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В данной работе были успешно синтезированы методом электроосаждения несколько видов электрокатализатора на основе платины, палладия, никеля со стеклоуглеродным электродом (GC), а затем полученные материалы были применены для процесса электролиза воды в щелочных средах. Морфология поверхности материалов была исследована
методом сканирующей электронной микроскопии (SEM). Кроме того, для определения содержания каждого металла в биметаллических материалах был использовал метод энергодисперсионной рентгеновской спектроскопий (EDS). Результат показал, что количество
благородных металлов умеренно уменьшилось, в то же время как каталитическая активность была немного выше, чем у чистых металлических электродов. Измерение вольтамперометрий с линейной разверткой потенциала (LSV) проводилось в растворе KOH 1M, чтобы
найти перенапряжение реакции выделения водорода (HER). Кроме того, в данной работе для
определения обратимой емкости материалов электродов использовали метод циклической
вольтамперометрии (CV) в растворе, содержащем 0,01M K3[Fe(CN)6] – 0,01M K4[Fe(CN)6] 0,1M KOH. Измерения вольтамперометрий с линейной разверткой потенциала подтвердили, что активность новых катализаторов выше, чем у чистых металлических материалов. Бинарный катализатор (Pt-Ni/GC) может заменить платину для реакции выделения
водорода в щелочной среде. Примечательно, что замена атомов платины атомами палладия
и никеля и сочетание их хороших свойств приводит к улучшению каталитической активности, и в то же время к снижению стоимости катализатора. Еще раз, на основе электрохимических параметров можно открывать новую перспективу для процесса производства
водорода.
Ключевые слова: реакция выделение водорода, платина, палладий, никель, электрокатализатор
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Several kinds of electrocatalyst based on platinum, palladium, and nickel with glassy carbon substrate were successfully synthesized by electrodeposition method, and then applied for water
electrolysis in alkaline media. Surface morphology of materials was investigated with scanning
electron microscopy method. Energy-dispersive X-ray spectroscopy was used to find the content of
each metal in bimetallic materials. The result showed that the number of noble metals was moderately decreased while the catalytic activities were slightly better than pure metal electrodes. Linear
sweep voltammetry measurement was taken in KOH 1M solution to find the overvoltage of hydrogen evolution reaction and cyclic voltammetry method in 0.01M K3[Fe(CN)6]: 0.01M K4[Fe(CN)6]
in 0.1M KOH was used to determine the reversible capacity of material electrodes. The linear sweep
voltammetry measurements confirmed that the activities of new catalysts are higher than the origin
materials. The binary catalyst of Pt-Ni can replace platinum for hydrogen evolution reaction in
alkaline medium. Notably, the replacement of platinum atoms with palladium and nickel atoms,
and the combination of good properties of them leads to improve the catalytic activity, and in the
same time to decrease the catalyst cost. Once again, the electrochemical parameters open up a new
prospect for the hydrogen produce.
Key words: hydrogen evolution reaction, platinum, palladium, nickel, electrocatalyst
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INTRODUCTION

In the last two decades, because of rising the
oil price and the growing concern of climate change,
the interested in renewable energy sources have been
dramatically grown up. One way of stabilizing the energy supply is to diversify sources of energy that can
be produced when there were a supplementary of renewable energy and used when it is deficient in renewable energy. There is multiple choices for renewable
energy sources such as sun, wind, biomass, etc. However, sun and win do not provide stable supply and can
be used for the small scale production only.
Up to now, hydrogen is the most promising
candidate for energy carrier [1] since the energy can be
stored in the form of chemical energy and transformed
into electrical energy in fuel cells (FCs) [2]. The use of
hydrogen in FCs does not damage the environment because of the only by-product is water.
There are many methods to produce hydrogen
[3]. In recent time, the most popular technique is based
on fossil fuels, from natural gas, we can steam reforming, partial oxidation or autothermal reforming to get
the H2. Another way, from coal, a variety of gasification processes also be used to produce H2 [3]. Although
this source can produce a huge amount of hydrogen,
the quality of the product is not good. In addition, this
source still depends on fossil fuels, which we need to
replace.

