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Nickel mesh electrodes were used as the working electrode. Iron and copper were elec-
trochemically deposited on the nickel mesh in different amounts. When electrochemical
coatings had been carried out, different currents were passed from the circuit at different
times and coatings were accumulated at constant load. The prepared electrodes called as
FexCux, FexCu3x and FexCu9x and these electrodes have been used for hydrogen evolution
reaction (HER). The surface morphologies were investigated by scanning electron micro-
scopy. The HER activity is assessed by recording cathodic current—potential curves, cyclic
voltammetry, electrochemical impedance spectroscopy. The results show that FexCu9x
catalysts have a compact and porous structure as well as good electrocatalytic activity for
the HER in alkaline media.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Energy is the most important notion of the 21st century [1].
With the decline of primary energy resources over time and
the increase in energy demand, the search for different energy
sources has increased [2]. In addition, scientists have turned
to green energy sources because of the global warming and
climate change that has begun in the world. Among green
energy sources, hydrogen is a species with a high potential for
sustainable energy [3,4]. Hydrogen is one of the most
perspective fuels of energy. The basic advantages of hydrogen
are high calorie value and abundant in the environment [2].
Furthermore, the fact that the energy density of hydrogen is
high and it is a good energy carrier increases the preference of
hydrogen [5—7]. Hydrogen can be produced by a variety of
methods such as coal gasification, thermolysis, thermal water
separation, hydrocarbon steam reforming, biomass pyrolysis,
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photolysis and electrolysis [8,9]. Because electrolysis is simple
and efficient, it is the most used method to produce hydrogen
[9—11]. Electrolysis is the decomposition of water into com-
ponents electrochemically. The hydrogen evolution reaction
(HER) formed by electrocatalytic separation of water can pro-
vide a sustainable energy support for the future. However,
there are problems such as resource constraint and high cost
because noble metals are used in this technique [2]. Cathodes
containing platinum are often used as catalysts in the
hydrogen evolution reaction. However, it is not very preferred
for use due to platinum poisoning problem [12]. For this
reason, easy to find and cheap materials should be developed
to use as electrocatalyst to produce hydrogen. There are many
studies related to electrocatalysis development [13—18]. The
desired properties of the electrocatalysts are low overvoltage,
high exchange current density, high surface area and long-
time stability [19—22].
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Nickel and its alloys have intrinsic electrocatalytic prop-
erties for hydrogen evolution reaction with suitable corrosion
resistance in alkaline environment [23—25]. Nickel-supported
electrocatalysts have high activity and low cost compared to
other transition metals [26]. As the electrocatalyst, different
types of nickel such as Ni-based alloys, Ni-based composites,
Ni foam and Ni mesh can be used. Ni mesh is produced for
applications such as fuel cells, cathode ray tube, sonic control
and UV filtration. In addition, the flexibility of the Ni mesh
allows it to be shaped into different forms and placed closer to
the anode to reduce ohmic loss [27]. The Ni mesh is used as a
current collector especially in different applications [28—30].
For instance, in pyrolysis of ethane [31] and oxidation [32],
acetylene pyrolysis [33], methane oxidation [34], direct
ethanol fuel cell [35] and solid oxide fuel cells [36]. Iron, copper
metals which have high abundance and are not expensive and
these alloys, are used as electrocatalysts in different forms
[37—50]. Their performance has been well studied but there is
no study about nickel mesh supporting material with these
alloys.

In this study, unlike the studies in the literature, we aimed
to obtain a material with high catalytic properties by co-
depositing iron and copper on nickel mesh at different cur-
rent densities for use in HER. The surface characterization of
prepared electrode was done by scanning electron microscopy
(SEM) technique. The electrocatalytic activity of the developed
electrode for HER is evaluated in 1.0 M KOH solution using
polarization curves and the electrochemical impedance
spectroscopy (EIS).

Experimental

Nickel mesh electrodes with a thickness of 1.6 mm and a
width of 1 cm and a height of 1 cm were used as the based
material. Nickel mesh electrode was purchased from MTI
Corporation. Its density is 346 g/m? and 80—110 Pores per Inch.
Average hole diameters about 0.25 mm. Nickel mesh elec-
trodes were awaited in the ultrasonic bath in acetone for half
an hour before the electrochemical deposition step to clean
the oil and dirt layer on the surface. Then, they were kept in
the ultrasonic bath in a 3.0 M HCI acid solution during 1 h to
activate the surface. The prepared nickel mesh electrodes
were removed from the acid and then washed with ultrapure
water. They were immersed in an iron-copper bath to make
electrochemical coatings.

The iron copper bath composition is as follows.

Copper bath: 27.72% CuSO,4-5H,0, 1.25% H3BO3 (w/w) [51].

Iron bath: 30.86% FeSO,-7H,0 and 1.25% H;BOs (w/w) [17].

