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Abstract: In this study, the NiCo binary alloys in different metal ratios were
electrochemically prepared on a copper electrode. Electrodeposited coatings were
characterized by cyclic voltammetry, atomic absorption spectroscopy, scanning
electron microscopy and atomic force microscopy techniques. Electrocatalytic activity
of the coatings for the hydrogen evolution reaction (HER) was studied in I M KOH
solution at 298 K using cathodic current-potential curves, electrochemical impedance
spectroscopy and electrolysis technigues. The best NifCo metal ratio and thickness of
the coating for effective cathode material for hydrogen gas production in alkaline
medium was determined. It was found that, the NiCo coatings have a good
electrocatalytic activity for the HER in alkaline media and the hydrogen evolution
reaction activity of the coatings depends on the metal ratio of Ni/Co, deposition current
density and the thickness of the coatings.

Keywords: NiCo coatings, atomic force microscopy, electrolysis, hydrogen production.

activity and electrolyte conditions, The
INTRODUCTION cost of electrode materials has to be
consistent with the cost of technology
being proposed. In addition, the
electrode of choice must have high

well as the fact that it is available in corrosion  resistance  (Solmaz ax}d
unlimited quantities (Lutfi & Veziroglu, Kardag, 2007). The cost of electrolytic
1991; Hu et.al., 2003). Hydrogen gas can hydrogen production can be r'educed by
be easily produced by water electrolysis reduction of the overpotential of the
in very high purity. In addition to its electrode reactions as well as selecting
energy carriers, hydrogen of high purity much cheaper electrode materials. The
needed in several industrial applications followings are the properties of an
e.g. fuel cell, sieel reel out, food electrode for water electrolysis: A large

industry, the refining of metals, etc. (Hu aai‘f"j surface area, electrocher'ni.cal
et.al., 2003; Giz et.al., 2003). However, stability, good electrical conductivity,
this technique is quite expensive due to and low overpotential, selectivity, low

high energy consumption., The cost of cost and ease of use (Yazici et. al,
hydrogen is directly proportional to the 1995). Recently several active electrodes

voltage of operation of electrolysers, have been developed for the hydrogen

which can be reduced by choosing an evolution reaction and the performance
electrode material with low of nickel-based alloys is the best in all.

overpotential, good electrocatalytic Nickel has' . a high initial
electrocatalyctivity towards the HER.

Hydrogen is considered one of the
most potential energy carriers due to its
recyclable and nonpolluting nature as
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But, nickel losses its activity duting
alkaline water electrolysis. The HER
can be enhanced by the formation of
nickel alloys (Beiping et.al, 2007).
Several NiCo binary coatings have been
prepared and characterized for the HER
and reported to be good electrocatalysts
for the HER in alkaline water
electrolysis  (Elumalai etal, 2002;
Suffredini et.al., 2000). Iron and cobalt
binary alloys can be easily prepared by
electrodeposition technique which is
usually much cheaper and simpler than
the other methods (Jafarian et.al., 2007).
The influence of alloy composition and
the thickness of the coating have not
been studied in detail.

The aim of this study was
electrochemical preparation and
characterization of the Ni-Co binary
alloys of various compositions in view
of their possible applications as
electrocatalytic cathode materials for the
hydrogen evolution reaction.

EXPERIMENTAL

The working electrode was a
cylindrical disc cut from a copper rod in
about 5 cm length. The copper specimen
was coated with polyester block, aspect
for measurement area of 0.283 cm’ and
the electrical conductivity was provided
by a copper  wire. Before
electrodeposition, electrode surface was
polished with emery paper (320-1000
grain size), then washed with distilled
water, thoroughly degreased with
acetone, followed washed with distilled
water again and immersed in the bath
solution. The elctrodeposition was
performed  galvanostatically  using
Potentiostate-galvanostate  (Princeton
Applied Research Model 362) with a
three-electrode configuration. A nickel
electrode was used as counter and
Ag/AgCl electrode was used as reference
electrode, respectively. The  bath
compositions were as follow: a) Nickel
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plating bath: 30% NiS04.7H0, 1%
NiCl,.6H,0, 1.25% H3;BO;, b) Cobalt
plating bath: 30% CoS04.7TH,0, 1%
CoCl,.6H:0, 1.25% H;BO;, c) Nickel-
Cobalt plating bath: Nickel and cobalt
salts were fixed in different mole ratios
(8:2 (NiCo(8 : 2), 6:4 (NiCo(6 : 4), 4:6
(NiCo(4 : 6), 2:8 (NiCo(2 : 8)) which
containing 1.25% H;BO; whereas the
total mole of nickel and cobalt were
constant in all plating baths. The
codeposition of NiCo was carried out at
a constant current density of 50 mA.cm™
at 298 K under stirring conditions. The
thickness of the NiCo deposit was
theoretically calculated as 50 pm by
assuming an average alloy density and

average atomic weight. (Stavanovic
et.al., 1998).