From the late 1920s, water electrolysis was the
first technology used to produce pure hydrogen [3].
This method has many advantages compared with the
others: first, it has a simple principle, we only need to
apply direct current (DC) to the water, if the energy is
large enough, the O-H bond can be broken to form H2
and O2. However, this technology has large trouble that
is the O-H bond is one of the most stable single bonds,
and we need a high current to split it. To reduce this
energy, we need to use a catalyst with some special parameter. Jaccaud et al [4] summarized which are the
properties of an ideal electrocatalytic cathode need: a)
low hydrogen overvoltage, b) no change potential in
time, c) good chemical and electrochemical stability:
long lifetime and no release of process-toxic products,
d) high adhesion to the support, e) low sensitivity to
poisoning by impurities, f) low sensitivity to current
shut down (short-circuit) or modulation, g) no safety or
environmental problems in the manufacturing process,
h) easy to prepare at a low cost/lifetime ratio. Therefore, considering the strict criteria to be satisfied,
choosing the most appropriate electrode material is not
an easy task. In recent times, there have been many
studies with the aim of improving the efficiency for hydrogen evolution reaction (HER) in different environments [5-8].
Up to now, many research that the best catalyst
for HER is Pt [9-10] Nevertheless, the cost of Pt is very
expensive and the source of this is limited, the problem
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is how to reduce the content of Pt in the composition
of catalyst but the catalytic activity is unchanged or
better than using pure Pt catalyst. The modified Pt and
composite material, containing Pt have been studied
and applied to the HER [11-13].
For the alternative choice of the catalyst of water electrolysis, Pd is one of the candidate base on the
low overvoltage [14]. Pd, either in its pure form or as
part of bimetallic systems, has been widely investigated as electrode material. Most studies have focused
on the interaction between Pd and hydrogen. During
the last decades, interest in these systems peaked several times, such as in the 1970s, due to the discovery of
superconducting properties of PdHx, or at the end of
the 1980s, when the possibility of cold fusion was announced. The latter turned out to be one of the major
fiascos in science. Anyway, these facts demonstrate the
passions that this system can awaken, and, independent
of how serious the motivations were, it is a widely investigated system [15]. Although Ni is non-noble metals, it has one of the most interesting candidates for
HER [2, 16-19], because of the high conductivity.
However, the major problems encountered with using
this metal alone as a cathode are its low catalytic activity or low resistance to intermittent electrolysis. Therefore, Ni has always been used in the form of alloy to
increase its catalytic activity. Due to excellent resistance to corrosion of Ni in hot concentrated alkaline
solutions [20], we favor using alkaline media than
acidic media in this study.
This process can be played in acidic media, but
it is not good for some kind of electrode because of the
stripping non-noble metal. Alkaline media is the better
choice for application for FCs because it avoids the
corrosion problems which is caused by acid electrolytes [21].
From views of above, the goal of this research
is to synthesize novel materials, which can be used as
a cathode for HER by depositing Pt, Pd, Ni in GC substrate to form bimetallic catalysts with high catalytic
activities andgood corrosion resistance.
EXPERIMENTAL

Chemical: Na2PdCl4 (Aldrich), K2PtCl4 (Aldrich), NiSO4.6H2O (Merck), C3H5(OH)3 (Merck),
KOH (Merck), H2SO4 (Merck), H3BO3 (AR - China),
NaCl (AR - China).
Preparation of electrode materials:
Glassy carbon electrode (GC) was polished using sandpaper C-2000 and was washed several times
with distilled water. After that, the electrode was
cleaned by ultrasonic device, using solution HNO3 1M
for 2-5 min, continues to be polished and cleaned. Then
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the electrode was treated under cyclic voltammetry
condition in the solution of H2SO4 0.1 mol/l from -1.8 V
to 1.8 V, scan rate 50 mV/s, until the reproducible cyclic voltammogram was obtained. Normally, it takes 510 cycles. This step is implemented to ensure removing
organic compounds. Then it is washed carefully with
water several times and conducts the electrolysis process. Conditions for each electrode material are shown
in Table 1.
Table 1
Condition for electroplating process
Таблица 1. Условия для процесса электроосаждения
Type of
Component of electrolyte so- Value of electrolmaterials
lution
ysis potential(V)
electrode
Pt/GC K2PtCl4 1mM in H2SO4 1M
0.20
Pd/GC Na2PdCl4 1mM in H2SO4 1M
0.25
NiSO4 1M in buffer solution
Ni/GC
containing H3BO3 (15 g/l),
-0.69
NaCl (30 g/l).
K2PtCl4 1mM, NiSO4 60mM
Pt-Ni/GC in buffer solution containing
-0.28
H3BO3 (15 g/l), NaCl (30g/l).
Na2PdCl4 1mM, NiSO4
60mM in buffer solution conPd-Ni/GC
-0.22
taining H3BO3 (15g/l), NaCl
(30g/l).