For each coating process, copper and iron baths are mixed
in different volumes (Fe: Cu; 50-50; 25—75 and 10—90 mlL,
respectively). The coating operations were carried out using
the direct current source (TT Technic-YH-303D). Platinum
anode with a surface area of 2 cm? was used as counter
electrode. Iron - Copper was coated on the nickel mesh by a
constant charge of 4.350 C to the electrolysis system applying
different currents (29, 58, 87, 116 and 145 mA). After deposi-
tion, the electrodes were rinsed with distilled water to remove
residues of bath chemicals.

The electrochemical characterizations of electrodes were
analyzed by EIS, CV, and potentiodynamic polarization tech-
niques. Ag/AgCl and Pt (2 cm? surface area) were used as a
reference and counter electrodes, respectively. CV analysis
was determined at 100 mV s~ * scan rate. EIS experiments were
obtained by a range of frequencies from 10° to 0.01 Hz at 5 mV
amplitude. Moreover, potentiodynamic polarization plots
were analyzed at 1 mV s™! scan rate at cathodic direction. All
experiments were done in 1.00 M KOH solution at room
temperature.

SEM (scanning electron microscopy) (FEI Quanta 650 Field
Emission SEM) and EDX (energy-dispersive X-ray spectros-
copy) (EDAX octane plus) analysis were performed to deter-
mine the surface morphology of the coated electrodes. Cyclic
voltammetry (CV), electrochemical impedance spectroscopy
(EIS) and potentiodynamic polarization curves analysis were
performed with the potentiostat-galvanostat device (Gamry
Interface 1000) for the electrochemical characterization of the
electrodes.

Results and discussion

The SEM images of the coatings made at 87 mA for 100 s are
given in Fig. 1. When the SEM images are examined, the for-
mation of copper metal clusters is observed with the increase
of the proportion of copper in the cover. The effect of iron in
the 1:1 ratio coating is seen. However, with the increase in the
amount of copper, iron coatings remained between the copper
metals, and this increased the catalytic activity of the alloy
electrode.

The EDAX analysis results are shown in Tables 1 and 2.
Applying currents of different magnitudes seems to affect the
proportion of metals deposited on the electrode surface. Table
2 shows that the amount of copper deposited is high, even
when the amounts of copper and iron in the coating bath are
the same. It is understood from the EDAX analysis that this is
a competing accumulation. The movement of copper ions to
the electrode surface is faster than that of iron ions. It is seen
that the amount of copper deposited on the surface of the
electrode increases with the increase of the amount of added
copper.

Fig. 2 shows the CVs of FexCux, FexCu3x and FexCu9x on
Nickel mesh support in 1.00 M KOH solution at 298 K. CV
peaks are related to Fe/Fe?" (~0.40 V), Cu’/Cu®*" (-0.10 V) and
Ni?*/Ni** (0.53 V) oxidation. The peak of Ni?*/Ni** transition
which is occurred by Ni-mesh based material are dominated
by Cu/Cu®" peak at FexCu9x electrode. The cathodic peaks
correspond to the Ni**/Ni**, Cu**/Cu* and Fe/Fe?* reduction,
respectively. In Fig. 2, anodic and cathodic peak intensity at
the CVs of the FexCux, FexCu3x and FexCu9x electrodes in-
crease with increasing copper composition on the electrode.
Ni?*/Ni**oxidation peak current value of the FexCu9x elec-
trode is higher than other electrodes.

The Nyquist (a) and Bode (b) curves of FexCux, FexCu3x and
FexCu9x electrodes in 1.0 M KOH are seen in Fig. 3. The EIS
results were obtained for FexCux, FexCu3x and FexCu9x
electrodes as a cathode material with regards to potential
usage for hydrogen evolution reaction (HER) in alkaline
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Fig. 1 — SEM micrographs of FexCux (a), FexCu3x (b) and
FexCu9x (c) electrodes.

solution in the frequency range from 10° to 0.01 Hz. The
equivalent circuit diagram used when the curves obtained for
the HER process are fit is given in Fig. 3 as inset. In this dia-
gram, Ru is the solution resistance, Rp is the polarization
resistance consisting of the sum of the charge transfer resis-
tance (Rct), the diffusion resistance (Rd) and the accumulation
resistance (Ra) (Rp = Rct + Rd + Ra). In this system, there are
two circuit elements that affect HER kinetics. One of them is
Rp and the other is a constant phase element (Y). Since there
is no equal amount of charge distribution on either side of the
electrical double layer at a real interface, the circuit element is
nota capacitance but a constant phase element. The provision
of a single circuit element as the polarization resistance in the
equivalent circuit shows that the coating on the surface is too

Table 1 — EDAX results of FexCu9x electrodes obtained at
different current.

% Weight — Fe,Cuoy (0] Fe Ni Cu

29 mA 5,76 1,33 51,68 41,22
58 mA 7,17 1,17 53,83 29,74
87 mA 41 0,85 52,12 42,93
121 mA 3 0,7 54,48 41,82
151 mA 8,43 2,28 39,09 50,21

Table 2 — EDAX results of FexCux, FexCu3x and FexCu9x
electrodes.