A CHI 604 model computer
controlled  electrochemical  analyzer

(serial number: 6A721A) was used for
the cathodic current-potential curves and
electrochemical impedance spectroscopy
measurements. A double-wall one-
compartment cell with a three-electrode
configuration was used. A platinum
sheet (with 2 om® surface area) and
Ag/AgCl electrode were used as the
auxiliary and the reference electrodes,
respectively. All potential values were
referred to this reference electrode.
During the polarization and impedance
measurements, the counter electrode was
separated  from the main cell
compartment by a glass tube using
Nafion. The polarization curves were
potentiodynamically obtained in the
potential ranges between -1.8 V and
respective open circuit potential with
scan rate of 5 mVs' after obtaining
reproducible polarization curves. The
electrochemical impedance spectroscopy
experiments were conducted in the
frequency range of 100 kHz to 0.01< f
<1 Hz at different overpotentials by
applying alternating current signal of
0.005 V peak-to-peak. Before the tests,
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the working electrode was held at -1.80
V for 30 minutes in order to reduce the
oxide film existence on the electrode
surface and obtain a reproducible
electrode surface. Cyclic
voltammograms were recorded between
hydrogen and oxygen evolution potential
range started from negative direction

with 100 mVs' scan rate. In the
electrolysis,  two-electrode  set-up,
platinum as anode and working

electrodes as cathode were utilized. A
gradually increasing voltage was applied
to the system starting from 0.00 V to
3,00 V, from a direct current source and
- current-voltage curves were obtained. A
burette was filled with the same
electrolyte and turned over the working
electrode and a constant 5.0 V voltage
was applied to the system. Hydrogen gas
filling the burette was measured over 1
hour,

The HER activity of the working
electrodes was performed in oxygen free
1 M KOH (Merck) solution which was
achieved by purging of the cell
electrolyte by hydrogen. During the
electrolysis measurements the test
solution was opened to air. All the test
solutions were prepared from analytical
grade chemical reagents in distilled
water without further purification. For
each experiment, a freshly prepared
solution was used. The solution
temperature was thermostatically
controlled by Nuve BM 100 type
thermostat.

The chemical composition of the
alloy coatings was determined with the
help of a Perkin-Elmer Atomic
Adsorption Spectrophotometer model
3100 (AAS). The surface morphology of
the electrodes was examined by high
resolution SEM and AFM techniques.
The SEM images were taken using a
Carl Zeiss Evo 40 SEM instrument at
high vacuum and 10kV EHT, AFM
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images were taken with Park SYSTEMS
using non-contact mode.

RESULTS AND DISCUSSION
Characterization of the Coatings

After deposition, the composite
coatings were mechanically removed
from the surface of the electrodes and
dissolved in dilute HNO- solution. The
chemical composition of the alloys was
analyzed by  atomic  absorption
spectroscopy (AAS). The determined
percentage metal ratios were as follow:
NiCo(8 : 2) (28.3% Ni, 71.1% Co),
NiCo(6 : 4) (16.5% Ni, 83.5% Co),
NiCo(4 : 6) (5.8% Ni, 94.2% Co),
NiCo(8 : 2) (3.1% Ni, 96.9% Co). The
AAS results showed that the chemical
composition of the alloy can be changed
by changing the mol ratio of Ni*? and
Co** in the bath solution. The more
cobalt ratio in alloy coatings indicate
that the deposition rate of Co*” is higher
than the Ni** ions,

The cyclic voltammograms (CV) of
working electrodes were presented in
Figure la-f. Figure la shows the CV of
the pure Ni coated copper electrode
(Cu/Ni). It is clear from Figure 1a that,
during forward scan two anodic peaks
(Al and A2) and two cathodic peaks (C1
and C2) were observed during reverse
scan. The Al peak corresponding to
Ni/Ni{(OH); , and the peak A2 to the
Ni(OH)y/NiO(OH) transitions as given
in Equations (1-2).

