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Copper — Zinc and Copper-Iron Binary Electrode for Hydrogen Evolution Reaction

Esra Telli*!
ABSTRACT

The different coatings with high hydrogen evolution reaction (HER) durability activity were prepared by
electrodeposition. Iron, copper and zinc alloys were deposited on graphite electrode. The binary coating
prepared on the graphite electrode. Zinc alloys were etched in alkaline solution to produce a porous and
electrocatalytic surface suitable for use in the HER. The scanning electron microscopy (SEM) was used for
surface characterization. Electrolysis was carried out in 1.0 M KOH solution by DC power supply. Cathodic
current—potential curves, electrochemical impedance spectroscopy and cyclic voltammetry measurements
were performed for chemical characterization. The experimental results show that the etching zinc alloys
have compact and porous structures with good physical stability in comparison with other deposit for HER.

Keywords: Hydrogen evolution, Metal deposition, Cathode catalyst
Hidrojen Cikis Reaksiyonu I¢in Bakir-Cinko ve Bakir-Demir ikili Kaplama
(0)/

Yiiksek hidrojen gelisim reaksiyonu (HER) icin dayaniklhilik aktivitesine sahip farkli kaplamalar
elektrokimyasal kaplama yontemi ile hazirlanmistir. Demir, bakir ve ¢inko alasimlar: grafit elektrot tizerine
coktiiriildii. Grafit elektrotu iizerine ikili kaplamalar hazirlanmistir. Cinko alasimlari, HER' de kullanim
icin uygun gozenekli ve elektrokatalitik bir yiizey olusturmak i¢in alkali ¢ozeltide asindirilmistir. Yiizey
karakterizasyonu i¢in taramali elektron mikroskobu (SEM) kullanilmistir. Elektroliz, DC gii¢ kaynagi ile
1,0 M KOH c¢ozeltisi i¢inde gerceklestirilmistir. Kimyasal karakterizasyon i¢in katodik akim-potansiyel
egrileri, elektrokimyasal impedans spektroskopisi ve doniisiimlii voltametri 6l¢timleri yapilmistir. Deneysel
sonuclar, agindirilmig ¢inko alasimlarinin, HER igin diger elektrotlara kiyasla, fiziksel istikrari iyi olan
kompakt ve gbzenekli yapilara sahip olduklarini géstermektedir.

Anahtar Kelimeler: Hidrojen gelisimi, Metal biriktirme, Katot katalizorii
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1. INTRODUCTION

Fossil fuel sources are rapidly approaching the
end. Hydrogen energy is very attractive due to the
depletion of fossil fuels and environmental
problems. In addition, hydrogen plays an
important role in many applications [1]. Hydrogen
with high energy capacity and zero carbon
emissions, recyclable is a clean energy source that
can replace fossil fuels [2]. Some techniques such
as electrolysis, photocatalysis, and thermolysis are
used to obtain hydrogen [3]. Hydrogen production
from water electrolysis in acidic or alkaline
solutions using various metal catalysts is one of the
most studied reactions because of the production
of high purity hydrogen [4]. Where non-noble
metals are used as catalysts, an alkali solution is
generally preferred. Because excessive amounts of
hydroxide ions make possible the hydrogen
evolution reaction (HER), when alkaline solutions
are used [5]. The efficiency of HER depends on the
metal used as the catalyst. So, alkaline water
electrolysis is often preferred for HER.

Alkaline water electrolysis is widely used to obtain
high purity hydrogen. However, the cost is still
quite expensive [6]. Because noble metals such as
Pt group are commonly preferred as a catalyst
because of their high catalytic efficiency [7].
However, they have high cost and low availability.
Therefore, it is important to develop low cost and
high abundance electrocatalyst for HER [8, 9].

It is not easy to find new materials among pure
metals with high catalytic activity for HER as well
as precious metals. The use of alloys of two or
more metals is an important approach to increase
electrocatalytic activity for HER [10]. According
to the electrocatalytic theory, it is explained that
the electrocatalytic activity is due to the adsorption
heat of the intermediates on the electrode surface
by the well-known volcano curves [11].

In volcano curve, some metals with strong
hydrogen bonds such as Cu, Fe, and Ni are chosen
for catalysts preparation. Copper metal with the
porous surface is used in applications such as
electrocatalysis, fuel cell, batteries, capacitors,
sensors, and super-hydrophobicity [12, 13]. The
benefit of the porous electrocatalytic surface is that
true surface area per unit geometric area is
muchfolds. This reduces the actual current density
and requires less overvoltage, which significantly
reduces energy consumption [14].
Electrodeposition is very convenient for
controlling cost, deposit morphology and various

parameters such as electrolyte composition,
temperature and time for obtaining a porous
copper surface [15, 16]. The binary and ternary
alloys prepared by leaching of zinc are used as
highly effective electrocatalysts for HER [17-23].
The leaching of zinc causes a loss of mass as well
as a highly porous surface to use in alkaline water
electrolysis.

