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FACILE SYNTHESIS OF Ni-Co-S ON Ni FOAM AS ELECTROCATALYST
FOR OXYGEN EVOLUTION REACTION
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Abstract. Ni-Co-S electrocatalysts for oxygen evolution reaction (OER) are
fabricated on nickel foam using a one-step hydrothermal method. The as-prepared
materials were characterized using a scanning electron microscope (SEM), energy-
dispersive X-ray spectroscopy (EDX), X-ray diffraction analysis (XRD), and cyclic
voltammetry (CV). With the presence of Co, both the double-layer capacitance and
the surface concentration of the redox active site increase, resulting in an
improvement in OER catalytic activity in the basic medium. The sample prepared
with the 1/1 ratio of Ni/Co shows the best electrocatalytic performance with the
low overpotential of 276 mV at a current density of 10 mA cm2 and a Tafel slope
of 51.3 mV dec and exhibits good stability in the OER.

Keywords: nickel sulfide, cobalt sulfide, hydrothermal method, oxygen
evolution reaction.

1. Introduction

Hydrogen is regarded as an attractive material for alternative energy to replace
fossil fuels thanks to its environmental friendliness and high calorific value. Hydrogen
production via electrolysis has the advantages of high efficiency, excellent adaptability,
and nearly zero carbon emissions [1]. Nevertheless, one of the critical barriers that limit
its application is the high overpotential of the formation of gasses [2], especially the
evolution of Oz, which involves the transfer of four electrons. To date, Ru/lr-based
compounds are proven to be efficient electrocatalysts for the oxygen evolution reaction
(OER), but it is unstable in alkaline media and is restricted by their high price and
scarcity [3]. Therefore, it is highly desirable to develop cost-effective, abundant, and
efficient electrocatalysts for OER.

Concerning the above matter, non-noble transition metal sulfides, particularly
bifunctional electrocatalysts, have received great attention due to their distinctive
structural features, rich active sites, and adjustable electronic properties and components [4].
With various valences, nickel could undergo different electronic transitions and is a
good candidate for electrocatalysts [5]. Previous research unraveled that the presence of
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Co can immensely boost the electrocatalytic activity of the catalyst by changing electron
distribution and optimizing the adsorption energy of NiS. Wang et al. used two-step
electrodeposition to prepare Co-NiS-NF that can lower the overpotential to less than
300 mV at a current density of 20 mA c¢cm? [6]. Bu et al. employed solvothermal
processes to first synthesize MOF precursor and then CogSg-NizS2/NF to achieve an
overpotential of 233 mV at a current density of 10 mA cm and corresponding Tafel
slope of 116.75 mV dec? [7]. Tong et al. reported an atomic layer deposition to form
CoO film and later synthesis of the Co12@Ni3S2/NF by hydrothermal at 150°C for 5h in
a vacuum oven. The product showed excellent catalytic activity with a small
overpotential of 297 mV at 20 mA cm and a Tafel slope of 50.3 mV dec™ [8]. The
performance of these catalysts is relatively good, but the synthesis process is
difficult to achieve.

Herein, Ni-S and Co-Ni-S samples were fabricated on nickel foam via a simple
method of one-step hydrothermal and thereafter were used as electrodes for the OER in
alkaline electrolyte. The electrochemical properties and electrocatalytic performance of
the as-prepared electrodes were investigated.

2. Content

2.1. Experimental procedure

2.1.1. Materials preparation

The materials and chemicals used in this study all originated from China. Nickel
foam (NF) with a thickness of 0.5 mm was cut into rectangular pieces with dimensions
of 10 mm x 50 mm, soaked in ~1.0 M HCI solution for 30 min, and then washed several
times with distilled water (in combination with ultrasound) and with acetone. The NF
was then air-dried at 80°C and limited to ~1 cm? working area by a Teflon tape. 0.1 M
Ni(NO3z)2, 0.1 M Co(NOz)2, 0.3 M (NH2).CS stock solutions, and 1.0 M KOH
electrolyte were prepared from the solids Ni(NOz3)2.6H20, Co(NOs3)2.6H20, (NH).CS
and KOH, respectively.

