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catalysts used in hydrogen production by electrolysis of water
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Abstract

Hydrogen, which is obtained by water splitting using the electrolysis method, is one of the
cleanest and most environmentally friendly energy carriers. However, since this production
method is expensive, it is not preferred in industrial hydrogen production. Researchers
working on this subject have intensified their studies to reduce costs. One of the most
important factors determining the cost is the development of effective and inexpensive cathode
and anode materials. In this study, the catalysts obtained by electrochemical deposition of
nickel on the graphite rod, cobalt oxide using the drag effect and electrochemical platinum
deposition on it, were used as the cathode material. The surface characterizations of the
obtained catalysts were carried out using SEM and XRD techniques. The electrochemical
properties of the catalysts were analyzed using electrochemical impedance spectroscopy,
linear sweep voltammetry and potentiodynamic polarization methods. It was determined that
the most effective nickel deposition time is 10 seconds, CoO content is 1.9 mg and platinum
deposition time is 45 seconds. The initial potential for the hydrogen evolution reaction of the
catalyst which has the highest catalytic efficiency was 75 mV and current density was
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determined as 500 mA cmat the cathodic 0.5 Vsye overvoltage.

1. Introduction

In the world, the effects of global warming caused by
greenhouse gases in the atmosphere caused by fossil
fuels used to meet the world's increasing energy needs
are being felt day by day. [1, 2]. Therefore, the demand
for clean and renewable energy sources is increasing
day by day. [3]. Hydrogen is preferred as an alternative
clean energy source to fossil fuels due to its high
energy density, abundance, and environmental
friendliness. [4, 5]. There are many methods for
producing hydrogen. About 50% of global hydrogen
demand is met by natural gas steam reform, 30% by oil
reform, 18% by coal gasification, 3.9% by electrolysis
of water and 0.1% by other sources [6-9]. To eliminate
the negative effects of fossil fuel use on the
environment, human health and climate, it is necessary
to produce hydrogen from clean and abundant sources
with environmentally friendly methods. [10-14]. The
name of this hydrogen production method is green
hydrogen production. Hydrogen production by
electrolysis of water is one of the green production
technologies. The purity of the hydrogen obtained by
this method is quite high. However, one of the main

problems of this production method is that the
production cost is high compared to other methods.
Developing effective and inexpensive cathode and
anode materials in electrolysis processes has an
important place in terms of cost. Therefore, researchers
focused on the development of catalysts for a low-cost
effective anode and cathode material. [15]. Different
combinations of catalysts are formed using a single
metal[16-18], binary [19-24], ternary metal alloys [25-
27] or metal oxides[28-31]. These combinations can be
obtained by attaching to the support electrode with
different applications such as metallurgical sintering
method [24], electrochemical deposition method [32-
34], slurry application method [35] or spray coating
method [31, 36]. In these applications, nickel-based
catalysts are one of the most widely used metals
because they are electrochemically advantageous and
relatively inexpensive. [37-41]. Another element that
is frequently used in the reactions of obtaining
hydrogen by the electrolysis of water is cobalt and its
oxide compounds. [31, 42-44] . Noble metals are often
added in trace amounts to reduce the hydrogen
evolution overvoltage. [45]. Platinum is one of the

*Corresponding author. e-mail address: ozkanaydin@osmaniye.edu.tr
http://dergipark.gov.tr/csj

©2021 Faculty of Science, Sivas Cumhuriyet University


http://dx.doi.org/10.17776/csj.957198
https://orcid.org/0000-0001-8273-4304

Aydin | Cumhuriyet Sci. J., 42(4) (2021) 852-861

noble metals most capable of producing hydrogen
among these noble metals.

