reported that when NHj is not added to
the electrolyte, the predominant citrate species become
(Cit)*~ for the pH range of 7-9. Thus, choosing a value of
pH = 8 can ensure stable operation [36]. If the pH level is
above 10.5, (Cit)4_ anions start to be the dominant species
[36]. Consequently, the rate of reaction (IV) as well as
molybdenum amount in the alloy will decrease. However,
NHj; is also a well-known ligand forming complexes with
Ni, Co, Fe, and many other metals. When NHj is added to
the plating bath for setting the pH, [Ni(NH3),]*" complex
can be formed, which is another precursor for Ni deposition
[37, 38]. This time, Ni?™ cations bind to both of the ligands
(NH3 and citrate). Hence, the concentration of (NiCit)™
species will decrease. In such a case, the rate of reaction
(IV) and molybdenum amount in the alloy decrease again.
Lehman [27] has reported that an increase in the pH value
of the bath from 8 to 11 leads to an increase of Ni depo-
sition rate and decrease in Mo content in the Ni-Mo alloy.
These results are consistent with this study; this means that
the optimum amounts of (NiCit)™ and [(MoOy)(-
Cit)(Na)]*~ species in the codeposited process at 9.5 pH for
maximum Mo wt% in alloy was obtained.

The polarization curve 6 in Fig. 1 shows Ni-Mo coat-
ings which electrodeposited under the same conditions as
for the curve 5 but recorded for total of 60 min of hydrogen
evolution at the current density of —100 mA ¢cm ™ prior to
the polarization test. It can be seen in Table 2 that the HER
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overpotential value at —100 mA cm 2 (M100) Was reduced
significantly with hydrogen evolution on the surface, which
suggests the activation of electrode due to HER. This can
be explained by removal of any existing corrosion products
from the pores during hydrogen gas evolution [21, 39]. In
terms of the existence of an oxide film on the surface,
which inhibits the electron transfer, larger overpotentials
are required for HER to occur. When HER on the sample
surface was increased before the polarization measurement
from 10 to 60 min, Ni—oxide layer was removed during the
cathodic treatment, thus oxide-free surface was reached,
and in turn, the symmetry factor [ value (or transfer
coefficient, « = 1 + f in this case) was increased.

Finally, the polarization curve 7 shows Ni—-Mo coatings
that is the electrodeposited nickel on copper plate (Cu/Ni/
NiMo-sample 7) under the same condition as sample 6. It
can be seen that the HER activity of coating was improved.
This indicates that the existence of a thin under-layer of Ni
coating provides an extra stability and activity to the
cathode material. Similar effects have been reported for
NiZn coatings [39] where hydrogen generators were
produced.

As mentioned earlier, since Ni curve and Ni-Mo sam-
ples of 1, 2, and 3 in Fig. 1 do not show any significant
changes in slope, the same HER reaction mechanism
should be valid through the entire overpotential region
investigated. As seen in b values, samples of 4, 5, 6, and 7
in Table 2, in contrast to others, the polarization curves
recorded on this Ni-Mo samples display two potential-
dependent regions related to the HER. In low and high
hydrogen overpotential ranges, the Tafel slopes varied
between —36 and —71 and —143 and —196 mV dec™!,
respectively (Table 2). The change of the b value with
polarization has also been reported in the literature [20, 22,
29, 32-34, 40]. The fundamental reason for this transition
could be related to the depletion of the d-electron density at
the Fermi level of the NiMo alloys by adsorbed hydrogen,
which remains partially uncompensated at lower overpo-
tentials [32-34]. It has been recently shown that the reac-
tion mechanisms of the HER on Ni- and Ni-based alloys
are a consecutive combination of Volmer and Heyrovsky
step [41]. However, in lower potential range with low
coverage by H,qs intermediates, the decrease of Tafel slope
indicates that Heyrovsky step controls the rate of the
overall reaction. When the cathodic polarization is
increased from lower to higher overpotentials, the d-elec-
tron density at the Fermi level increases and 0y — 1, thus
enhances the kinetics of the Heyrovsky step, and conse-
quently the Volmer step (proton discharge reaction)
becomes the rds at high overpotentials. It is also possible
for the observed diffusion like shapes of the Tafel curves
that NiMo-hydride forms on the surface which acts as a
barrier for further hydrogen evolution [34, 42, 43].
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As discussed previously, the Tafel curves describe a few
comparative data of information regarding the electrocat-
alytic activity of the investigated cathodes, such as b, a, j.
The smaller Tafel slope is preferential because minor
change in electrode overpotential results in a larger
increase in HER current, and thus faster hydrogen gas
production. At the same time, the electron transfer coeffi-
cient and exchange current density values are desired to be
as large as possible. It can be seen in Table 2 that as wt%
of Mo content in the alloy is increased, the o and j, values
increased while b value decreased. According to this data,
it can be seen that in sample 7 (Cu/Ni/NiMo), hydrogen
evolution reaction was enhanced at surface at both low and
high current density area.

