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The  nickel–bismuth  binary  coatings  with  various  chemical  compositions  were  galvanostatically
deposited on  the  copper  electrode  in  view  of  their  possible  applications  as electrocatalytic  materials
for  the  hydrogen  evolution  reaction  (HER)  in  alkaline  solution.  The  HER  activity  of coatings  was  tested
with  the  help  of  potentiodynamic  measurements  and  electrochemical  impedance  spectroscopy  (EIS)
technique.  The  electrochemical  characterization  was  achieved  by  the  means  of  cyclic  voltammetry  (CV).
The surface  morphology  and  surface  composition  of  coatings  were  determined  with  scanning  electron
atalysis
oating materials
canning electron microscopy
nergy dispersive X-ray

microscopy  (SEM),  and  energy  dispersive  X-ray  (EDX).  The  potentiodynamic  measurements  show  that,
the  binary  coatings  decrease  the  hydrogen  over  potential  and  increase  the  current  density  values  for  HER.
The EIS  analysis  confirms,  the  charge  transfer  resistances  decrease  and  the  double  layer  capacitance  val-
ues  increase  for  binary  coatings.  The  EDX  results  in  sign  that  the composition  of  binary  coating  changes  by
using coating  bath.  The  Cu/NiBi-2  coating  (Ni2+/Bi3+ is 99.71:0.29  molar  ratio)  is  the  best  suitable  cathode

in  alk
composition  for  the  HER  

. Introduction

The energy consumption has been increased parallel with
ncreasing world population and technological developments. Due
o the rapid depletion of fossil fuels, intensive research works have
een done to search for new and alternative energy sources. Hydro-
en is considered an ideal energy carrier that can be an alternative
o fossil fuels [1,2]. Hydrogen is very popular for a number of
easons: it is perceived as a clean fuel because, the reaction of
ydrogen with oxygen produces the water vapor which is not an
tmosphere pollutant [3];  it can be produced using any energy
ources, with renewable energy being most attractive; it works
ith fuel cells and together, it may  serve as one of the solutions

o the sustainable energy supply [4–7]. It is produced by the means
f gasification [8,9], biochemical process [10,11] and electrolysis
echniques [12–16].  The gasification realizes between the range of
00–2000 ◦C and 40 atm a pressure also process efficiency is 55%
hat low reaction completion grade. Despite the biochemical pro-
esses’ high costs and complex device requirements researches are
eing continued on, but still not acceptable for applications [17].
lectrolysis is the more favorable and efficient production process

f hydrogen without any environmental problems. The main dis-
dvantage of this method is energy consumption, but it can solve
ith solar energy, etc. systems. The idea is; solar energy can be use

∗ Corresponding author. Tel.: +90 322 338 60 81; fax: +90 322 338 60 70.
E-mail address: gulfeza@cu.edu.tr (G. Kardaş ).
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aline  media  under  these  experimental  conditions.
© 2011 Elsevier B.V. All rights reserved.

due to the source at electrolysis cell and the evaluated hydrogen gas
can be stored using several methods and phenomena: compressed
hydrogen in high-pressure gas cylinders; liquid hydrogen in cryo-
genic tanks; adsorbed hydrogen on materials with a large specific
surface area; absorbed on interstitial sites in a host metal and it is
used whenever energy needs [3,18–21].

The research and development efforts have been recently
focused on the minimizing ohmic drop, lowering the overpoten-
tial through the improvement of the cell and electrode design and
using new and cheaper cathode materials with higher electrocat-
alytic activity for the hydrogen evolution reaction (HER) [22–26].
These electrodes are usually made of Ni, Co, V, Mo,  etc. compos-
ite coatings or alloys considering the desirable relation between
their electrocatalytic properties towards hydrogen production, cor-
rosion resistance to the strongly alkaline environment [26–31].
Especially the nickel-based coating materials have been widely
studied since past decades, which lead to the conclusion that the
film properties are strongly influenced by deposition techniques
and condition [32]. Results show that, the trace amount of metal
additives in Ni plating bath, improves the properties of coating
and enhances surface roughness and catalytic activity [33,34]. For
this purpose, bismuth should be convenient additive due to its
unique physical and chemical properties. It has been widely used in
many areas: (1) electrochromic material, (2) alternative to mercury