NiCo-S materials were synthesized on NF by hydrothermal methods as follows: NF
was soaked in a 50 mL mixed solution of Ni(NOz), and Co(NOz)> with a total
concentration of 0.02 M (Ni(NOs)2/ Co(NOs), ratio of 3/1, 1/1, 1/3, and 1/0,
respectively) and 0.06 M (NH.)2CS. These solutions were made from the stock
solutions above. Thereafter, the system was placed in a Teflon bottle in the autoclave at
140°C for 6 h. After being naturally cooled to room temperature, the samples were
removed from the reaction vessel, washed several times with distilled water, rinsed with
acetone, and dried in air at 80°C for 15 h. The obtained samples were labelled as
3Ni1Co-S, 1NilCo-S, 1Ni3Co-S, and Ni-S, corresponding to the Ni(NO3)2/Co(NO3)2
ratio used.

2.1.2. Characterization

SEM images of the samples were taken on a Hitachi-S4800 scanning electron
microscope. EDX spectra were characterized on a Horiba 7593H energy dispersive
X-ray analyzer. XRD patterns were recorded on a Brucker-D8 Advance diffractometer.
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The electrochemical characteristics of the samples were determined on a VMP3
Multichannel Potentiostat with a three-electrode cell. The reference electrode, counter
electrode, and working electrode are saturated calomel electrode (SCE), Pt foil (~2
cm?), and the as-prepared electrodes, respectively. Measurements were performed in 1.0
M KOH solution at room temperature (25°C). Before testing, dissolved O2 was removed
by N2 bubbling for 30 min. The measured potentials are iR-corrected for the solution
resistances according to the following equation:

EiR -corrected = Emeasured —iR (1)
where i is the current and R is the ohmic electrolyte resistance measured by
electrochemical impedance spectroscopy.

For ease of comparison, all potentials reported in this manuscript were converted to
the reversible hydrogen electrode (RHE) according to the following equation:

2.30F3RT oH+E2., (2)

Erve =Esce +

At 25°C, the measured pH value of 1.0 M KOH is 1365 [9] and Eg.
=0.2412Vvs. RHE, s0 Erne = Esce + 0.05916 x 13.65 + 0.2412 = Esce + 1.0487,
where Esce = EiR -corrected.

2.2. Results and discussion
2.2.1. Physical properties

PEES

Figure 1. SEM images of the as-prepared samples
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Figure 1 presents SEM images of the synthesized samples. For comparison, Figure 1
also introduces SEM images of NF. It can be seen that the surface of the NF is relatively
flat and even. All the as-prepared materials consist of nanoflake arrays which are
aggregated loosely to create porosity for the material. On the surface of the 3Ni1Co-S
sample, there are also small particles that increase the roughness of the material. The
large specific surface area and porous structure ensure good contact between the catalyst
and an electrolyte and take full advantage of the synthesized material.

A typical EDX spectrum of the 1NilCo-S sample in Figure 2 shows that Ni, Co,
and S were mostly present. There is no characteristic peak of N, which proves that the
NO; ion has been removed from the material during the washing procedure after

synthesis. Three spots on each sample were used for the EDX analysis, and the average
percentage of the elements was shown in Table 1. It can be seen that Ni makes up the
largest percentage, which might come from the synthesized NiS and nickel foam
substrate. Nevertheless, the percentage of Ni and Co are in accordance with the ratio of
the starting materials.

4 5
5247 ke (7 cts)

Figure 2. EDX spectrum of 1Ni1Co-S sample
Table 1. Elemental composition of the as-prepared samples

Weight percentage (%)
Sample -
C O S Co Ni Total
Ni-S 1.25 2.00 26.55 0 70.20 100
3NilCo-S 2.86 3.00 24.29 2.26 67.60 100
INi1Co-S 2.37 5.62 20.88 4.34 66.79 100
INi3Co-S 3.20 7.89 16.00 6.95 65.96 100

The results obtained from the X-ray diffraction test (not shown here) indicate that
the synthesized sample on NF is in amorphous form since the XRD pattern exhibits
only two diffraction peaks at 20 = 44.5° and 50.8° which corresponds to the planes of
reflection of (111) and (200) of nickel [10].