In addition, the overpotential (i.e., energy input) at a
fixed current density which are directly proportional to the
rate of hydrogen evolution or vice versa can be a more
practical parameter for characterizing and comparing the
apparent electrode activity. It can be seen from Table 2 that
the Ni electrode has the highest 1,09 and the lowest j,qoo
values compare to NiMo electrodes. In addition, a signifi-
cant increase of catalytic efficiency is evident for sample 7
that exhibits the lowest values of #;gp, and the highest
values of jjgo. In conclusion, all the analysis parameters
presented in Table 2, which are related to the Tafel curves
in Fig. 1, display the same trend and clearly show the
evidence that sample 7 electrode is the most active in HER
among the investigated materials.

3.2 Surface morphology

The surface morphologies of sample 3, 4, and 5
(Cu/NiMo) and 7 (Cu/Ni/NiMo) are displayed in Fig. 2.
Overall image is homogenous. Round-shaped NiMo
electrodeposits grew two-dimensionally at a 2/3 Ni/Mo
ratio. The NiMo phase is composed of round particles
with sizes ranging from ca. 2 um to 5 um on the surface
(Fig. 2a). Figure 2b, ¢ appears very similar to each other,
however the morphology is different than the sample 3
films (Fig. 2a). The SEM pictures of samples 4 and 5
clearly show that the surface of the deposits was rela-
tively smooth. It can be said that both coatings have
grown two-dimensionally. On the other hand, the Ni-Mo
coating obtained onto the Cu/Ni substrate (Fig. 2d) is a
cauliflower-like morphology, and this 3D structure is an
indication that Cu/Ni/NiMo has higher surface area
available for the HER. This films has some holes at
higher magnification (inset Fig. 2d) which may attributed
to hydrogen bubbles formed during codeposition and
large agglomerations of typical nodular grains.

When polarization characteristics of electrodes in Fig. 1,
chemical compositions in Table 1 and SEM images in
Fig. 2 are considered together, the highest electrocatalytic
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Fig. 2 SEM images of NiMo alloys a Cu/3, b Cu/4, ¢ Cu/5, and d Cu/Ni/7

activity was achieved in the electrode where Mo content
was the highest, and the surface morphology was the
greatest due to the increase in the ratio of real area/geo-
metric area. Chemical composition determines the elec-
trolytic activity when similar surface properties exist
(Fig. 2b, c). On the other hand, when chemical composi-
tion is the same, electrolytic activity is determined by the
surface morphology (Fig. 2¢c, d). The interesting observa-
tion was the dominant effect of chemical composition over

a 097

A0,

1.1

1.2

E/V vs. Ag/AgCI

E/V vs. Ag/AgCl

1.3

1.4

logj /Acm?

logj/Acm2

the HER characteristic rather than the surface morphology.
This can be clearly seen from the comparison of HER
activity of low Mo and high surface area of Fig. 2a and
high Mo and low surface area of Fig. 2c.

3.3 The effect of temperature on HER

Figure 3a shows the polarization curves of Cu/Ni/NiMo
(sample 7) and Cu/NiMo (sample 6) (inset Fig. 3a)

b -1.2
e
149 O T
. m = Cu/Ni/NiMo
161 ., oCu/NiMo
a9 N
£ e
(3] s
< 18] s
< . T
=) E i
2 o <3
__;
2.2 35 o
28 3 32 34
T/Kx 108
2.4 T T T T T
2.8 2.9 3 3.1 3.2 3.3 3.4
TV K*'x 103

Fig. 3 a The polarization curves of Cu/Ni/NiMo and Cu/NiMo (inset) electrodes for HER at different temperatures. b The Arrhenius plots of the
HER on the NiMo electrodes at high and low (insef) current density areas
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Table 3 HER kinetic parameters obtained by analysis of curves presented in Fig. 3a

T (°C) —by (mV dec™") —by (mV dec™") Moo (MV) N300 (MV) Jioo (mA cm™?) Jaoo (MA cm™?)
Cu/NiMo