Ni + 20H- < Ni(OH); + 2¢ (1)
Ni(OH); + OH «» NIiO(OH) + H,0
+ e (2)

The CV of the pure cobalt coated
copper electrode was given in Figure 1b,
As seen from this Figure, during anodic
scan three well defined anodic peaks
(A1, A2 and A3) were appeared. These
peaks related to the Co/Co(OH),,
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0-Co(OH),/B-Co(OH),

and

Co(OH),/CoO(OH), respectively (Eq. 3-
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Figure 1. The cyclic voltammograms of Cu/Ni (a), Cu/Co (b), Cu/NiCo(8 : 2) (c),
Cu/NiCo(6 : 4) (d), Cu/NiCo(4 : 6) (e), and Cu/NiCo(2 : 8) (f) recorded in 1 M KOH
solution at 298 K (scan rate is 100 mVs™ and the potential was started from -0.9 V to
positive direction).

Co+ 20H- < Co(OH); + 2¢

(3)

Co(OH); + OH « CoO(OH) + HyO

+ e

(4)
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The CVs of the composite coatings both nickel and cobalt.
(Iigure lc-f) exhibited the behaviour of
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Figure 2. The SEM images of Cu/Ni (), Cu/Co (b), Cu/NiCo(8 : 2) (c), Cw/NiCo(6 : 4)
(d), Cu/NiCo(4 : 6) (e), Cu/NiCo(2 : 8) (f) electrodes.

The surface images of the coated respectively. It is clear from these
electrodes were analyzed by SEM and images that the coatings present a
AFM and given in Figures 2 and 3, compact, uniform and porous structure
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on the surface. The images of the binary when compared to that of pure nickel
coatings show significant differences and cobalt coatings.

pm

Figure 3. The AFM images of Cu/Ni (a), Cuw/Co (b), Cu/NiCo(8 : 2) {c), Cu/NiCo(6 : 4}
(d}, Cu/NiCo(4 : 6) (e), Cu/NiCo(2 : 8) () electrodes.

Figure 4. In order to better compare the

Cathodic Current-Potential Curves electrocatalytic activity of the coatings,
The cathodic polarization curves of the the current densities were determined at
both pure metal coatings and binary different cathodic overpotentials and
nickel-cobalt coatings were given in collected in Table 1. As can be seen
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from Figure 4 and Table 1, comparison
of the current densities at the same
overpotential suggested that the binary

The activity of the alloys
significantly depended on the alloy
composition and the Cuw/NiCo(6 : 4)
electrode has the best electrocatalytic
activity. The higher activity of the binary
coatings related to the synergistic effect
of nickel and cobalt (Suffredini et.al.,
2000; Beiping et.al., 2007). The effect of
the coating thickness was studied for the
nickel-cobalt binary electrodes that

alloy  coatings  exhibited  better
electrocatalitic activity for the HER in
alkaline solution.

deposited in Ni:Co(6:4) bath solution by
cathodic current-potential curves. The
determined cwrent densities for the
thicknesses were given Table 2. The
decrease in activity of the electrodes at
75 and 100 pm may be related to the
increasing cobalt percentage in the alloy
whose deposition rate is higher than
nickel,

O i i i 1 1 —d_: 1 PRI EOPEE Y
: NiCo (6 : 4)
-1.0 3 NiCo (8 : 2)
NiCo (4 : 6)
-2.01 NiCo (2 : 8)
(\{E
g2 -3.0]
2 Cu/Co
S I
-5.0] 3 M aNiCo@ e Y
B - INgCn(S:Z)
ey | NiCa (41 6)
604 N
‘7-0" T T T T T ¥ N
-1.80 -1.70 -1.60 -1.50 -1.40 -1.30 -1.20 -1.10 -1.00
E/V

Figure 4. Cathodic current-potential curves of working electrodes in 1 M KOH solution

at 208 K.

Table 1. The current density values determined from cathodic current-potential curves
at different overpotentials for the bare and nickel coated electrodes.

Electrode I/ mA.cm™?

-0.100 V -0.200 V 0300V
Cu/Ni 0.15 1.69 13.93
Cu/Co 0.056 0.67 9.57
Cu/NiCo(8 : 2) 0.35 2.57 19.12
Cu/NiCo(6 : 4) 0.94 6.69 2021
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Cu/NiCo(4 : 6) 0.26

Cu/NiCo(2 : 8) 0.21

1.93

1.60

Table 2. The current density values determined from cathodic current-potential curves
at different overpotentials in 1 M KOH solution for the NiCo(6 : 4) electrode at

different thicknesses.