In this study, metallic nickel (Ni) was
electrochemically deposited on a graphite rod (C). It is
known that metal oxides create a synergistic effect with
metals. [30]. Therefore, during metallic nickel
deposition, nano-structured cobalt oxide (CoO) was
added to the nickel deposition bath and suspended in
the solution to attach the surface by the drag effect.
Finally, trace amounts of platinum (Pt) were
electrochemically  deposited on the Ni-CoO
combination. The obtained catalysts  were
electrochemically analyzed for hydrogen evolution
reaction in alkaline medium using electrochemical
impedance spectroscopy (EIS), linear sweep
voltammetry (LSV), and potentiodynamic polarization
techniques.

2. Experimental Method

2.1. Material and method

Cylindrical graphite rods of 10 cm length were used as
support electrodes in the experiments. These rods are
insulated with polyester material, leaving only the
lower ends open. The area of this active circular part
that remains open is 0.283 cm? Before each
experiment, these rods were sanded with 1200 grit
sandpaper, then washed with distilled water, acetone
and again with distilled water, respectively. The cobalt
oxide nanoparticles used in the study were synthesized
as follows; 50 ml 0.6 M Co(NOs), . 6H,0O (Fluka, >

98%) at 50°C which was filled into a burette was added
to 50 ml 3.2 M NaOH (Sigma-Aldrich, > 99%) at 50°C
which is mixed dropwise. Then, 50 ml H,O, (Merck ,
50 % wiw) was added dropwise by using burette to this
stirred solution. The precipitate was filtered off and
washed with distilled water. The resulting precipitate
was dried at 110°C for 10 hours [46]. Electrochemical
deposition and analyzes were performed using
potentiostat (Gamry interface 1000E).

Three electrode techniques were used for
electrochemical analyzes. Here, Pt sheet with a surface
area of 2 cm? as the anode (CE), Ag / AgCl as the
reference electrode, and catalysts loaded on the
graphite rod as the cathode (WE) were used. In these
analyses, 1.0 M KOH solution was used as the
electrolyte. EIS, LSV and potentiodynamic
polarization techniques were used to determine the
catalytic efficiency for hydrogen production. EIS
measurements were obtained in the frequency range of
10° to 0.01 Hz with an amplitude of 10 mV. LSV
measurements were made at a scan rate of 1 mV s
between 0 V and cathodic 0.5 V.

2.2. Experimental

Graphite rods were electrochemically coated with a
current density of 340.0 mA cm™ in a nickel bath, the
composition of which is given in Table 1. Therefore,
three different deposition times (10, 60, and 110 s)
were applied and denoted as Ni.. Here t represents the
nickel deposition time.

Table 1. Compositions of electrochemical deposition baths for Ni and Pt.

NiSO4 .6H20 H3803 NiCI2.6H20 KthCle Total Volume
Ni Bath 309 1.25¢g 19 100 mL
Pt Bath 0,1M (pH=1) 100 mL

After determining the most effective deposition time
for nickel, CoO nanoparticles were added into the
nickel bath and suspended solution was obtained. In
this way, while nickel deposition is done
electrochemically, CoO is also deposited on the
surface with the drag effect. In this section, five
different CoO amounts (0.1 mg, 1.0 mg, 1.3 mg, 1.9
mg, and 3.7 mg CoO) were prepared and the obtained
catalysts were denoted as Ni-CoOxmg. Here X
represents the amount of CoO added to the nickel-
plating  bath. Finally, platinum (Pt) was
electrochemically deposited on Ni-CoOxmg catalyst.

In this section, metallic platinum was deposited with a
current density of 3,53 mA cm? in three different
deposition times (15, 30, and 45 s). This obtained
catalyst was denoted as Ni-CoO(xmg)_Pt:.