30 40 143 179 321 34.8 264.8

60 25 184 125 284 734 320.8

80 24 188 77 179 145.3 445.3
Cu/Ni/NiMo

30 36 145 147 278 47.1 344.3

60 23 168 80 172 141.8 448.6

80 24 198 48 152 198.7 452.1

electrodeposits for HER at different temperatures in 1 M of
NaOH solution. Table 3 shows the same kinetic parameters
that was determined from Fig. 3. The increase of temper-
ature for both electrodes exhibits an obvious promoting
effect on HER, leading to a decreases of overpotential at
fixed current density and increase of hydrogen production
rate at a constant overpotential. The overpotential of Cu/
NiMo at —100 mA cm™? current density at 80 °C is
—77 mV, while this value is —48 mV for Cu/Ni/NiMo
(Table 3). Han [20] reported the overpotential of NiMo at
—200 mA cm™? current density in 33 wt% NaOH solution
at 80 °C to be —62 mV. The overpotential of the Ni-Mo is
comparable to the other binary coatings. The overpotential
at —100 mA cm™2 and 25 °C was found to be between
—266 mV and —341 mV for NiCo in 6 M KOH [44],
—248 mV for NiP in 5 M KOH [45], —268 mV for the
NiAl in 1 M NaOH [46], —173 mV for the CoZn in 1 M
NaOH [47], and —264 mV for the NiFe in 1 M NaOH [48],
—96 mV for the NiCoZn-Pt in 1 M NaOH [49].

The exchange current densities are derived by extrapo-
lation of Tafel slopes to zero overpotential, and the
Arrhenius plot is present in Fig. 3b. This curve exhibits a
linear relationship, and thus electrochemical activation
energies for the HER could be calculated according to the
following equation [25]:

log jo = log(FKc) — AGy/2.303 RT (2)

where R is the gas constant, and AG, (kJ mol™!) is the
apparent activation energy. The apparent activation energy
calculated in low (inset Fig. 3b) and high current density
areas for Cu/Ni/NiMo are 11.42 and 25.73 kJ mol ™/,
respectively, while for Cu/NiMo, the corresponding values
are 11.12 and 32.54 kJ mol~'. Han [20] reported that for
amorphous Ni-Mo, the activation energies depending on
the current density area were 14.05 and 24.99 kJ mol .

3.4 EIS analysis of Ni-Mo coatings

The HER on Cu/NiMo (sample 6) and Cu/Ni/NiMo
(sample 7) was also investigated by EIS. The EIS
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measurements were made from 100 kHz to 0.1 Hz at dif-
ferent potentials (—1.20, —1.25, and —1.30 V) for HER.
Covering current density range for applied overpotentials
to electrodes were ca. from 50 to 300 mA cm 2. As can be
seen from Figs. 4 and 5, the correlation between experi-
mental and simulated data is very good enough to apply
EIS modeling in all overpotentials.

Figure 4 gives Bode (Fig. 4a) and Nyquist (Fig. 4b)
diagrams obtained from Cu/NiMo, and Fig. 5 gives Bode
(Fig. 5a) and Nyquist (Fig. 5b) diagrams obtained from
Cu/Ni/NiMo. The double layer can be represented by the
electrical equivalent circuit diagrams to model the
metal/solution interface. A two constant-phase elements
(CPE’s) serial model (2TS) was used to model the solid/
liquid interfaces, and the experimental data were fitted
accordingly. The electrical equivalent circuit diagrams
are given in inset of Fig. 5b, and the resulting fitting
parameters are given in Table 4. The 2TS model has
been used to describe a response of the HER on porous
electrodes [45, 49]. This model consists of the solution
resistance, R,, in series with two CPE-R elements.
According to this model, the high-frequency time con-
stant independent of the potential, described by the R,
and CPE, connected in parallel, is related to the elec-
trode porosity. The potential-dependent time constant
occurring at the low-frequency area is related to HER
kinetics and described by R, and CPEq, [34]. A constant-
phase element (CPE) is commonly used to represent
capacitances taking into account the roughness and
inhomogeneity of the electrode surface. In addition,
CPEs, which allow considering the effects of deviations
from ideality, were used to fit more accurately the
impedance behavior of the electrical double layer and
coating. A CPE impedance is described by Zcpg(,) = 1/
T (jo)" where T is the capacitance parameter (the mag-
nitude of the CPE), j is the imaginary unit, o is the
angular frequency, and n is a coefficient associated to the
system homogeneity. The capacitance parameter Ty is
related to the average double-layer capacitance Cy by the
relation [50]:
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presented in the inset of the Nyquist diagram. Ry solution resistance,
R, resistance of pores, CPE,, constant-phase element corresponding to
the capacitance of pores, R charge transfer resistance, and CPEgy:
constant-phase element corresponding to the double-layer capacitance