Thickness I/mA.cm®

-0.100V -0.200V 0300V

10 pm 0.26 1.80 9.72

25 um 0.67 4.86 24.34

50 ym 0.94 6.69 29.21

75 pm 0.60 4.89 23.73

100 pm 0.69 4.94 22.11
Electrochemical Impedance frequencies is comrponly considered as
Spectroscopy charge transfer resistance. The charge

In order to get information about
electrocatalytic activity of the coated
electrodes, electrochemical impedance
spectroscopy ~ measurements — were
performed at  different  cathodic
overpotentials. The obtained data were
presented in Figure 5 in Nyquist
representation. As seen from Figure Sa-f,
a slightly depressed semi circular shape
was observed for all electrodes, while
their radius is different. The deviation
from ideal semicircle indicated the
surface inhomogenities of the coatings
(Elumalai et.al.,, 2002; Rosalbino et.al.,
2005). Only one loop observing in
Nyquist plots indicates that the hydrogen
evolution reaction is mainly controlled
by charge transfer process (Navvaro-
Flores et.al., 2005). In the evaluation of
Nyquist plots, the difference in real
impedance at lower and higher

190

transfer  resistance  values  were
determined from Figure 5a-f and given
in Table 3, From Figure 5 and Table 3, it
can be seen that the Cu/NiCo(6 : 4)
electrode has the lowest charge transfer
resistance and the highest
electrocatalytical activity for the HER.

Electrolysis

In order to determine discharge
potential and over potential of the
electrolysis system, the current-potential
curves were obtained by two electrode
set-up when platinum used as anode and
working electrodes as cathode. Both the
experimental discharge potentials and
overpotentials were calculated as
described elsewhere (Solmaz ve Kardasg,
2007) and given in Table 4. It is clear
from Table 4, the hydrogen evolution
activity can be enhanced by alloying
nickel and cobalt. The lowest discharge
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potential was obtained at Cu/NiCo(6 : 4)
electrode.

Hydrogen gas filling the burette
turned over on the cathode measured
over 1 hour by applying constant
potential of 3.0 V to the electrolysis
system. In these conditions measured
volume is total of hydrogen gas and
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water vapor. Corrected hydrogen
volumes were calculated as described
elsewhere (Kardag et. al, 2003) and
determined hydrogen gas volumes were
given in Table 4. It can be seen from
Table 4, the most hydrogen gas was
produced at Cu/NiCo(6 : 4) electrode.
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Figure 5. The Nyquist plots of Cu/Ni (a), Cu/Co (b), Cu/NiCo (8 : 2) (c), Cu/NiCo (6 :
4) (d), CwNiCo (4 : 6) (e) and Cu/NiCo (2 : 8) (f) electrodes at -0.200 V overpotential
in 1 M KOH solution at 298 K.

Table 3. The charge transfer resistance values determined from Nyquist plots at
different potentials in 1 M KOH solution for the bare and binay NiCo alloy coated
electrodes. :

Electrode R/Q
-0.100 v -0.200V -0.300 vV

Cu/Ni 6000 460 67.8
Cu/Co 5500 800 190
Cu/NiCo(8:2) 2225 370 914
Cu/NiCo(6:4) 2000 335 68.3
Cu/NiCo(4:6) 3000 435 115
Cu/NiCo(2:8) 2850 1325 260

Table 4. Experimental discharge potentials, overpotentials and hydrogen gas volumes
for each electrode coupling determined from the current-voltage curves obtained by
electrolysis technique.

Cathode Eexp/ V M, FAY VH, (mL.cm'Z)
Cu/Ni 2.07 0.84 129
Cu/Co 2.17 0.94 110
Cu/NiCo(8-2) 2.17 0.54 134
Cw/NiCo(6-4)  2.16 0.93 138
Cu/NiCo(4-6)  2.19 0.96 119
Cu/NiCo(2-8)  2.20 0.97 120

The pure nickel, pure cobalt and
CONCLUSIONS nickel-cobalt binary alloys of various
compositions were electrochemically
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prepared on a copper electrode and
characterized in view of their possible
applications as electrocatalytic materials
for the hydrogen production. The
following points can be emphasized,;

1) The nickel-cobalt binary electrodes
were successfully electrodeposited
on copper electrode. The chemical
composition of the coatings can be
changed by changing the bath
composition.

The alloying nickel with cobalt
enhances the electrocatalytic activity
of the coating for the HER when
compared to pure nickel and pure
cobalt coatings.

The - lowest overpotential and
discharge potanetial values were
obtained at Cu/NiCo(6 : 4) electrode.
The highest hydrogen volume was
also obtained at this electrode at a
constant 3.0 V potential over 1 hour
by electrolysis technique.

At the same over potential the
Cu/NiCo(6 : 4) electrode has the

2)

3)

4)

highest current density which is

directly proportional to the hydrogen
production, and the lowest charge
transfer resistance were obtained.
When the Cu/NiCo(6 : 4) electrode
was used for the electrochemical
hydrogen gas production, the lowest
electrical energy will be consumed.

5)
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