2.2.2. Electrochemical characterization

In Figure 3, the cyclic voltammetry (CV) curves of the as-prepared materials are
recorded at a 2 mV/s scan rate within a potential window of 0.8~1.6 VV vs RHE in 1.0 M
KOH electrolyte. For comparison, this figure also shows the CV curve of NF. It can be
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seen that the CV curves of the samples can be divided into three parts corresponding to
three reduction potential ranges.
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Figure 3. CV curves in 1.0 M KOH electrolyte: a) of NF and the as-prepared samples
at a scan rate of 2 mV s and b) of NF, Ni-S and 1Ni1Co-S at a scan rate of 1 mV s
(The current density of the NF sample is amplified by 10 times)

In the range of E = 0.8 — 1.1V vs. RHE, there is no reduction peak, but the current
density is different from 0. This phenomenon is explained by the effect of the electric
double layer on the electrode surface.

In the range of E > 1.55 V vs RHE, the OER happens according to the electrode reaction.

40H" — O2 + 2H20 + 4e” (3)

In the range of E = 1.1 — 1.55 V vs. RHE, there are oxidation and reduction peaks
that are assigned to the oxidation and reduction processes of Ni and Co compounds on
the electrode surface, two redox peaks for Ni-S sample, and only one redox peak for Ni-
Co-S sample. To clarify the occurrence of these peaks, CV curves at a scan rate of 1 mV s
were recorded for NF, Ni-S, and 1Nil1Co-S samples (the current density of the NF
sample is amplified by 10 times to facilitate observation) (Figure 3b). There is one
reduction peak at ~1.28 V vs. RHE and one oxidation peak at ~1.4V vs. RHE for the NF
sample, which could be assigned to the reduction of Ni(lll) to Ni(ll) and the oxidation
of Ni(Il) to Ni(lI1) according to the equation (4) [11].

Ni(OH)2 + OH" == NiOOH + H,0 + ¢’ 4)

In an alkaline solution, Ni can form different hydroxides, a-Ni(OH)2 and B-NiOH)>.
And when oxidized it will form y-NiOOH and B-NiOOH, respectively. Therefore, the
presence of two redox peaks can be ascribed to two oxidation reactions a-Ni(OH)2 — v-
NiOOH, B-NiOH), — B-NiOOH and the latter occurring at a higher anodic potential [5].
For samples containing Co, the appearance of only one pair of oxidation-reduction
peaks can be explained by the interaction between Ni, Co, and O to produce a more
stable compound. As shown in the EDX analysis, the presence of increasing Co
concentrations gradually increased the amount of O and gradually decreased the amount
of S in the material samples. This also causes the reduction and oxidation peaks to shift
slightly to a smaller potential region than in the absence of Co.

In order to determine the electrochemical properties of the as-prepared samples in
more detail, the CV data were exploited at different potential intervals.
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Figure 4. CV curves of a) Ni-S, and b) 1Ni1Co-S in the non-Faradic region
at different scan rates
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Figure 5. Anodic and cathodic charging current densities measured
at 0.9 V vs. RHE plotted as a function of scan rate

(1) In the non-Faradic region from 0.8 to 1.0 V vs RHE, the CV at scan rate from 5
to 35 mV/s was recorded for Ni-S and 1NilCo-S samples and illustrated in Figure 4.
The near parallelogram shape of the CV curves is typical for the capacitive properties of
the electrical double layer on the surface of the electrode material. There exists a little
deformation in the corner of the rectangular shape, which is caused by the resistance of
the solution and the measuring system. The unchanged shape of the CV curves up to 35
mV st demonstrates rapid ion transportation and a good scan rate capability. To
calculate the average double layer capacitance (Ca) at E = 0.9 V vs. RHE, the cathodic
and anodic current densities at this potential were plotted as a function of scan rate and
shown in Figure 5. From the slopes of these lines, Caqi was calculated according to
equation (5) [12] and summarized in Table 2.

