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The binary FeZn was electrodeposited on graphite surface for hydrogen evolution re-
actions. Then, zinc was leached from the surface by an etching method in alkaline solu-
tion. A trace amount of platinum and ruthenium electrochemically deposited on binary
FeZn, respectively. All electrodes were characterized by cyclic voltammetry, electro-
chemical impedance spectroscopy and potentiodynamic polarization techniques in KOH
solution. The surface structures were characterized by scanning electron microscopy and
energy dispersive X-ray. The results show that etching process enhanced the surface area.
The prepared electrodes exhibited much higher activity after noble metal loadings. It is
seen from experimental research that the most active electrode is C@FeZn/Ru.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Hydrogen evolution reaction (HER) is one of the most popular
topics because of the needs of clean, renewable energy at the
recent time [1-5]. The development of new and efficient
electrocatalysts for HER is vital to produce hydrogen which is
clean energy carrier and promising as environmentally. HER is
critical due to its use in technological areas such as fuel cells,
chloro-alkaline industry, the photolytic and electrolytic water
electrolyze. Therefore, the process is one of the most inves-
tigated reaction [6—10].

The cathodic electrocatalysts, which are effective and du-
rable materials, are used as catalysts for HER [11]. Preferring
the cheaper electrode materials, which have low overvoltage
at high current density and in stable against highly corrosive
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electrolyte cells, is crucial to bring down the cost of electrol-
ysis of water [12,13]. Low costly supporting electrodes and
electrocatalytic materials having improved activity can
reduce the cost of hydrogen production.

Carbon is used as supporting materials for many years, in
preparing the different catalytical processes such as metal
catalyst, activated carbon, carbon black, graphite and
graphitic materials [14]. Fe, Ni, Co and their alloys are note-
worthy as the electrocatalyst for HER due to their relatively
low price and high accessibility by comparison with noble
metals [15—18].

There are various methods of electrocatalyst production.
The electrodeposition is the most preferred technique due to
simplicity, low cost and the possibility to influence easily on
the structure, composition, and properties of deposits ob-
tained [11,19]. Iron and its compounds are significantly

0360-3199/© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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remarkable as iron-based electrocatalyst because of their low
price, readily available and low-toxic materials.

The catalytic activity of the electrode material can be
developed either increasing ratio between the real and geo-
metric surface area or changing the synergistic combination
of the electrocatalytic component. The roughness of
enhanced surface raises the contact area of electrolyte/elec-
trocatalyst thereby electrochemically active surface area in-
creases [20]. The etching process to zinc base alloys is widely
used in the literature. The catalyst becomes a porous structure
via this etching process. Moreover, the catalyst obtained
which has high catalytic activity and large surface area
[17,21-23].

Despite the noble metals such as Pt, Ru have high catalytic
activity, but it is not preferred to use directly in industrial
applications due to their high cost [24]. Therefore, lower
amounts of noble metals are used in the development of high-
performance electrodes with low noble metal loading. In this
way, while reducing the amount of noble metal, activity in-
creases significantly [25—-28].

The study is aimed to occur new metallic alloys (FeZn,
FeZn/Pt, and FeZn/Ru) having different matrixes for HER in
alkaline electrolyte. Therefore, FeZn/Ru was selected for this
purpose in this study.

Experimental

The working electrodes were prepared by using cylindrical
graphite rod about 5 cm length. Graphite rod was drilled from
the topside and copper wire put in the hole to provide the
conductivity. The graphite rod immersed in the polyester
mixture except for one side which has 0.283 cm? surface area.
The open surface was abraded with emery papers (320—1200
grain size) before each experiment. Then the electrode surface
was rinsed double distilled water, ethanol, and distilled water,
respectively. The electrodeposition was performed galvanos-
tatically using potentiostat-galvanostat (Gamry Interface
1000) by using the three-electrode technique. Ag/AgCl and Pt
were used as a reference and counter electrodes, respectively.