In the case of co-deposit to get bimetallic electrode (Pd-Ni/GC and Pt-Ni/GC), the mechanism of
electroplating of two components is more complicated.
There are two possible processes can take place: two
components will be reduced and deposited together
onto the substrate, or we apply a potential which lets
Ni deposited the first, and then Pt ion will react with
Ni at the same moment. Because Ni and Pt have depositing potential far to each other, so we choose first
method. And we run the process of electrodeposition
by follow condition. We choose decomposition potential which is more favor with the electroplating process
of K2PtCl4. Selecting a high concentration of Ni2+ and
a favorable concentration of pH for Ni precipitation.
Characterization and electrochemical measurements
The morphology of the film surface was studied by an SEM-JEOL-JSM 5410LV scanning electronic microscope (SEM), 10 kV, working distance 819 mm, maximum zoom × 200.000 times. For the bimetallic catalysts, the content of each metal was investigated by Energy dispersive X-ray spectroscopy
(EDS) method.
All the electrochemical measurements were
conducted in a system three-electrode cell (Autolab 30
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– Netherlands), with an AgCl/Ag (in 3M KCl) reference electrode (RSE), a Pt wire counter electrode and
a working electrode. Electrochemical behavior of the
materials for HER catalysis was studied with the methods of linear sweep voltammetry in KOH 1M with scan
rate 50mV/s. Besides that the electron exchange capacity of the film was investigated by cyclic voltammetry
method in K3[Fe(CN)6] 0.01M: K4[Fe(CN)6] 0.01M in
KOH 0.1M (Ferri/Ferro system).

was significant decrease compared with pure metal Pt
electrode but the catalytic activity, which we will discuss in the next part, is remain unchanged. Case of depositing Ni is slightly different, the surface of the material is eschar with the size in µm scale. This difference can be explained by the change in the concentration of electrolyte. Besides that the nature of the material also is one of the suitable reason. When comparing
with the result of the modified bimetallic electrode, we
can see another picture. Although we still receive materials with very small in particles size (Pt-Ni/GC, PdNi/GC), in this case, the average particle size is about
less than 100 nm, and smaller than a case of Ni. The
SEM images point out the homogenous structure,
means Pt and Pd existed in alloy form with Ni. From
this data, we can initially confirm the metal particles
had been successfully deposited on the GC surface in
both cases.
In the case of the bimetallic electrode, to investigating the content of each metal we use the EDS spectrum. The results about the amount of each metal in the
composition of Pd-Ni/GC electrode and Pt-Ni/GC
electrode are shown in Fig. 2, respectively.