After the Ni;, Ni-C0Oxmg , and Ni-CoOxmg)_Pt:
catalysts were prepared, the efficiency of the obtained
catalysts in terms of hydrogen production was
analyzed using EIS, LSV and potentiodynamic
polarization techniques. Total hydrogen production for
the best catalysts was calculated using a reverse
burette[28]. Hydrogen produced at the cathode was
collected in the reverse burette and after one hour the
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total volume of hydrogen produced was measured.
Experiments were carried out at 20 °C and under 736
mmHg pressure. Pt electrode was used as the anode
and 1.0 M KOH solution was used as the electrolyte.
Surface characterization and elemental analyses of the
catalysts were carried out with Field emission scanning
electron microscope (FEI Quanta 650 Field Emission
SEM) coupled with energy dispersive X-ray (EDX).
The powder XRD measurements were performed with
PANalytical EMPYREAN, 26 angle between 5° and
90°.

3. Results and Discussion
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Figure 1. LSV diagrams of C, Niqos), Nigos), and Niaos)
catalyst.

EIS measurements at the overvoltage region provide
information about the charge transfer resistance of
catalyst for hydrogen evolution reaction. The Nyquist
graphs obtained for the prepared catalysts at -0.3 Vshe
in 1.0 M KOH solution were given in Fig. 2. The
Nyquist graph for C is given in the inset graph. When
Fig. 2 is examined, it is seen that all catalysts have a
time constant due to charge transfer resistance and
Nios) catalyst has the lowest charge transfer resistance.

It is known that metal-metal oxide composition has
positive effects for catalysts used in hydrogen
production [28]. Therefore, the effect of CoO on the
HER was investigated by adding to the catalyst
structure. Metal oxides are usually attached to the
catalyst structure using conductive adhesives such as
Polyvinylidene fluoride and carboxymethyl cellulose.
These adhesives create additional resistance. To avoid
such negative effects, CoO nanoparticles were added
to the catalyst structure by the drag effect during
electrochemical nickel deposition. Different amounts
of CoO (0.1 mg, 1 mg, 1.3 mg, 1.9 mg, and 3.7 mg
CoO) were added to the nickel deposition bath to
obtain a suspended CoO nickel bath.

The LSV technique was used to characterize all the
catalysts obtained for hydrogen evolution reaction
(HER). The overvoltage-current density curves for
different nickel-deposition times on the graphite rod
(C) given in Fig. 1 were taken ata scanrate of 1 mV's’
Yand in the range of 0 V and cathodic 0.5 Vspe. When
Fig. 1 is examined, the initial potential of the HER for
Cis-0.35 V. Initial potentials of HER for Nios), Nios)
ve Nig105) Were shown in Fig. 1 as -0.26 V, -0.30 V and
-0.29 V, respectively.

Comparing the curves, it is seen that the highest
cathodic current density and the lowest overvoltage for
HER belong to Niyos) catalyst.

The effect of CoO attachment during nickel deposition
was investigated for HER using LSV and EIS
techniques. The overvoltage (vs. SHE) — current
density plots of catalysts defined as Nii-CoOxmg Was
given Fig. 3. When the figure is examined, the initial
potentials of hydrogen evolution for Nigos), Nigos)-
C00O(0.1mg), Ni(105-C0O(1.omg), Ni(105-C0O(1.3mg), Ni(ios)-
C0oO¢1.9mg) Ve Niqos)-C0Oi.7mg) catalysts were obtained
as -0.26 V, -0.32 'V, -0.34 V, -0.28 V, -0.22 V, and -
0.27 V, respectively. Comparing the curves obtained
for the prepared catalysts at -0.3 Vsue overvoltage, it
was determined that the highest current density was
19.6 mA cm™ and the lowest overvoltage for HER was
-0.22 V. These values belong to Nios-C0O(1.9mg)
catalyst.
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Figure 2. Nyquist diagrams of C, Niuos), Nigos) Ve Nigios)
catalyst
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Figure 3. LSV diagrams of Ni(los), Ni(los)-COO(o,lmg), Ni(l()s)-
CoO1.0mg), Ni(0s-C0O.3mg), Ni(105-C0O.9mg and Nigios)-
Co0O¢s.7mg) catalysts