The electrodeposition of the iron—zinc coating was per-
formed galvanostatically using a direct current power supply
instrument (TT Technic-YH-303D). The counter electrode was
the platinum sheet, which has a 2 cm? surface area. The
electrodes were coated with a bath solution mixed at a con-
stant speed at room temperature. Coating thickness was
calculated approximately by Faraday's laws. Iron-zinc was
coated on the graphite surface by a constant current density of
15 mA cm 2 to the electrolysis system during 2700 s.

The electrodes were treated with 1 M NaOH for an hour and
30% NaOH for 2 h at room temperature, respectively. 1 M
NaOH decreased the dissolution rate of Zn. 30% NaOH leached
the Zn producing a porous electrode of high surface area. The
electrode was washed with double distilled water.

The electrochemical characterizations of electrodes were
analyzed by electrochemical impedance spectroscopy (EIS),
cyclic voltammetry (CV) and potentiodynamic polarization
techniques. EIS experiments were done by a range of frequency
from 10° t0 0.01 Hz at 5 mV amplitude. CV curves were obtained
at 100 mV s~ ! scan rate. Moreover, the potentiodynamic

Table 1 — Bath compositions.

Bath composition Time (s)
Fe—Zn 30.86 g FeSO,4-7H,0, 31.92 g 2700
ZnS0,4-7H,0 and 1.2 g H3BO3
Pt 2.49 mg Pt + 0.1 M KCl 70
(50 mL volume)
Ru 2.05 mg Ru + 0.1 M KCl 203

(50 mL volume)

Drilled and conduction
provided

Immersed in
Iron-Zinc Bath

1 mg Pt

1h 1.0 M NaOH
2h 30% NaOH

1 mg Ru

Fig. 1 — The flow chart for electrode preparation.

polarization plots were measured from open circuit potential
to cathodic direction with 1 mV s * scan rate. All of the ex-
periments were done in 1.00 M KOH solution at room
temperature.

1 mg cm 2 Ru or Pt was deposited on the leached C/FeZn
electrode by 15 mA cm 2. The electrode was washed with
distilled water and used for further electrochemical mea-
surements. All of the bath compositions were given in Table 1.
Fig. 1 shows the flow chart for the electrode preparation.

Results and discussion

The CV results of CFeZn (not etching), C@FeZn C@FeZn/Pt,
C@FeZn/Ru (@ is etching symbol) electrodes in 1.0 M KOH
solution at room temperature are illustrated in Fig. 2. When
the alkaline leached Zn from the electrode surfaces, the peaks
of C@FeZn electrode is larger and wider. Therefore, we have
continued by etching after all electrodes were coated. The
differences in the catalytic behavior of electrodes are shown
in Fig. 2. As seen in Fig. 2, the peaks about —1.20 Vagagcal,
—0.86 Vag/agc1 and 0.66 Vag/agc belong to Fe/Fe™™, Zn/Zn™* and
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Fig. 2 — The cyclic voltammograms of CFeZn, C@FeZn,
C@FeZn/Pt, C@FeZn/Ru electrodes at room temperature in
1.0 M KOH electrolyte at 100 mV s~* scan rate.

Ru'"/Ru*® oxidations at anodic direction, respectively [14,29].
After noble metal loading, Zn effect is dominated because
surface covered by noble metals. However, a faint peak be-
longs to Zn/Zn"" was seen after Ru loading due to completely
uncovered surface. The hydrogen evolution overpotentials of
prepared catalysts were measured as —1.262, —1.220, —1.210
and —1.200 V (vs. Ag/AgCl) for CFeZn, C@FeZn C@FeZn/Pt,
C@FeZn/Ru electrodes, respectively.

Fig. 2 also shows the hydrogen evolution overpotentials of
the catalysts. The overpotential of CFeZn, C@FeZn, C@FeZn/Pt
and C@FeZn/Ru electrodes were determined as —1.491,
—1.490, —1.466 and —1.442 Vagaga for hydrogen evolution,
respectively. C@FeZn/Ru electrode have more positive po-
tential as a comparison with CFeZn, C@FeZn, and C@FeZn/Pt
electrodes for HER. It is explained that CFeZn/Ru electrode has
the lowest hydrogen evolution overpotential. As it is well-
known in the literature, the enhanced catalytic activity of
electrodes exceedingly is influenced by its chemical compo-
sition, large specific surface area, and nanostructure [30].