. dE
1= Cdl E = Cdlv (5)

It can be seen that the double-layer capacitance of the sample is between 4.86 and
6.35 mF cm™. The introduction of Co to the Ni-S material increases the double layer
capacitance from 4.86 to higher than 5.98 mF cm, in particular, the 1Ni1Co-S shows
the highest Cq of 6.35 mF cm™. This improvement in capacitance might be due to the
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more ion-accessible sites resulting from the large exposed active surface area [13] that
in turn could exhibit better electrocatalytic activity.
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Figure 6. CV curves of Ni-S and 1NilCo-S in 1M KOH electrolyte
at different scan rates
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Figure 7. Cathodic peak densities as a function of scan rate
(if) In the Faradic region of 1.1~1.6 V, CV measurements were conducted at
different scan rates (2 to 8 mV s) to determine the surface concentration of the redox
active site (I'o). Typical CV curves of Ni-S and 1Ni1Co-S samples were illustrated in
Figure 6. The I'c was deduced from the slope of the linear relationship between the
current of the reduction peak and the scan rate, following the equation (6) [14]:

n’F?AT,

— (6)
4RT

where n = 1, F = Faraday’s constant, A = surface area, I'c = surface concentration of

redox active site, R = ideal gas constant, and T = temperature.

The reduction peak current is plotted against the scan rates and the calculated value
of the surface concentration of the redox active site was summarized in Table 2. I'o was
only 5.32 umol cm™ in the Ni-S sample but increase to 5.73 umol cm™ in the 3Ni1Co-S
sample and 6.20 umol cm in the 1Ni1Co-S sample. This might be explained by the

slope =
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synergistic effect of Co [15]. However, the Co/Ni ratio in the starting sample increased
to 3/1 (1Ni3Co-S), T'o on the contrary decreased to 2.31 pmol cm™.
Table 2. Double layer capacitances of the samples at E = 0.90 V vs. RHE and the
surface concentration of the redox-active site

Double laver capacitance The surface concentration
Sample c y F P > of the redox-active site
(Ca, mF cm™) (To, pmol cm?)
Ni-S 4.86 5.32
3NilCo-S 6.03 5.73
INilCo-S 6.35 6.20
INi3Co-S 5.98 2.31
300 T T T 1.57
a) — Nis b) 1Ni1Co-S
250 T cos 1ssy
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Figure 8. a) CV curves at a scan rate of 1 mV s and b) chronopotentiometry curves
at difference current density of 1Ni1Co-S of 1Nil1Co-S

(iii) To exploit the OER potential region, the CV curves with a scan rate of 1 mV s
of the prepared samples were recorded and presented in Figure 8a. A hysteresis loop can
be observed in the 1.5~1.6 region (the inserted picture) which is probably due to the
hindering effect of the bubbling of O> escape on the electrode surface. Of all the
electrodes investigated, in the potential of OER region the current density of 1Ni1Co-S
is higher than that of other electrodes, showing the best catalytic activity among the
studied samples. To determine the electrocatalytic activity for the OER of the samples,
the overpotential (n) at a current density (j) of 10 mA cm was calculated using the
following equation:

N = Erre- 1.229 (7)

The obtained overpotential of this study and some other similar studies are
summarized in Table 3. The overpotential at 10 mA cm of the prepared electrodes is
within 276-304 mV and follows the order: 1Ni1Co-S < 1Ni3Co-S < 3NilCo-S < Ni-S.
The 1Ni1Co-S sample displayed the lowest overpotential of 276 mV at 10 mA cm™.
This proves that the 1Ni1Co-S sample has the best electrocatalytic performance for the
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OER process and can be explained by the fact that this sample exhibit the largest
exposed active surface area and the highest value of the surface concentration of the
redox-active site as discussed above.