(0] Fe Ni Cu
% Weight — Fe,Cuy 18,2 11,54 34,83 35,42
% Weight — Fe,Cuay 6,15 0,85 46,78 38,66
% Weight — FexCuox 4,1 0,85 52,12 42,93

0.6
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=
<
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Fig. 2 — The cyclic voltammograms of FexCux, FexCu3x
and FexCu9x electrodes obtained in 1.0 M KOH at

100 mV s~ ! scan rate at 29 mA current and room
temperature.

small not to form a second resistance element. This single
circuit (Rp) comprises both the nickel based material and the
coating. All prepared electrodes have Nyquist diagrams with a
depressed semi-circle in the high and middle frequency re-
gions. In the low frequency range only the FexCux electrode
contains the angular part originating from the diffusion layer
resistance. This situation shows that for all electrodes the HER
kinetics are controlled by diffusion. It is seen from Fig. 3a, the
Nyquist plot of FexCu9x has the smallest capacitive loop. It is
understood that FexCu9x has the lowest catalyst resistance
and diffusion rate in comparison with FexCux and FexCu3x
which indicate that it was more active from other electrodes
for potential application of HER. The Bode plots support the
Nyquist curves, which are seen in Fig. 3b. When the compared
with the literature [52—56] containing Ni-based electrode
Nyquist curve obtained from FexCu9x electrode, we have
found that the resistance value of the electrode in terms of
HER kinetics is lower.

Fig. 4 shows the cyclic voltammograms obtained in 1.0 M
KOH at constant charge by using different currents with
different periods (29 mA-300 s, 58 mA-150 s, 87 mA-100 s,
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Fig. 3 — Nyquist (a) and Bode (b) plots for FexCux, FexCu3x
and FexCu9x electrodes at room temperature. (inset:
equivalent circuit diagram).
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Fig. 4 — The cyclic voltammograms of FexCu9x electrodes
obtained in 1.0 M KOH at 100 mV s~ scan rate by applying
different current (29, 58, 87, 116 and 145 mA) and room
temperature.

116 mA-75 s and 145 mA-60 s) for the FexCu9x electrode. It is
seen that the highest peak current is obtained at FexCu9x
electrode which is electrodeposited by applying 87 mA cur-
rent. Therefore, the current of 87 mA was chosen for the
electrodeposition process. Electrodes which were deposited at
87 mA current were used for CV, EIS and potentiodynamic
polarization techniques.

The potentiodynamic polarization curves of FexCux, Fex-
Cu3x and FexCu9x electrodes at the cathodic direction in 1.0 M
KOH solution at 1 mV s~ ' scan rate are seen in Fig. 5. As it can
be seen in Figure, FexCu9x electrode has the lowest over-
potential for HER in alkaline solution by comparison with
FexCux and FexCu3x electrodes. Tafel constants were calcu-
lated by using potentiodynamic polarization curves from
following equation [17].

(1)

where u (V) is overpotential, « (V) and b (V dec™?) are called as
Tafel constants and i (A cm™?) is current density.

Tafel slope should be clarified the rate determining step
(rds). When the tafel slopes assume the following values, the
corresponding rds are as in Table 3 [17]. In alkaline solutions,
HER on a metallic electrocatalyst can follow either the
Volmer-Heyrovsky-Tafel mechanism (Egs. (2)—(4)) [57],

p=a+blogi

M + H,0 + e~ = MH,gs + OHyy 2)

(Volmer step)

MHggs +H,0 + e =H, + M+ OH, (Heyrousky step) (3)

MHggs + MHgaas =H, +2M  (Tafel step) 4)

The calculated Tafel constant of FexCu9x from potentio-
dynamic polarization curve is 265 mV dec '. The measured
Tafel slope increased according to 120 mV dec™*. The reason of
this phenomenon should be claimed that the oxide film
occurred on iron. The formation of oxide film could be devi-
ated from ideal Tafel slope. So, Tafel slope value should be
increased. However, the reaction mechanism does not change
[58]. Moreover, the linear Tafel curves at negative potentials

15
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Fig. 5 — The cathodic polarization curves of FexCux,
FexCu3x and FexCu9x in 1.0 M KOH solution at 1 mV s ?
scan rate at room temperature.
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Table 3 — rds and Tafel slope relation.

Tafel Slope (V dec™ ) rds
120 Volmer
40 Heyrovsky
30 Tafel

show that HER mechanism is taken place by Volmer reaction

fol

lowed Heyrovsky step.

Conclusions

The FexCux, FexCu3x and FexCu9x electrodes were prepared

an

>

>

>

d analyzed for hydrogen evolution reaction.

The SEM images show that the different amount of copper
has changed the surface area.

According to the CV results, the current of FexCu9x elec-
trode is higher than FexCu3x and FexCux electrodes.
When the investigated HER kinetic from EIS results of
prepared electrodes is seen that the FexCu9x electrode has
the lowest resistance. This result was compared with
literature and the observed results were higher than Fex-
Cu9x electrode.

The overpotential of FexCu9x electrode obtained by
potentiodynamic polarization curves was lower than other
electrodes and the HER mechanism was determined as
Volmer-Heyrovsky from potentiodynamic polarization
curves.

In view of these results, FexCu9x electrode is suitable for

use as a catalyst for hydrogen production.
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