The EIS results were obtained for C@FeZn, C@FeZn/Pt, and
C@FeZn/Ru electrodes as a cathode material with regards to
HER in alkaline solution in the frequency range from 10° to
0.01 Hz.

The inhomogeneities of coating surface cause the devia-
tion from the ideal semicircle of Nyquist plot. All of the elec-
trodes have two loops. It was a large depressed capacitive loop
and an inductive loop at the high-frequency region and the
low-frequency region, respectively. The capacitive loop is
related to the charge transfer resistance. Linear portion
related to hydrogen evolution reaction is diffusion controlled
[14]. It is seen from Fig. 3, the Nyquist plot of C@FeZn/Ru has
the smallest capacitive loop. Also, the inductive loop has the
smaller angle than others. It is understood that C@FeZn/Ru
has the lowest catalyst resistance and diffusion rate in com-
parison with C@FeZn and C@FeZn/Pt which indicate that it
was more active from other electrodes for HER.

The equivalent circuit was used for illustrating the elec-
trode/solution interface in Fig. 4. The elements of the circuit

4.0
B C@Fezn/Pt
® C@Fezn
A C@FeZn/Ru
30 — Fit results
E
3]
E 20F
£
S 1.26 Hz 50 mHz
N
10
0.0, O @\ it
1.0 1.5 2.0 25 3.0 3.5 4.0

Z' (Ohm cm?)

Fig. 3 — The Nyquist plots of C@FeZn, C@FeZn/Pt and
C@FeZn/Ru electrodes in 1.0 M KOH.
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Fig. 4 — The equivalent circuit diagram for electrode/
solution interface in 1.0 M KOH solution.

can be named as; Rq is the solution resistance, R is the charge
transfer resistance, Ry is the diffuse layer resistance which
corresponds to the resistance of all accumulated species [31],
and CPEq4 is the constant phase element namely, the capaci-
tance of the double layer. Total polarization resistance (Ry) of
the electrode must be equal to the sum of R.; and R4. Rf and
CPE;reflect the film resistance coating metals and capacitance
of the film layer [34], respectively. Here, total R, value includes
the film resistance and it is equal to the sum of R, Rg and R¢
values (Rp = Ret + Ra + Ry).

A satisfactory fitting was achieved to represent depressed
semi-circles by replacing C with CPE in the equivalent circuit.
The impedance of the CPE is given as [31]:

1

Zepe = W (1)

the elements of the equation can be defined as Y, is the
magnitude of the CPE, n is the phase shift which indicates that
the deposited coatings had a porous structure when it was
lower than 1.0, j is the imaginary unit, and W is the angular
frequency.

The increasing surface area was positively affected the
catalytic efficiency of electrodes via decreasing the resistance
of Rp in Nyquist plots. The low amount loading of noble metal
on C@FeZn electrodes decrease the R, values. R, Rt + Rg and
CPEg are independent of potential change at the high-
frequency level, and it is dependent to surface porosity, but
Rf and CPEy are related to potential at low-frequency level due
to Faradaic process of HER [32]. The decreasing of the angle of
a linear portion at low-frequency region showed that the HER
was eased.
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The obtained results explain the enhancement of HER ac-
tivity of electrodes after low metal loading. C@FeZn/Ru cata-
lyst displays the lowest R, value (Table 2).

Analyzes of potentiodynamic polarization curves were
detected at 1 mV s~* scan rate in 1.0 M KOH solution in Fig. 5.
Overpotential is one of the most practical methods for cata-
lytic effect of the electrode in HER at a given current density, in
our studies at 10, 50 and 100 mA cm? (=719, —7s0, —7100)- The
overpotential is directly related to the catalytic efficiency of
electrodes. Increasing overpotentials cause the decreasing of
current density [17]. Therefore, it is important to follow the
changes while comparing of electrode activity. Having lower
overpotential as the same current density within the various
electrode materials shows higher catalytic activity for the
HER.