EIS measurements for Nios), Nigos)-C00O0.1mg), Ni(i0s)-
CoOq.omg), Ni0s)-C0O(13mg, Ni10s-C0O@.9mg and
Ni105-C0Oz.7mg) catalysts were taken in 1.0 M KOH
solution and -0.3 Vsxe overvoltage were given in Fig.
4. When the curves in Fig. 4 were compared, it is seen
that the lowest charge transfer resistance (2.6 Q cm?
belongs to Ni(10s-C0O1.9mg) Catalyst.
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Figure 4. Nyquist diagrams of Nigos), Ni@os-C0O0.1mg),
Ni(10$)-COO(1.0mg), Ni(lOs)-COO(l_;;mg), Ni(lOS)'COO(l,gmg) and
Ni(105-C0O(3.7mg) Catalysts

One of the noble metals, Pt, was electrochemically
deposited on the Nios)-C0O1.9mg) catalyst to increase
the catalytic efficiency. Since it is a metal with high
catalytic efficiency but expensive, so deposition times
are kept short. Metallic Pt was deposited at a current
density of 3.53 mA cm? in three different deposition
times (15, 30 and 45 s). Prepared Nii-CoOxmg)_Pt:
catalysts were electrochemically analyzed for HER
activity using LSV and EIS techniques. Fig. 5 shows
the overvoltage (vs. SHE) — current density plots of
catalysts identified as Ni-CoOxmg_Pt.. When the

figure is examined, the starting potentials of hydrogen
evolution of catalysts Nios-C0Oo1.9mg), Niios)-
CoO¢.9mg)_Ptis, Ni(105)-C0O(1.9mg_Ptzo, and Niog)-
CoO(1.9mg)_Ptss are seen as -0.22 V, -0.13 V, -0.10 V
and -0.075 V, respectively. When the curves at -0.3
Vshve Overvoltage were compared for the prepared
catalysts, the highest cathodic current density was
found to be 80.0 mA cm™ and the lowest overvoltage
value for HER was - 75 mV. These values belong to
Ni(10s)-C0O1.9mg)_Ptus catalyst.

To determine the catalytic activities of the platinum
deposited catalysts, EIS measurements were taken at -
0.3 Vswe overvoltage. Nyquist plots for Nigos)-
Co0Oo1.9mg), Ni(105)-C0O1.9mg)_Ptis, Ni(10s)-
CoO(1.9mg)_Ptso, and Ni(105)-COO(1.9mg)_Pt45 catalysts
were given in Fig. 6. When the figure is examined, it is
seen that the lowest charge transfer resistance belongs
t0 Ni(105-C0O(1.9mg_Ptas catalyst and is 0.35 Q cm?.
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Figure 5. LSV diagrams of Nios)-C0O19mg), Nigos)-
CoO¢1.9mg)_Ptis, Ni(105-C0O(1.9mg)_Pt3o, and
CoO(1.9mg)_Ptss catalysts.
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CoOq.9mg)_Ptss catalysts. Comparisons of the LSV curves
of Ni0s-C0O(1.9mg)_Ptss catalyst and 20% (w/w) Pt/C
catalysts purchased commercially from ERDES
Technology ve Chemistry Company in terms of HER
are given in Fig. 7.
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Figure 7. LSV diagrams of Pt/C and Nios)-C00(1.9mg_Ptas
catalysts
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Initial potentials for HER of commercial Pt/C catalyst
and Nios)-CoO(1.amg)_Ptss catalyst were measured as
cathodic 28 mV and 75 mV, respectively. The Pt/C
catalyst appears to be more efficient when comparing
the initial potentials for hydrogen evolution. However,
the current densities of Pt/C and Ni(10s-C0O1.0mg)_Ptss
catalyst at -0.5 Vsne overvoltage were measured as 88
mA cm? and 500 mA cm?, respectively. This shows
that the current density of Nios-C0oO.omg Ptlss
catalyst at -0.5 Vsne overvoltage is 5 times higher than
the commercial catalyst.