film electrode in electroanalysis, (3) magneto resistance or thermo-
electric applications, etc. [35–39].  But the electrocatalytic activity
of the nickel–bismuth binary coatings for the HER has not been
reported yet. The aim of this study is electrochemical preparation

dx.doi.org/10.1016/j.jallcom.2011.06.107
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:gulfeza@cu.edu.tr
dx.doi.org/10.1016/j.jallcom.2011.06.107
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nd characterization of the NiBi coatings in view of their possible
pplications as electrocatalytic materials for the HER in the alkaline
edium.

. Experimental

The copper electrodes were cut from a cylindrical rod to a length of 5 cm and
oated with polyester to a surface area of 0.283 cm2. The electrical conductivity was
rovided by a copper wire. Before electrochemical measurements, the electrode
urface was  polished with emery paper (320–1200 grain size), then washed with
istilled water, thoroughly degreased with acetone, washed once more with dis-
illed water and immersed in a bath solution. The electrodeposition was performed
alvanostatically using Ivium Stat electrochemical analyzer (serial number A06063)
nder computer control, with a three-electrode configuration. A nickel electrode
as used as a counter electrode, Ag/AgCl electrode was  used as the reference elec-

rode. The composition of (a) nickel plating bath; %30 NiSO4·7H2O, %1 NiCl2·6H2O,
1.25 H3BO3, pH 5.6–6.2, (b) bismuth plating bath; 0.1 M Bi(NO3)3·5H2O and 0.1 M
artaric acid (C4H6O6) containing1 M HNO3 (pH 1.7–2.0), (c) nickel–bismuth plat-
ng  bath: the nickel and bismuth salts, which were used in the nickel and bismuth
aths, were fixed in different molar ratios containing 1.25% H3BO3, whereas the total
olar concentration of Ni2+ and Bi3+ was constant in all plating baths (1.11 M).  The
olar ratio of Ni2+/Bi3+ in the plating bath was  99.6:0.4 (NiBi-1), 99.5:0.5 (NiBi-2),

9.4:0.6 (NiBi-3) and 99.3:0.7 (NiBi-4). The constant current density of 50 mA  cm−2

as applied during the electrodeposition. The operation time was calculated via
araday’s laws of 10 mm film thickness.

The electrochemical measurements were carried out using a CHI 604D elec-
rochemical analyzer (Serial Number R0633) under computer control with a
hree-electrode configuration. A platinum sheet (with 2 cm2 surface area) and
g/AgCl electrode were used as the auxiliary and the reference electrodes, respec-

ively. The current–potential curves were obtained in the potential ranges between
1.0  and −1.8 V with a scan rate of 0.005 Vs−1. The EIS experiments were conducted

n  the frequency range of 100–0.01 kHz at different potentials: −1.4, −1.5 and −1.6 V,
he amplitude was 0.005 V. The EIS data were fitted using a ZWiev2 fitting program.
he  CV measurements were obtained in the potential ranges between −1.4 and
.7  V with a scan rate of 0.1 Vs−1. The SEM images were taken using a Carl Zeiss Leo
40  SEM instrument at high vacuum and 10 kV EHT, system was  equipped with an
nergy dispersive X-ray (EDX) spectrometer.