Table 4 Electrochemical

parameters obtained by fitting —EV) R(Q) CPE,

CPEy Cai(WF cm™)  Ryay)

EIS results at different TP(Q—1 cm 2"
potentials for NiMo alloys

)

R(Q) n  Ty@ 'em™s") R.(Q) n

Cu/NiMo
1.20 0376 0.0296
1.25 0.387  0.0205
1.30  0.396 0.0071
Cu/Ni/NiMo
1.20 0362 0.0438
1.25 0.382  0.0353
1.30  0.397  0.0456

0.112  0.76 0.027 1.08 0.78 6977 389
0.089 0.79 0.025 0.51 0.80 7342

0.062 095 0.023 0.26 0.86 9060

0.193  0.76 0.158 0.56 0.72 47870 2542
0.183  0.76 0.162 0.28 0.75 50733

0.128 0.75 0.179 0.19 0.75 53942

@ Springer



200

J Appl Electrochem (2016) 46:191-204

B (1-n) 1/n
Cq = |:le/((Rs +Ry) 1—FRCZI) } (3)

In both of the Bode diagrams (Figs. 4a; 5a), at the mid-
frequency region of the frequency phase-angle curves,
capacitive loops are observed which are affected by the
potential change. These capacitive loops occur due to the
condensation behavior of the coating which is created as a
result of phase difference between alternative current and
potential that takes places at the interface of elec-
trode/electrolyte at the electrochemical double layer. The
phase differences changed with different potentials, and
this shows that there exists a charge transfer reaction. At
the high-frequency region, the capacitive effect (variation
in the phase angle) is independent of potential. In this case,
the reaction that causes capacitive effect can only be
attributed to the surface properties of the electrode.

For a Nyquist diagram, the R;, is corresponding to the
high-frequency and the R to the low-frequency loops. As
seen from Figs. 4b and 5b, and Table 4, the diameter of the
high-frequency loop nearly remained the same; however,
the diameter of the low-frequency loop strictly depends on
the overpotential and reduced with the increasing applied
potential. On the other side, the diameter of the low-fre-
quency semicircle on Nyquist plots of Cu/Ni/NiMo is rel-
atively smaller in comparison with the diameter of
semicircle obtained for Cu/NiMo at the same overpotential.
Such behavior indicates that the value of the charge
transfer resistance R, for Cu/Ni/NiMo is smaller than Cu/
NiMo.

From Table 4, it is clear to show the R, decreased with
the overpotential increasing, indicating the potential
dependence of R for both NiMo films. The low charge
transfer resistance at high overpotential is in accordance
with the observed high exchange current density for HER.

The electrochemical double-layer capacitance (Cg) of
Cu/Ni/NiMo coatings has higher values at the mid-fre-
quency region than Cu/NiMo. Cg4 value depends on elec-
trode potential, electrolyte temperature, ion concentration,
and electrode surface properties. Since these variables are
constant, it can be seen that the effect of surface properties
stands out as the major factor for the change in the
capacitance. In addition, Cq values of both coatings are not
affected by the potential variation, nevertheless there is a
small deviation with the increased potential. The stabi-
lization of Cy values at different potentials leads to the fact
that electrode surface area remained constant at all applied
potential levels (Table 4).

The roughness factor for 1 cm” geometric area is
expressed as Ry = Cq/20 puF [34, 41]. It is important to
note that being an ideal value, the average double-layer
capacitance of a smooth metal surface is 20 uF cm ™2 [43,
45]. Clearly, in order to design a good electrocatalysts, one

2
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of the major goals is to achieve a large true surface area per
geometric area ratio, i.e., the roughness factor. As it can be
seen from Table 4, Cu/Ni/NiMo coating has the highest
roughness factor than Cu/NiMo. The surface roughness
values were found to be 2542 for Cu/Ni/NiMo and 389 for
Cu/NiMo. Similar results were reported in the literature for
Cu/Ni/NiMo as 2100 for Ni-Mo alloys on to Ni mesh [21];
between 2052 and 3379 for Ni-Mo [34], 1500 for porous
Ni—P + TiO, [45], 2473 for NiCu [51], while for Cu/
NiMo, these were 355 for Ni-Mo on to PANI layer [33],
520 for Ni17Mo70 [52], 423 for Ni-Mo-PEy; [53].