The potentiodynamic polarization technique for
catalysts  Nigaos), Nigos-C0O@omg. and  Nigos)-
CoO1.9mg)_Ptss was applied at a scan rate of 10 mV s™,
in 1.0 M KOH solution in the range of 0 to 300 mV.
Obtained data are graphed in Fig. 8. Current densities
at some overvoltages, 50, 100 and 200 mV were used
to compare the catalytic efficiency. Current densities at
given overvoltages, Tafel constant (b) and iy (-a/b),
were given in Table 2.

Table 2.Electrochemical data obtained from cathodic potentiodynamic polarization curves at different potentials.

-N50 -N100 -1N200 io b

(mA cm?) (mA cm?) (mA cm?) (mA cm?) (mV dec?)
Nio) 2.87 2.80 2.58 3.11 288.71
Ni(109-C0Ot.0mg 2.73 2.62 2.29 2.97 248.62
Ni109-C0O 1.0mg)-Ptuss) 2.84 2.32 1.39 4.04 73.53

When the current densities obtained at a constant
overvoltage are compared, it is seen that the Nios)-
CoO(1.9mg)_Ptss catalyst has a higher catalytic activity
than the others. When the Tafel constant (b) values
given in Fig. 8 are compared, the b values of Nios) and
Niq0s)-C0O.amg) catalysts have a value greater than
120, and the b value for Ni0s)-C0O(1.9mg_Ptas catalyst
is less than 120. It can be understood that the hydrogen
adsorption mechanism for the three catalysts is
controlled according to Volmer- Heyrovsky
mechanism. It is also seen that the rate determining
reaction step for catalysts Nigos) and Ni10s)-C0O(1.9mg)
is Volmer and the rate determining reaction step for
catalyst ~ Niqos-C0O@omg_Ptss is  Heyrovsky
mechanism.

Hydrogen evolution experiments in 1.0 M KOH
solution using Pt/C, C, Niuos), Ni10s)-C0O.omg Ve
Nic0s)-C0O(1.omg)_Ptas catalysts were carried out for 1
hour and at a current density of 200 mA cm,
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Figure 8. Cathodic potentiodynamic polarization curves of
Ni(ms), Ni(ms)-COO(l,gmg), and Ni(lOs)-COO(l,gmg)_Phs catalysts
obtained in 1.0 M KOH solution.

The results were given in Table 3. When the results are
compared in terms of hydrogen production potential, it
is seen that Nios)-C0O1.9mg_Ptss catalyst was more
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effective. Considering the LSV curves in Fig. 7, it is
seen that Pt/C is more effective at hydrogen output
potential, but Ni(05)-C0oO(1.omg)_Ptss catalyst was more

Table 3. Hydrogen production amounts of catalysts.

effective at higher overvoltages (> cathodic -150 mV).
The hydrogen generation potentials in the overvoltage
region in Table 3 confirm this.

C Niios)

Ni(105-C0O1.9mg)

Ni(105-C0O(1.9mg)_Ptas Pt/C

Hydrogen 82.8mLcm?  85.4mL cm?

Volume

86.2 mL cm?

88.9 mL cm? 87.2 mL cm

XRD measurements were made on the PANalytical
EMPYREAN instrument. XRD measurements of
Ni(105-C0O(1.9mg)_Ptas catalyst were given in Fig. 9.
The peaks in the figure were defined using JCPDF
No. 98-005-3781 (C), JCPDF No. 98-026-0169 (Ni),
andJCPDF No. 98-010-5069 (Pt) reference cards.
When the XRD graph was examined, two peaks
belonging to C at 26.2 and 77.2, one peak belonging
to Ni at 53.6 and two peaks belonging to Pt at 42.5
and 82.8 were determined. The peak of CoO was not
observed in the XRD graph. This is because CoO was
attached to the structure by the drag effect during
nickel deposition, so it remained under the nickel
plate. Observation of the C peak in the structure
supports that the surface was not completely covered
and a catalyst with a porous structure was obtained.