The aim of this study was electrochemical
preparation and characterization of the CuFe and
CuZn composite coatings, which are not found in
literature, in view of their possible applications as
electrocatalytic materials for the HER in alkaline
medium. The HER activity of prepared electrodes
has been investigated using electrolysis, cyclic
voltammetry (CV), cathodic polarization and
electrochemical impedance spectroscopy (EIS)
techniques in 1 M KOH solution.

2. EXPERIMENTAL

The graphite electrodes were cut from a cylindrical
rod to a length of 5 cm and coated with polyester
to a surface area of 0.283 cm? The electrical
conductivity was provided by a copper wire. The
electrode surface was polished with emery paper
(320-1000 grain size), then washed with distilled
water, ethanol and distilled water again,
respectively. The electrodes were immersed in the
bath solution.

The electrodeposition was performed
galvanostatically using a direct current power
supply instrument (TT Technic-YH-303D). The
positive electrode was the platinum sheet (with 2
cm? surface area). The coatings were applied on
the graphite surface by a constant current density
of 15 mA cm2 to the electrolysis system during
2700 s. During the deposition, bath solutions
whose chemical compositions are given below
were continuously stirred using a magnetic stirrer
at room temperature. The deposition current
density and deposition time for all electrodes were
15 mA cm 2 and 2700 s, respectively.

e Copper bath (C/Cu): 27.72 % CuSO4-5H20,
1.25% H3BOs3 (w/w) [23]

e Iron bath: 30.86 % FeSO4+7H20 and 1.25%
H3BOs (w/w) [9]

e Zinc bath: 31.92 % ZnSO4-7H20 and 1.25%
H3BOs3 (w/w) [9]

e Copper—iron co-deposition (CuFe): 10 mL
copper bath and 20 mL iron bath were mixed.
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e Copper—Zinc co-deposition (CuZn): 10 mL
copper bath and 20 mL zinc bath were mixed.

e Copper—Zinc etching process (Cu@Zn): After
the deposition of CuZn on graphite, more
active Zn was leached out from the surface of
the CuZn deposit by etching in 1.0 M NaOH
for one hour, then 30% NaOH solution for 3
hours at room temperature.

The scanning electron microscopy (SEM) analyze
was performed to investigate electrode surfaces
morphologies. The electrochemical measurements
were carried out galvanostatically using
Potentiostate—galvanostate  (Gamry Interface
1000) with a three-electrode configuration. A
platinum sheet (with 2 cm? surface area) and
Ag/AgCl electrode were used as the auxiliary and
the reference electrodes, respectively. The
electrochemical characterizations of electrodes
were analyzed by electrochemical impedance
spectroscopy (EIS), cyclic voltammetry (CV) and
potentiodynamic polarization techniques. EIS
experiments were obtained by a range of
frequencies from 10° to 0.01 at 5 mV amplitude.
CV analysis were determined at 100 mV s’ scan
rate. The potentiodynamic polarization plots were
analyzed at 1 mV s' scan rate at cathodic
direction. All experiments were performed in 1.00
M KOH solution at room temperature.

The electrolysis cell was set up by a burette
including 1.0 M KOH solution, an anode and a
cathode which were prepared by electrodeposition
for the hydrogen evolution measurement. The
initial volume was recorded and 30 mA cm™
constant current density was applied to electrodes
during 1 hour, and the volume of hydrogen was
calculated by the volume change from the level of
the solution at room temperature. The hydrogen
gas and water vapor were measured in the burette
as total volume under these conditions. The
hydrogen volume was calculated with
considerations water vapor correction.

3. RESULTS & DISCUSSIONS

The cyclic voltammograms of Cu, CuFe, CuZn
and Cu@Zn electrodes obtained in 1.0 M KOH at
100 mV s™! scan rate and room temperature were
given in Fig 1. As seen in the voltammograms, all
binary coatings exhibit higher activity than the
single coating of copper. In binary coatings,
whereas zinc doping was more effective than iron
doping, it is seen that the electrode obtained by

applying etch process to zinc doping has a higher
catalytic activity than all other electrodes.
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Figure 1. The cyclic voltammograms of Cu, CuFe, CuZn
and Cu@Zn electrodes obtained in 1.0 M KOH at 100 mV
s~! scan rate and room temperature.

With iron doping, Fe/Fe*? oxidation is observed at
more negative potentials than the anodic copper
peaks, but this transformation is not reversible, so
the reduction peak of this transformation is not
visible in the cathodic direction. After zinc adding,
the peak formation is observed around 0.5 V. This
peak belongs to Zn/Zn*‘oxidation and the
reduction of this peak reversibly is seen in cathodic
scan. After the application of the etch process,
there is a strong increase in the peak of the zinc
oxidation as in all the peaks. It is understood from
this that the etch-treated electrode exhibits the
most catalytically active behavior. The obtained
current densities for Cu@Zn is higher than the
literature [24, 25].