Since the production of hydrogen in a real hydrogen
generator is related to the overall current, one can conclude
that Cu/Ni/NiMo really represents the best investigated
catalytic coating. Therefore, the electrochemical stability
has been tested for industrial applications, and the results
are given below.

3.5 Electrochemical stability of Cu/Ni/NiMo
electrode

In addition to the electrocatalytic activity, the choice of
electrode must also have high corrosion resistance. During
shut-down electrolysis, the electrode materials can be
corroded and, as a result, may lose their activity as well as
life time. Therefore, in order to investigate the corrosion
behavior of electrode, CV, current—potential curves, and
EIS methods were used. First; the CV of the Cu/Ni/NiMo
electrode recorded with the sweep rate of 10 mV s~ in the
1 M NaOH at 25 °C is shown in Fig. 6. The diagram was
plotted between oxygen and hydrogen-evolution potentials
in order to investigate passive surface layers formed during
the anodic and cathodic polarizations and the oxygen
evolution potential. It is clear from Fig. 6 that two well-
defined anodic peaks (a; and a,) and two cathodic peaks

50

40

30 1

20 1

a4

C2

-1.4 —1'A0 -0'.6 -0I.2 0?2 0?6
E/V vs. Ag/AgCI

Fig. 6 Cyclic Voltammetry recorded at the sweep rate of 10 mV s™!

in 1 M NaOH at 25 °C for Cu/Ni/NiMo electrode
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(cy and ¢,) were obtained in the forward and reverse scans,
respectively. On the anodic sweep, the peak a, is assigned
to the formation of oo — Ni(OH), according to the follow-
ing overall reaction [48]:

Ni+ 20H~ < Ni(OH), +2¢~ (V)

The peak (a,) at +0.4 V corresponds to the NiZF/Ni**
transitions as given in the following equation [44]:

Ni(OH),<> NiOOH + H" + e~ (VI)

The peaks c¢; and ¢, in the cathodic sweep show the
reduction of Ni*" to Ni>* and of the oo — Ni(OH), back to
the metallic Ni, respectively.

On the anodic regions, around +0.6 V and above, the
oxygen evolution reaction occurs. It can be concluded that
oxygen evolution experiments on the Ni-Mo alloy elec-
trodes must be performed over the +0.6 V to get clear
oxygen evolution.

Comparing the CV results of pure Ni [21, 48] and the
Ni—Mo electrodes (Fig. 6), it can be said that both elec-
trodes have similar reactions as reactions (V) and (VI)
which occurred in the investigated media. No further oxi-
dation of molybdenum oxides or their anodic dissolution to
MoO,*~ species were observed.

Figure 7 show the influence of different anodic and
cathodic treatments on the Cu/Ni/NiMo alloy HER activity.
Curve 1 represents the original Tafel curve which was not
exposed to any anodic or cathodic treatment. Right after
recording ten cycles of CV (—1.5/4 0.6 V), the polariza-
tion characteristics for the HER on electrode changes are
given in curve 2. In addition to CV treatment, same elec-
trode was also exposed to oxygen evolution at
100 mA cm ™2 for 15 min, and the polarization curve was
recorded immediately after oxygen evolution. However,
the electrocatalytic properties of the coating was not
changed (curve 3). This finding shows that after CV, the

E/V vs. Ag/AgCI

logj/Acm2

Fig. 7 The polarization curves for the Cu/Ni/NiMo recorded in 1 M
NaOH at 30 °C after different anodic and cathodic treatments

surface was covered with oxide layer, and then additional
oxygen evolution on the surface had no effect on the HER
activity. After that, the electrode was exposed to HER at
—100 mA cm™? (the same current density as that for the
oxygen evolution) for 15, 30, and additional 45 min suc-
cessively, and the polarization curves (curve 4, 5, 6) were
recorded immediately after each step. All cathodic treat-
ments enhanced the HER activity of NiMo electrode and
polarization curve 5 becomes almost the same as curve 1.
However, after anodic treatment, total 90 min of hydrogen
evolution at —100 mA cm 2, the electrode completely
regained its catalytic activity and showed much better HER
activity (curve 6). It is clear from these results presented in
Fig. 7 that the oxide layer formed during the anodic
treatment could completely be reduced during the hydro-
gen evolution.