2 Theta (Degree)

Figure 9. XRD pattern of Ni0s)-C0O1.9mg_Ptas catalyst.

SEM images of C (a), Ni(105) (b), Ni(ms)-COO(l,gmg) (C)
Ve Nios)-C0O1.9mg_Ptas (d) catalysts taken with 10.0
kx magnification were given in Fig. 10. In Fig. 10a,
carbon layers stacked on top of each other in the form
of leaves are seen. Uniformly deposited nickel layers
are shown in Fig. 10b. In Figure 10c, the presence of
CoO in the structure is understood from the
morphological differences in the structure due to the
CoOs attached to the structure during nickel
deposition. Finally, in Figure 10d, it is clearly seen that
Pt is uniformly coated on the catalyst surface
electrochemically, with a size of about 20-40 nm.

Figure 10. SEM images of C (a), Ni(10s) (b), Ni(10s)-
CoO(1.9mg) (c), and Ni(10s)-CoO(1.9mg) Pt45 (d)
catalysts taken at 10.0 kx magnification.
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In addition, the surface composition and surface
homogenization  characterization ~ of  Nios)-
CoO.omg)_Ptss catalyst using EDX and elemental

$4CE
B o
. SUPtL

8y CoK

T NiK

Figure 11.
Co0Oq1,9mg)_Ptss catalyst

Mapping and EDX results of Niguos-

Conclusions

In this study, catalysts with increased catalytic
efficiency  were  obtained for HER by
electrochemically deposited different compounds
consisting of Ni, CoO and Pt on carbon support. All the
obtained catalysts were analyzed by LSV and EIS
techniques. In the nickel deposition process on carbon
support, the most effective time for HER was
determined as 10 seconds at 96 mA cm™ and was
shown as Niaes). CoO was added to the catalyst
structure due to the catalytic efficiency-enhancing
effect of metal-metal oxide structures for HER. In the
process of adding CoO to the catalyst structure, the
metal oxide was electrochemically deposited with a
drag effect simultaneously during nickel deposition
because avoid the negative effects of conductive
adhesives. For deposition, different amounts of CoO
were added to the Nickel bath and the most effective
catalyst for HER was obtained when 1.9 mg of CoO
was added, and it was symbolized as Ni(10s)-
Co0(1.9mg). The catalytic activities of noble metals
are known. To increase the catalytic efficiency, traces
of noble metals (Pt) were added electrochemically to
the catalyst structure. Because Pt is quite expensive
compared to other metals. Therefore, different
deposition times were applied and the Pt deposition
time for the most effective catalyst was determined as
45 seconds and obtained catalyst was denoted as

mapping techniques were given in Fig. 11. When the
figure is examined, it is seen that Nickel and CoO are
uniformly deposited on the catalyst surface.

Nigos)-C0Oomg)_Ptss.  Elemental and  surface
characterizations of the obtained catalysts were made
using SEM-EDX and XRD devices. According to
these analyzes, it was observed that Ni, CoO and Pt
were homogeneously distributed on the surface. The
hydrogen production capabilities of the obtained
catalysts were tested with the reverse burette method
and it was determined that the Ni0s-C0O1.9mg)_Ptss
catalyst was more effective than the others. According
to the potentiodynamic polarization technique, the
hydrogen adsorption mechanism for the three catalysts
is controlled by Volmer- Heyrovsky mechanism. It is
also seen that the rate-determining reaction step for
catalysts Ni(10s) and Ni(10s)-CoO(1.9mg) is VVolmer
and the rate-determining reaction step for catalyst
Ni(105-C0O(1.9mg)_Ptas is Heyrovsky mechanism.
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