. Results and discussion

.1. Electrochemical measurements

The potentiodynamic measurements were performed in 1 M
OH solution, with the scan rate of 0.005 Vs−1. The recorded data
re presented as cathodic current density (Ic) and potential (E) in
ig. 1. As it is seen from Fig. 1, from −1.0 V to −1.2 V, all the curves
re similar and the current passing through the system is almost
ero. Up to this potential, there is a rapid increase in the cathodic
urrent with increasing applied potential due to the evolution of
ydrogen at the cathode. In Fig. 1 the binary coatings were consid-
rably higher current values in comparison to the Ni coated copper

lectrode, whereas their (Cu/NiBi-1; 2; 3; 4) activity was  dependent
pon the composition of the plating bath. The Cu/NiBi-2 electrode
as convenient by the side of the other binary coatings (Fig. 1).

ig. 1. The cathodic current–potential curves of working electrodes: Cu/Ni (�),
u/NiBi-1 (�), Cu/NiBi-2 (o), Cu/NiBi-3 (�), Cu/NiBi-4 (�), recorded in 1 M KOH.
Fig. 2. Nyquist and frequency-phase angle (�) diagrams of Cu/Ni (a), Cu/NiBi-2 (b)
electrodes at −1.5 V in 1 M KOH solution: frame circles and solid lines represents
experimental and fitted results respectively.

In order to compare the HER activity of these electrodes, EIS
measurements were recorded at different potentials (−1.4, −1.5
and −1.6 V). The data which were obtained at −1.5 V, were pre-
sented in Fig. 2 for Cu/Ni and Cu/NiBi-2 electrodes. The EIS data
were fitted according to the electrical equivalent circuit diagram
given Fig. 3 and the calculated values were given in Table 1. In
Fig. 2, the slightly depressed semi-circular shape with a diameter
of 11.47 �,  was observed in the Nyquist plot of Cu/Ni and obvi-

ously depressed semi-circular shape with a diameter of 1.63 � was
observed in the Nyquist plot of Cu/NiBi-2. A single semi-circle was
also found by other authors for the different electrodes [1,33,40,41].

Fig. 3. Schematic representation of the electrical equivalent circuit diagram.
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Table  1
Electrochemical parameters determined from the EIS measurements.

Coating E/V Rs/� Rct/� CPE × 10−6/�F cm−2 n Rf

Ni −1.4 6.5 16.22 14.81 0.95 0.99
−1.5 6.4 11.47 19.75 0.91 1.71
−1.6 6.5 8.48 22.44 0.90 2.04

NiBi-1 −1.4  6.1 3.13 3254 0.61 10.59
−1.5 5.8 2.38 4930 0.58 12.48

NiBi-2 −1.4  4.9 2.49 4305 0.65 21.95
−1.5 5.1 1.63 7025 0.63 30.44

NiBi-3 −1.4  5.9 6.44 101 0.95 3.44
−1.5 5.7 3.31 127 0.91 2.97
−1.6 5.7 2.11 187 0.85 2.41
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NiBi-4 −1.4  5.7 12.48 518 0.64 1.80
−1.5 5.8 4.29 497 0.60 0.51
−1.6 5.9 3.05 828 0.60 0.95

he observation of only semi-circular shape in the Nyquist plots
ndicates that the hydrogen evolution reaction is mainly controlled
y a charge transfer process [2,33,40]. In Fig. 2 the maximum phase
ngle values were 28◦ and 5.7◦ for Cu/Ni and Cu/NiBi-2 electrodes,
espectively. It is related to the surface in-homogeneities of the
oatings [42,43]. The phase angle values show that, Cu/NiBi-2’s
urface is rougher than Cu/Ni surface’s. It leads a high surface
rea available for the HER [40–43].  In addition it is a sign of the
eviation from the ideal semi-circle. Therefore, a constant phase
lement (CPE) was used for fitting EIS results, in place of a double
ayer capacitance (Cdl), in order to give a more accurate fit to the
xperimental results. Generally, the use of a CPE is required due
o the distribution of the relaxation times as a consequence of in-
omogeneities present at a micro- or nano-level, such as the surface
oughness/porosity, adsorption, or diffusion [44–46].  In Table 1,
he CPE increase in the case of the binary coatings was related to
he onset of the Faradaic reaction of the HER, which indicates the
ncreasing electrocatalytic activity of the coatings [42,47].  It can
e seen from Table 1, the parameter n, generally accepted to be a
easure of surface inhomogeneity [42], was lower than 1.0, which

ndicates that the deposited coatings had a porous structure. Fur-
hermore, the surface roughness factor (Rf) was calculated as the
ollowing equations [42,43];

dl = CPE.ω(n  − 1)
(sin n�/2)

(1)

f = Cdl

20�F  cm−2
(2)

here ω is angular frequency, and Cdl is the double layer
apacitance. The Cdl was assumed 20 �F cm2 for the smooth poly-
rystalline nickel electrode.