RESULT AND DISCUSSION

Morphology of the surface and composition
electrodes
By comparing the SEM images of materials
before and after deposit metal on GC surface (Fig. 1)
we can recognize that there is a lot of change in morphology of it. Initially, the GC surface is very smooth
and sleek, after depositing, there are many particles
with different size in this surface. In the case of modified Pt/GC and Pd/GC electrode, as can be seen, the
particles are uniformly distributed with a size approximately 100 nm scale. In the image of Pt/GC, the boundary of the Pt particles is more clearly. From this information, we easily see that the amount of noble metal

a

b

c

d

e

f

Fig. 1. SEM images of GC (a), Pt/GC (b), Pd/GC (c), Ni/GC (d), Pt-Ni/GC (e) and Pd-Ni/GC (f) electrodes surface
Рис. 1. Электронные микрофотографии поверхности электродов GC (a), Pt/GC (b), Pd/GC (c), Ni/GC (d), Pt-Ni/GC (e) и PdNi/GC (f)
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a

tion is much higher than the PtCl42- and PdCl42- solution. However, the catalytic activities of Pt/GC and
Pd/GC are higher than that of Ni/GC. This result once
again confirms that the HER not only is an electrochemical reaction but also is catalyzed by the cathode.
Moreover, due to differences in ΔE value between the
modified monometallic electrode and bimetallic electrode, once again we can confirm that the co-electrodepositing of 2 metals on the GC surface is successful.
Due to ΔE value, the reversible capacity is increased
by the following order: Pd-Ni/GC → Pt-Ni/GC →
Pd/GC → Ni/GC → Pt/GC.
i/A.cm

-2

0,00012

2

0,00008

4

3

0,00004

1

b
Fig. 2. EDS spectrum of Pt-Ni/GC (a) and Pd-Ni/GC (b) electrodes
Рис. 2. Энергодисперсионные рентгеновские спектры PtNi/GC (a) и Pd-Ni/GC (b) электродов

0,00000

-0,00004

-0,00008
-0,2

In the EDS spectrum (Fig. 2) show the appearance of metals characteristic energy levels with corresponding components on the surface of the material
(attached tables). The results reconfirm the co-deposition of the two metals on the GC. EDS results obtained
show metal components in composite materials that are
different from the salt concentration ratio of the two
metals initially. This can be explained by the electrolysis mode selection priority to the discharge of Pt and
Pd metal.
Study the electron exchange capacity of membrane
To evaluate the electron exchange capacity of
new materials, the electrodes were measured in a mixture of K3[Fe(CN)6]0.01M, K4[Fe(CN)6] 0.01M in
KOH 0.1M (Ferro/Ferri system) by the cyclic voltammetry method. Fig, 3 shows the result of this measurement.
From the Figure and Table above, we can see
that the equilibrium voltage of Pt/GC is highest, the
second value is Ni/GC, then Pd/GC, the bimetallic
electrodes have smaller value so that the Pt/GC electrode is the most reversible. But Ni/GC has the highest
current density so that is the best conductivity. This order can be explained by the amount of metal on the surface electrode because the concentration of Ni2+ solu-
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Fig. 3. Cyclic voltammogram of modified monometallic electrodes
(a) and bimetallic electrodes(б) in mixture of 0.01M
K3[Fe(CN)6]0.01M, 0.01M K4[Fe(CN)6], 0.1M KOH at a scan rate of
50 mV/s. Respectively of 1 (GC); 2 (Pt/GC); 3 (Pd/GC); 4 (Ni/GC);
5 (Pt-Ni/GC); 6 (Pd-Ni/GC)
Рис. 3. Циклические вольтамперограммы модифицированных монометаллических электродов (а) и биметаллических электродов
(б) в смеси 0,01M K3[Fe(CN)6]- 0,01M K4[Fe(CN)6] – 0,1M KOH
при скорости сканирования 50 мВ/с
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Catalytic activity analysis of material
The most important property of these materials
is the overvoltage for HER, due to this value, we can
find the best model to apply for fuel cells. In this study,
the overvoltage of the novel materials is conducted by
taking the linear sweep voltammetry method in 1M
KOH solution (to get longer lifetime for electrodes to
contain Ni in their composition). Fig. 4 shows the result of this experiment.
As can be seen from the figure above the overvoltage of HER in (a), which is controlled by the Pt/GC
electrode is approximately to the pure Pt electrode.
This is a piece of very interesting information because
the modified electrode is much cheaper than Pt bulk
electrode (base on the content of Pt). For the case of
Pd/GC, Ni/GC the overpotential is very different from
GC electrode, this is once again confirmed that precipitation of particles of Pd, Ni on the surface of glassy
carbon electrode. Although Pd, Ni has good catalytic
activity, they not as good as Pt. In spite of the high conductivity, it has higher overvoltage than the others. The
most suitable reason for this phenomena is that the

overvoltage is depended on another property of electrode that is the adsorptivity of materials. This interpretation was proof by mechanism, given by N. Krstajić
et al [22]. Table 3 shows the full expression of this.