As seen in Fig. 5, C@FeZn/Pt and C@FeZn/Ru catalysts
exhibit lower overpotentials for —nso values, —80 mV and
—30 mV, compared to C@FeZn. C@FeZn/Ru have the lowest
overpotential for each —, values. It is explained that the
C@FeZn/Ru electrode has the most catalytic efficiency. The
parameters attained by the potentiodynamic polarization
analysis in Fig. 5 are listed in Table 3.

The dissociative adsorption of water molecules plays a key
role in the mechanism and kinetic of hydrogen discharged
from the alkaline solution, and the generally accepted mech-
anism of hydrogen evolution in alkaline solution is performed
by Volmer reaction (2) [4]. After this step followed by either
Heyrovsky reaction (3) (electrochemical desorption), or Tafel
reaction (4) (chemical recombination) [33].

H,0+ M +e” =MHys + OH™  (Volmer) 2
Hy,0 + MHgy4s + e =H, + M+ OH™  (Heyrovsky) (3)
MHg4s + MHggs + e =H, +2M  (Tafel) (4)

Here M and MHads are the active sites and hydrogen atom
adsorbed on the metal surface, respectively. When the Tafel
slope should yield about 120 mV dec™! at 30 °C, primary rate
determining step (rds) for HER are determined as Volmer re-
action step, i.e. adsorption of hydrogen, according to the
general model for the HER mechanism in alkaline media
[30,34]. When the Tafel slope is 40 mV dec* for Heyrovsky
reaction as the rds or 30 mV dec* the rds is the Tafel reaction
[35].

It could also be realized that the measured Tafel slope
values slightly increase from the 120 mV dec™'. This phe-
nomenon has already been reported in the literature [35—-37],
Fe is covered by a thin layer of Fe-oxide. Hence, the presence
of thin oxide film on the surface could be related to the devi-
ated Tafel slope values. Since Fe-oxide act as a semiconductor.
The electronic conductivity of Fe-oxide is lower than the
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logi (A cm'z)

Fig. 5 — The cathodic potentiodynamic polarization curves
of C@FeZn, C@FeZn/Pt and C@FeZn/Ru electrodes in 1.0 M
KOH.

conductivity of metallic Fe. This results in a decrease in
symmetry factor, 8, and an increase in Tafel slope, given the
fact that the reaction mechanism does not change. Note that
for the Volmer step as the rds, the symmetry factor, g, is equal
to the transfer coefficient, «, while for the Heyrovsky step as
the rds, the transfer coefficient is a = 1+ g8 [35].

w = a+blogi (5)

where u (V) represents the applied overpotential, a (V) and b
(V dec™?) are the Tafel constants, and i is the current density
(A cm™).

log(io) = (6)
2303 xRxT
“= bxnxF 7)

Here R is (8.314 J mol~* K™%) is gas constant, represents the
number of electrons exchanged, T is the thermodynamic
temperature (K), and F (96,487 C mol %) is Faraday constant.

The thin oxide layer formed on the Fe surface overcome a
low electron transfer barrier located inside the thin oxide film
(band gap). This gives a lower transfer coefficient value,
aFe = BFe = 0.257.

The Tafel plots for all binary and ternary 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 electro-
chemical desorption step (Heyrovsky). The highest b value
was determined for the C@FeZn electrode. The highest value
specifies the worst electrocatalytic properties for HER [32].

Table 2 — Calculated fitting parameters from EIS data in 1.0 M KOH solution.

R1 R2 Yo*10~* nl R3 Yo*10~* n2 W
C@FeZn 1.302 1.525 309.1 0.541 30.0 7629 0.61 —40.48
C@FeZn/Pt 1.232 2.263 352.4 0.725 16.6 8253 0.76 28.48
C@FeZn/Ru 1.301 0.849 360.1 0.776 7.5 9779 0.97 1.35
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Table 3 — The electrochemical data determined from cathodic potentiodynamic polarization curves at different

overpotentials.