The calculated Rf values were given in Table 1. It was  defined as
he ratio of the real and the macroscopic areas. The Rf = 1 limiting
ase corresponds to the ideally smooth (e.g., single crystalline or
iquid) surfaces, whereas Rf = ∞ (in reality, Rf � 1) holds if the elec-
rode is of spongy, porous, three-dimensional structure [43,48].  The
ignificant differences were existed between the values of Rf for Ni
nd NiBi-2 coatings (Table 1).

In Table 1, the charge transfer resistance of the binary coat-
ngs was lower than Ni coating. The Cu/NiBi-2 electrode has the
owest charge transfer resistance. The binary coating effect can be
xplained by a synergistic combination of the electrocatalytic com-
onents or by increasing the ratio between the real and geometric
urface area of the electrode [32,41–48].  It has been previously

eported that alloying the left-hand side transition metals (e.g., Fe,
o, Ni, etc.) with the right-half transition metals (e.g., Pt, Ag, Bi, etc.)
esults in significant changes to their bonding strength and conse-
uently, increased inter metallic stability, whose maximum usually
Fig. 4. The cyclic voltammograms of Cu/Ni (�), Cu/Bi (�), Cu/NiBi-2 (o) electrodes
recorded in 1 M KOH solution.

coincides with optimal d-electrons for the synergism and maximal
activity in the HER [49–51].

3.2. Characterization of coatings

The surface morphologies of Cu/Ni, Cu/Bi and Cu/NiBi-2 elec-
trodes were characterized with CV, SEM and EDX techniques. The
CV is an easy way for the characterization of electrochemically
deposited thin metallic coatings. The distribution of voltammetric
peaks at different potentials is characteristic of each metal com-
ponent because the number and the peak potentials depend only
on the metal structure. The CVs of the Cu/Ni, Cu/Bi and Cu/NiBi-2
electrodes were obtained in 1 M KOH solution at 298 K between
the hydrogen and oxygen evolution potential range, and the dia-
grams obtained are presented in Fig. 4. For Cu/Ni electrode, the
peak at −0.68 V, corresponds to Ni/Ni2+ oxidation, the transforma-
tion of �-Ni(OH)2 to �-Ni(OH)2 takes place between the potential
ranges of −0.57–0.34 V [26,52,53].  The peak centered at 0.41 V cor-
responds to the Ni2+/Ni3+ transition [52,53].  The cathodic peak
at 0.31 V, corresponds to the Ni3+/Ni2+ reduction. The CV of the
Cu/Bi electrode indicates that the peak at −0.47 V, corresponds to
Bi/Bi3+ oxidation. During the anodic scan, the anodic current values
were increased; that were illustrated with Bi3+/Bi4O7, Bi2O4 and
Bi2O5 transitions [54,55].  At the backward scan, the cathodic peak,
which was  observed at −0.95 V, was  illustrated with the reduc-
tion of bismuth oxide species. The CV of the NiBi binary coating
shows both the behaviors of Ni and Bi, which indicates the suc-
cessive co-deposition of two metals. There are three anodic peaks
at −0.64 V, −0.48 V and 0.45 V also two cathodic peaks at 0.33 V
and −0.99 V were observed. The illustrated oxidation reactions
are Ni/Ni2+and Bi/Bi3+ at −0.64 V, −0.48 V, respectively [52–55].  At
the forward scan, between the −0.40 and 0.40 V potential ranges,
anodic events were illustrated with Bi3+/Bi4O7, Bi2O4 and Bi2O5
transitions [54,55]. The Ni2+/Ni3+ oxidation was  observed at 0.45 V.
At the reverse scan, Ni3+/Ni2+ reduction was  observed at 0.33 V.
The peak at −0.99 V was  related with the reduction of bismuth
oxides. In Fig. 4 at the reverse scan, the cathodic current due to HER,
increased at −1.23, −1.38 and −1.13 V for Cu/Ni, Cu/Bi and Cu/NiBi-
2 electrodes respectively. This difference can be attributed with the
reaction resistances or over potential values, which are inherent
of the electrochemical reactions depending on the surface activi-
ties of the electrodes [14]. The current density values were 38, 3.6,
68 mA/cm−2 at −1.4 V for Cu/Ni, Cu/Bi and Cu/NiBi-2 respectively.
For Cu/NiBi-2, the observed current increase could be explained by