It is also found from Table 3 that the overpotential at 10 mA cm of the 1Ni1Co-S
sample is approximately the same as that of similar materials. In addition, the
experiment results show that this electrode can function well at high current density. It
reaches current densities of 50 and 100 mA cm at an overpotential of 317 and 340 mV
respectively, and in particular, this sample achieved a current density as high as 260 mA
cm at an overpotential of 387 mV.

Table 3. Overpotential at 10 mA cm current densities of some catalysts for OER

Sample Substrate @ 112) (rzl: lm'z Ref.
Ni-S NF 304 This study
3NilCo-S NF 287 This study
INi1Co-S NF 276 This study
INi3Co-S NF 285 This study
Nio.3Feo.07C00.2Ce0.430x GC 370 [16]
Co-NisSz NF 274 [17]
Nio.25C0O0.75(0OH)2 GC 352 [18]
NiCo-LDHs NF 367 [19]

The catalytic stability of the typical sample 1NilCo-S was studied at current
densities of 10 mA cm and 50 mA c¢m2 and the results were shown in Figure 8b. It can
be seen that the 1Ni1Co-S sample exhibits good stability after 5 hours of continuous
testing without any increase in potential. These results make it a promising anode
electrocatalyst for practical applications of water splitting.
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Figure 9. Tafel plots of the as-prepared samples in 1 M KOH electrolyte
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Tafel slopes are used to determine the kinetics of the OER process. A low Tafel
slope results in a fast increase in the current density through a small increase in
overpotential indicating fast electrochemical kinetics of the OER. Besides, a Tafel slope
may provide insightful information about the reaction mechanism of the target system.
Tafel slopes were calculated by fitting polarization data to the Tafel equation (8) and
illustrated in Figure 9.

1 =a+ bxlog|j| (8)
where a is a constant and b is the Tafel slope.

The OER is known as a 2 or 4 electron step, and the reaction mechanism is
complicated. Based on the literature, we considered the mechanism under alkaline
conditions following the Krasil’shchikov path [20]

M+OH™ — MOH +e" 9)
MOH+OH™ — MO +H,0 (10)
MO~ — MO+e” (11)
2MO -0, + 2M (12)

where M stands for an empty active site. Typically, OH~ first adsorbs on the empty
active site to form the adsorbed MOH (Equation 9). This adsorbed MOH intermediate
adsorbs another OH~ to form adsorbed MO~ (Equation 10). The adsorbed MO~
intermediate gives up an electron to form adsorbed MO (Equation 11). Finally, the two
MO intermediates react with each other to form O and free the active site (Equation 12).

According to the literature, the Tafel slope of 60 mV dec?! and 40 mV dec?
suggests that steps (10) and (11) respectively determine the overall rate [20]. The Tafel
slope of the prepared samples is in the range of 51.3 — 65.2 mV dec™. These Tafel
slopes are near 60 mV dec?, indicating that the OER on the prepared samples may be
controlled by the formation of MO~ intermediate. The lowest Tafel slope of 51.3 mV s
(near 40 mV dec?) indicating the OER process may be controlled also by the formation
of the MO intermediate [20].

3. Conclusions

In this study, Ni-S and Ni, Co-S materials were successively synthesized on nickel
foam by hydrothermal method. The samples are in an amorphous form consisting of
small pieces arranged loosely to create porosity. Ni, Co-S materials exhibit better
electrocatalytic activity for the OER process than Ni-S materials due to the synergetic
effect of Co. The catalytic performance depends on the ratio of Ni/Co in the synthesized
solution. The sample prepared with Ni/Co equal 1/1 (1NilCo-S) exhibits superior
catalytic activity for OER in basic medium with low overpotentials of 276 mV and 387
mV at a current density of 10 mA cm and 260 mA cm, respectively. In this sample,
the formation of MOH and MO may be the controlled steps in the mechanism of
the OER process.
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