—110 (V) —7s0 (V) —M100 (V) io (mA cm ?) b (mV dec ) «
C@FeZn 0.150 0.320 0.381 2.951 252 0.242
C@FeZn/Pt 0.138 0.290 0.368 3.310 247 0.247
C@FeZn/Ru 0.090 0.242 0348 4.681 238 0.257

The large surface area for various electrode materials
positively affects the possible mechanism of HER. The leach-
ing of Zn on electrode surface provides a big surface as a
cauliflower structure compares with the old version. Also, it is
well known the good electrocatalytic fundamental activity of
platinum group metals (Pt, Ru, Pd, Rh, Ir) [30,38,39].

As seen in Fig. 63, the surface of the C@FeZn electrode had
cauliflower structure. This structure was closed by Pt, which
had a hexagonal structure (Fig. 6b). When Ru was deposited on
C@FeZn, cauliflower was seen on the surface together hex-
agonal Ru (Fig. 6c). Deposition of metallic Pt and Ru particles
were changed the surface morphology of C@FeZn electrode.
All SEM images were obtained under the same conditions
(magnitude: 500x and 50 pm). The chemical compositions of
prepared electrodes were determined by EDX. The composi-
tions were given in Table 4.

The system set up with a burette, two electrodes and KOH
solution for the hydrogen evolution measurement. A burette
was filled with 1.0 M KOH solution and dipped in a beaker was
including 1.0 M KOH solution. Preparing electrodes, which was
used as the cathode, coiled up under the burette's open side in
the electrolyte. The platinum sheet was used as counter
electrode. The initial volume was recorded and 30 mA cm 2
constant current density was applied to electrodes during 1 h,
and the volume of hydrogen gas evolution was monitored by
the volume change from the level of the solution at room
temperature. In these conditions, the total of hydrogen gas
and water vapor measured in the burette as total volume. The
hydrogen volumes were calculated with considerations water
vapor correction [30]. The measured volumes of hydrogen are
given in Table 5. As it can be seen in Table 5, the C@FeZn/Ru
catalysts produced more hydrogen gas than other electrodes.
Hydrogen ions adsorbed onto the noble metal coated

Table 4 — The chemical compositions of prepared

electrodes.

%Fe %Zn %Pt %Ru
C@FeZn 3.9 96.1 = =
C@FeZn/Pt 2.3 95.8 1.9 =
C@FeZn/Ru 1.5 96.9 = 1.6

Table 5 — Hydrogen gas volumes produced on preparing
P

electrodes by electrolysis technique applying 30 mA cm™
constant current density over 1 h.

Cathode Vi, (mL cm~—2)
C@FeZn 54.8

Fig. 6 — SEM images of C@FeZn (a), C@FeZn/Pt (b) and C@FeZn/Pt 68.5
C@FeZn/Ru 85.6

C@FeZn/Ru (c) electrodes (mag: 500 x).
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electrodes, and hydrogen evolution may continue to electro-
chemical reactions using more active area. The volume of
hydrogen gas increases at the C@FeZn/Ru coating.

This study shows that Ru loading on iron—zinc alloy is
more efficiently in comparison with Pt loading. It was clarified
in the literature by Berry et al. [40] that the s-electron density
increases with decreasing d-electron population at the iron
nucleus due to Ru loading on the iron surface. Given that
ruthenium induces the reduction of iron(m) to iron(Il) it is
likely that the iron(Il) species so formed are near the ruthe-
nium species and that their interaction with ruthenium in-
volves the transfer of d-electrons from the iron(ll) to the
ruthenium. In this respect, it is interested in the enhanced
catalytic activity.

Conclusion

The C@FeZn, C@FeZn/Pt, and C@FeZn/Ru electrodes were
prepared and tested for potential use as the cathode catalyst
for hydrogen evolution reaction. All of the prepared electrodes
were characterized using cyclic voltammetry, electrochemical
impedance spectroscopy, and potentiodynamic polarization
techniques. The alkaline leaching process can considerably
increase the hydrogen evolution activity of the electrode. The
results show that the C@FeZn/Ru electrodes are more efficient
for hydrogen production by comparison with C@FeZn,
C@FeZn/Pt electrodes. The highest hydrogen volume was ob-
tained at C@FeZn/Ru electrode when 30 mA cm 2 constant
current density was applied to the electrolysis system during
1h. From the data obtained, the C@FeZn/Ru electrode could be
preferred for using hydrogen production.
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