the decreasing the hydrogen over potential.

All electrochemical results show that, the HER activity of NiBi-2
coating was considerably higher in comparison to the nickel and
other binary coatings. This activity is deeply related with the sur-
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per surface was covered and there is not any hole or crack on
the electrode surface as seen from SEM images. In Fig. 6c both
peaks of Ni and Bi were shown. The chemical composition of

Table 2
EDX results.

Coating Ni (%) Bi (%)
Fig. 5. SEM images of Cu/Ni (a), Cu/Bi (b), Cu/NiBi-2 (c) electrodes.

ace morphology of electrodes so, SEM micrographs were analyzed.
ig. 5a shows the typical micrograph of nickel coated surface. The
imilar morphology was  reported in the literature [30,41,52].  In
ig. 5a nodular structures were distributed on the surface. As seen
n Fig. 5b, the Bi coating has significantly different crystalline struc-
ures than Ni. The agglomerates with different sizes were visible in
u/Bi surface. In Fig. 5c, the binary coating has the characteristics of
oth Ni and Bi coatings. Furthermore; it is rougher than Cu/Ni sur-
ace, and leads a high surface area available for the HER. As seen,

he SEM images correlate the determined EIS parameters such as n
nd Rf values.

Although the SEM is a powerful technique for monitoring the
lectrode surfaces, the quantitative components of coatings can-
Fig. 6. EDX results of Cu/Ni (a), Cu/Bi (b), Cu/NiBi-2 (c) electrodes.

not be calculated with this method so, energy dispersive X-ray
(EDX) technique was obtained. The results of Cu/Ni, Cu/Bi and
Cu/NiBi-2 analysis was  presented in Fig. 6, other analysis (all
binary coatings) was  summarized in Table 2. In Fig. 6a and b,
only Ni and Bi peaks were shown respectively, neither Cu/Ni nor
Cu/Bi analysis shows copper peaks. This means; all over the cop-
NiBi-1 99.78 0.22
NiBi-2 99.71 0.29
NiBi-3 99.57 0.43
NiBi-4 99.51 0.49
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he Cu/NiBi-2 surface was 0.29% Bi and 99.71% Ni (Table 2). The
DX results showed that the chemical composition of the coating
an be changed by changing the molar ratio of Ni2+ and Bi3+ in
he plating bath. Furthermore, all results show that, the chemical
omposition of the coatings deeply affects the catalytic activity of
ER.

. Conclusions

In this study, nickel and nickel–bismuth binary coatings with
arious chemical compositions were deposited on the copper elec-
rode. In view of their possible applications as electrocatalytic

aterials for the HER in the alkaline media, the potentiodynamic
easurements, EIS and CV techniques were obtained. The charac-

erization was utilized with CV, SEM and EDX. Results show that
he binary coatings exhibit better catalytic activity as compared to
ickel. The microstructural feature of coatings and synergetic effect
lay a fundamental role on this efficiency. The calculated Rf values
nd the SEM micrographs correlate this phenomenon. The HER was
ccurred at lower potential values, and the charge transfer resis-
ance values decrease on the binary coatings. In addition the activity
f the coatings was depending on the chemical composition of the
inary coatings. Cu/NiBi-2 was found to be the convenient cathode
aterial under these conditions.
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