Figure 2 shows the Nyquist and phase angle
diagrams obtained by applying 5 mV amplitude in
the frequency range of 10° Hz to 0.1 Hz in 1.0 M
KOH solution of CuFe, CuZn and Cu@Zn
electrodes. As seen in Fig. 2, CuFe and CuZn
electrodes have a loop in the high frequency region
and an angular portion in the low frequency region.
The loop in the low frequency region corresponds
to the charge transfer resistance. The angular
portion indicates that the phenomenon is diffusion
controlled. On the electrode subjected to the etch
process, only a single loop corresponding to the
load transfer resistance is observed. This shows us
that the phenomenon in the etch-treated electrode
is achieved by charge transfer rather than diffusion
control. These results demonstrate that increasing
surface area with etch process linearly affects the
catalytic activity.
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Figure 2. Nyquist plots for CuFe, CuZn and Cu@Zn
electrodes at room temperature.

Polarization and overpotential curves of CuFe,
CuZn and Cu@Zn in 1.0 M KOH solution at 1 mV
s scan rate at room temperature are seen in Fig 3.
Cu@Zn has the lowest over-voltage at each
current value. This explains that Cu@Zn electrode
has the highest catalytic efficiency. The adsorption
of water molecules plays an important role in the
oxidation mechanism of hydrogen in the alkaline
solution and in the discharge kinetics of hydrogen,
and the generally accepted mechanism of
hydrogen evolution in alkaline solution is achieved
by the Volmer reaction. After this step, either the
Heyrovsky reaction (electrochemical desorption)
or the Tafel reaction (chemical recombination) is
followed. As seen in Fig. 3b, the overpotential
plots for all binary cathode are linear at negative
potentials. This is indicating that the predominant
mechanism of HER on these electrodes appears to
be a discharge of water (Volmer reaction)
followed by electrochemical desorption step
(Heyrovsky)[23]. Table 1 shows that the
electrochemical data was obtained from Fig. 2 and
Fig. 3.

According to results, the lowest overpotential was
seen for the Cu@Zn electrode at all current
densities (10, 50 and 100 mA cm?). The lowest
ohmic resistance was obtained from the same
electrode. This result when compared to the
literature, Cu@Zn electrode lower than [26, 27]
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Figure 3. Polarization curves of CuFe, CuZn and Cu@Znin
1.0 M KOH solution at 1 mV s scan rate at room
temperature (a) and overpotential diagram (b).

Table 1. The electrochemical data was obtained from Fig. 2

and Fig. 3.
110 150 1100 Q em?
CuFe (V) 1.30 1.15 0.99 1651
CuZn (V) 1.30 1.10 0.95 217
Cu@Zn (V) 120 0.98 0.85 55

SEM micrographs of CuFe, CuZn and Cu@Zn are
given in Fig 4. When the micrograph taken from
the surface of the CuFe electrode is examined, it is
observed that there is a nonporous pile stacked
adjacent to each other on the surface (Fig 4a). In
Fig. 4b, it can be seen that by the addition of some
zinc with copper, pores are formed on the surface,
and zinc deposits similar to crystal structure are
formed on copper. It has been observed that
spheres are formed in the range of 25 to 100 pm on
the electrode surface. As far as we can see from the
comparison of Fig. 4a and b, it is seen that the
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spherical formation on the surface is welded with
zinc. A similar surface image can also be seen in
the SEM image taken on the electrode exposed to
the etch process (Fig 4¢). Here, the abrasion on the
surface can be clearly observed due to the etch
process, and the sizes of the spheres on the surface
are different from those of the non-etch process.
The smallest sphere size on this electrode is 10 um,
while the largest can exceed 100 um. The white
residues on the surface are thought to originate
from the NaOH used in the etching process.

Figure 4. SEM micrographs of CuFe(a), CuZn (b), and
Cu@Zn (c).

The electrodes were used to determine the volume
of hydrogen as a cathode, immersed in a 1.0 M
KOH solution with a current of 30 mA ¢cm™ for 1
hour. At the end of 1 hour, the volume of the
accumulated gas from the burette was determined
by adjusting the volume originating from water
vapor using the room temperature and pressure
values. The measured hydrogen volumes for each
electrode are given in Table 2. As can be
understood from the table, the Cu@Zn electrode
produces the most hydrogen after 1 hour.

Table 2. Hydrogen gas volumes produced on preparing
electrodes by electrolysis technique.

Cathode Vuz (mL cm?)
CuFe 72.8
CuZn 85.5
Cu@Zn 93.7

4. CONCLUSION

The CuFe, CuZn, and Cu@Zn electrodes, which
are not investigated at previous studies, were
prepared and analyzed for potential use for
hydrogen evolution reaction.
» From the data obtained as a result of
electrochemical analysis, Cu@Zn electrode

was found to be catalytically active for
hydrogen production.

» According to SEM images taken from
electrode surfaces, zinc doping instead of iron
results in a more porous structure on the
surface of the binary electrode. The
application of the etch process not only
increases the voids on the electrode surface
but also increases the catalytic activity.

» Compared with hydrogen volumes taken from
the electrolysis cell, the most effective
electrode seems to be Cu@Zn.

In the light of the above results, the Cu@Zn
electrode can be used as a catalyst for the hydrogen
reduction reaction in electrolysis cells.
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