Finally, the corrosion behavior of a Cu/Ni/NiMo elec-
trode to which current was not applied was also investi-
gated. For comparison, EIS curves of Ni electrode was also
added. EIS test was applied after the open-circuit potential
was reached. The Nyquist plots obtained in 1 M NaOH
solution at open-circuit conditions (ca. after 1 h) are given
in Fig. 8 while Bode plots as inset in Fig. 8. The shape of
Nyquist plots (Fig. 8) of the pure Cu/Ni and Cu/Ni/NiMo
coatings were similar with respect to their shape, they only
differ considerably in their sizes. This implied that the
corrosion process might follow the same mechanism. Since
the radius of the semicircle is associated with the resistance
of charge transfer reaction at the solution/coating interface,
therefore, it can be said that the Cu/Ni/NiMo film exhibits
higher corrosion resistance than Cu/Ni coating. The cor-
rosion resistance of nickel was reported in the literature to
be improved by the rapid formation of continuous Ni(OH),
[48] and NiO [39] protective films at surface crystalline

* Cu/Ni
= Cu/Ni/NiMo

-Z" | kQ cm?

1 3 1 1 3 5
log f/ Hz

o T

0 5 10 15 20 25
Z' | kQ cm?2

Fig. 8 Nyquist plots of Cu/Ni/NiMo at open-circuit potentials, and

log Z,0a — log f curve of Cu/Ni/NiMo presented as inset Nyquist
plots
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defects and within the pores during immersion. Similar
phenomena are probably developing at the Cu/Ni/NiMo
electrode surface. However, the open-circuit potential of
the Cu/Ni and Cu/Ni/NiMo electrode were —315 and
—145 mV after 1 h of exposure, respectively. Hence, the
open-circuit potential is nobler for NiMo than Ni film.
Thus, when a thin nickel film was coated under a NiMo
alloy coating (Cu/Ni/NiMo), the corrosion resistance was
considerably enhanced. The charge-transfer resistance (R.,)
is a measure of electron transfer across the surface and is
inversely proportional to corrosion rate [54]. R, for Cu/Ni,
Cu/Ni/NiMo electrodes were determined as 8.5 and
21.7 kQ, respectively, using to electrochemical equivalent
circuit model (two-time constant parallel model) as
described in literature [54]. In addition, the corrosion rate
can be estimated by the value of the impedance modulus
(Zmoq) in the Bode plots. The higher value of Z,,q implies
a lower corrosion rate of the coatings (inset Fig. 8).

In brief, Cu/Ni/NiMo electrode have a good corrosion
resistance in 1 M NaOH at open-circuit potential due to the
formation of a passive oxide layer over the electrode sur-
face (Fig. 8). However, the formation of the oxide layer
could completely be reduced during the electrolysis
through hydrogen evolution (Fig. 7).

4 Conclusions

In this study, Ni and Ni-Mo alloy coatings with various
chemical compositions were electrochemically deposited
on a copper and on an electrodeposited nickel plate onto
copper electrode and characterized by different techniques
in view of their possible applications as electrocatalytic
materials for the HER in alkaline medium. The electrode-
posited Cu/Ni/NiMo alloy coatings exhibit porous surface
morphology and much better activity toward the HER than
pure Ni electrode. The results showed that the corre-
sponding HER overpotential of the Ni-Mo film depends on
alloy composition and surface morphology. NiMo coating
with approximately 41 wt% molybdenum content was
produced from a bath with a pH of 9.5, Ni/Mo ratio of 1/12,
and 0.5 M sodium citrate concentration on electrodeposited
Ni onto copper plate. According to the characterization test
results, this alloy yielded the highest electrocatalytic
activity in the HER, mainly attributed to the higher Mo
content and increased surface area. The apparent activation
energy for this electrode for high current density areas was
calculated to be 25.73 kI mol™'. It is also shown that
during the anodic polarization in 1 M NaOH, the oxidation
of the electrode surface occurs that changes the polariza-
tion characteristics (increasing overpotential for the
hydrogen evolution) of this alloy. When, after such a

@ Springer

treatment, the electrodes were exposed to the hydrogen
evolution for a certain time, and almost identical polar-
ization diagrams for the HER were obtained to the ones
before any anodic treatment due to the complete removal
of the oxide layer. Moreover, this electrode has a good
corrosion resistance in 1 M NaOH at open-circuit potential
which was preferable for these types of electrodes.
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