i/A.cm

Table 2
The potential difference between reduction peak and
oxidation peak of novel material electrodes in
Ferri/Ferro system
Таблица 2. Разность потенциалов между восстановительным и окислительным пикам металических
электродов в ферро-ферри-системе
Electrode
ΔE(V)
Pt/GC
0.112
Pd/GC
0.068
Ni/GC
0.076
Pt-Ni/GC
0.059
Pd-Ni/GC
0.045

0,00
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Fig. 4. Polarization curves of modified monometallic electrodes
(a) and bimetallic electrodes(б) in 1M KOH at a scan rate of 50
mV/s. Respectively of 1 (GC); 2 (Pt/GC); 3 (Pd/GC); 4 (Ni/GC);
5 (Pt-Ni/GC); 6 (Pd-Ni/GC) ; 7 (Pt-pure)
Рис. 4. Поляризационные кривые монометаллических электродов (а) и биметаллических электродов (б) в 1М КОН при
скорости сканирования 50 мВ/с

Table 3
Stoichiometric equations and rates for three basic steps of the HER
Таблица 3. Стехиометрические уравнения и скорости для трех основных ступеней реакции выделения водорода
Name of the step
Stoichiometric equation
Theoretical rate law
Volmer
M + H2O + e- → MHads + OH(1)
v1 = k1(1-θH) – k-1θH
(4)
Heyrovsky
MHads + H2O + e- → M + H2 + OH- (2)
v2 = k2 θH – k-2(1-θH) (5)
Tafel
2MHads → 2M + H2 (3)
v3 = k3 θH2 – k-3(1-θH)2 (6)
Note: M represents the materials, which are used to making cathode of systems
Примечание: М – материал, который использовался для катода

Due to the high conductivity of Ni and Hydrogen adsorptivity of Pt, the combination of two metals
has been studied. In the case of Pt-Ni/GC electrode (b),
the first thing we can say about is the synthesized material has good catalytic activity for electrolysis of water in KOH solution. The overvoltage is approximately
as on a Pt/GC electrode. That means the energy need

for procedure H2 is lower. It also confirms that our material has both Ni and Pt. The current of binary catalyst
is higher than Pt or Ni. From that result, somehow we
can conclude that the binary catalyst has better performance to electrolysis of water. Moreover, when we
combine two metal the content of Pt decrease compare
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with Pt/GC, so this makes the product is more economical. These properties can be explained by the change
of structure when 2 metal co-precipitated when Ni has
been changed it increases activity by the bimetal effect.
Although the difference between Pt/GC and Pt-Ni/GC
electrode is not clear, the case of Pd/GC, Ni/GC, and
Pd-Ni/GC has a better view with overvoltage of the bimetallic electrode is significantly lower than the modified monometallic electrode. In addition, the better activity will lead to the new solution for the problem of
overvoltage of HER in case of water electrolysis. In the
future, we can combine more transition metals with
specific properties such as conductivity, or adsorption
activity, etc. to get better materials for this problem.

8.

9.

10.

11.

12.

CONCLUSION

Several novel materials, which support for
electrolysis alkaline solution to produce H2, were successfully synthesized by electroplating method. Some
important properties, including exchange capacity and
catalytic activity, were evaluated by electrochemical
techniques like CV, LSV. The LSV measurements
confirmed that the activities of new catalysts are higher
than the origin materials. The binary catalyst of Pt-Ni
can replace platinum for hydrogen evolution reaction
in alkaline medium. Notably, the replacement of platinum atoms with palladium and nickel atoms, and the
combination of good properties of them leads to improve the catalytic activity, and in the same time to decrease the catalyst cost. These results are very interesting for the development of electrolysis of water.
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