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ABSTRACT
As an important part of water splitting, the oxygen evolution reaction (OER) requires efficient, low- 
cost, and stable catalysts to overcome its sluggish kinetic barrier. In this study, based on previously 
reported OER catalyst materials of boron monosulfide mixed with graphene (r-BS+G), nickel foam 
(NF) is introduced as a supporting material for an r-BS+G electrocatalyst. The resulting r-BS+G-NF 
exhibits a very low overpotential at 10 (245 mV), 100 (308 mV), and 500 (405 mV) mA cm−2, with 
a low Tafel slope (56 mV dec−1). In addition, r-BS+G-NF exhibits high durability and can maintain 
high activity for more than 100 h at 100 mA cm−2. This is in sharp contrast to the catalyst without 
graphene (r-BS+NF), which shows lower durability. The results suggest that the unique morphology 
of the NF provides a large electrochemically active area and exposes more active sites on the 
surface of the prepared electrocatalyst, while the flexible graphene sheets play an important role as 
a support for effectively combining r-BS and NF. Consequently, the self-supporting structure can 
improve the OER performance as well as stability. Therefore, this study provides a promising 
strategy for use as an efficient and stable OER catalyst at high current densities.

IMPACT STATEMENT
In the realm of electrocatalysis and the quest for sustainable energy conversion and storage 
technologies, our research introduces a distinctive contribution in the form of a nickel-foam- 
based boron monosulfide – graphene electrocatalyst (r-BS+G-NF) for the Oxygen Evolution 
Reaction (OER). Thanks to the porous structure of nickel foam and the important role of 
graphene in combining r-BS and nickel foam, r-BS+G-NF exhibits high catalytic activity and 
long durability for up to 100 hours. The findings presented in this paper represent a significant 
advancement in the field of electrocatalysis, with the potential to impact the development of 
cleaner and more efficient energy conversion and storage technologies.
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1. Introduction

The excessive consumption and subsequent shortage 
of fossil fuels have led to environmental pollution and 

energy crises. Thus, the development of renewable, 
clean, efficient, and environmentally friendly energy 
sources has become increasingly important to combat 
these issues. Hydrogen, which has the advantages of 
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a high energy density and zero carbon emissions, is 
considered one of the most promising energy sources 
[1]. Currently, the preparation of hydrogen primarily 
involves natural gas reforming, petroleum cracking, 
coal gasification, and electrochemical water splitting 
[2]. Water splitting plays an important role in hydro-
gen production because of its environmental friendli-
ness and high purity [3,4].

Electrochemical water splitting involves two half- 
reactions, namely the hydrogen and oxygen evolu-
tion reactions (HER and OER, respectively) [5]. 
The HER involves a dynamic two-electron-transfer 
process. However, the OER is less efficient than the 
HER, involving an uphill complex four-electron 
transfer reaction, which is the main energy barrier 
limiting the efficiency of water decomposition and 
conversion [6]. Therefore, the introduction of an 
efficient OER catalyst can significantly reduce the 
overpotential and improve catalytic efficiency. 
Noble metal oxides, such as RuO2 and IrO2, are 
recognised as active catalysts for the OER [7]. 
However, the scarcity and high price of precious 
metals have significantly hindered their widespread 
practical application. Therefore, the development of 
efficient and stable non-noble metal-based catalysts 
for the OER is a current research priority.

Currently, most electrocatalysts reported for the 
OER are based on transition-metal materials. In the 
past few years, transition non-noble metals, such as 
Ni, Co, Cu, Fe, and Mo, and compounds containing 
sulfides, selenides, tellurides, carbides, and nitrides 
have shown high catalytic performances [8–14], 
some of which even exceed those of the corresponding 
oxides and hydroxides. The exposure rate of metal- 
free catalysts is considerably lower than that of metal- 
based catalysts because the synthesis and performance 
of many metal-free catalysts require further improve-
ment [15].

In addition, hydrogen and oxygen bubbles are 
easily generated during the water-splitting process, 
especially under a high current density, which sepa-
rates some active materials from the substrate, thus 
greatly reducing the activity [16]. Further, the self- 
supporting structure is the most effective way to 
avoid using the adhesive that will bury some of the 
active part. Three-dimensional (3D) substrates, such 
as metal foams and meshes, are better suited for indus-
trial applications because of their unique characteris-
tics. The 3D framework of these substrates offers 
advantages such as high catalyst loading, smooth 
mass transfer, and improved electrode contact within 
the 3D networks. Metal foams with interconnected 
pore structures can be obtained through the high- 
temperature sintering of metals. This structure pro-
vided a larger surface area and enhanced material 
transport pathways, resulting in increased catalyst 
loading and superior mass transfer capabilities [9]. 

Among 3D substrates, 3D nickel foam (NF) with 
a high conductivity, large surface area, good stability, 
and affordability, is considered a promising substrate 
[17–19].

Previously, we reported a rhombohedral boron 
monosulfide (r-BS) mixed with graphene (r-BS+G) as 
a new metal-free electrocatalyst, which showed promis-
ing electrocatalytic activity with much better perfor-
mance than that of most reported metal-free catalysts 
in 1 M KOH solution [20]. The catalytic performance of 
the r-BS+G electrocatalyst was maintained for 500 cyc-
lic voltammetry (CV) cycles and declined after 1000 CV 
cycles due to the separation of materials from the elec-
trode [20]. In this work, to solve this problem and 
increase the stability for r-BS+G catalyst, we used NF 
as a self-supporting working electrode (r-BS+G-NF). 
After dropping the sample ink onto the NF, the stability 
of the r-BS+G significantly improved. Specifically, r-BS 
+G-NF could remain stable for over 100 h at 100  
mA cm−2, and the Tafel slope was significantly reduced 
from 210 mV dec−1 (r-BS+G) to 56 mV dec−1, which 
provided more possibilities for future practical applica-
tions. In addition, r-BS+G-NF exhibited superior per-
formance and stability as an electrocatalyst for the OER 
compared with the case of without graphene (r-BS 
+NF), which suggests that flexible graphene sheets 
played an important role as a support for effectively 
combining r-BS and NF.

2. Method

2.1 Materials

Amorphous boron (>99.5%) was prepared by the 
decomposition of B2H6 (Primary Metal Chemical, 
Kanagawa, Japan). Sulfur (99%) was purchased from 
Wako Pure Chemical Industries Ltd. (Osaka, Japan). 
Graphene nanoplates (GNPs) (5–7 layers), Nafion (5 wt 
% in lower aliphatic alcohols and water), KOH (97%), 
and commercial RuO2 (99.9%) were purchased from 
Sigma-Aldrich (Japan). NF (200 mm × 300 mm × 1.5  
mm) was purchased from Amazon (Santuo). Solvents 
were purchased from commercial sources.

2.2 Synthesis of r-BS

r-BS was synthesised using a previously reported 
method [20–23]. Boron and sulfur were mixed in 
a 1:1 atomic ratio in a mortar and compressed at 200 
kgf cm−2 to form pellets. The pellets were packed in 
hexagonal boron nitride (h-BN) capsules and sand-
wiched between NaCl and graphite discs to prepare 
the cells. The cells were heated at 1873 K for 40 min at 
5.5 GPa using a belt-type high-pressure apparatus with 
a cylindrical bore diameter of approximately 32 mm 
[24], quenched, removed, and crushed into powder 
with a mortar and pestle.
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2.3 Preparation of r-BS+G

To prepare r-BS+G, 5 mg of r-BS powder and 10 mg of 
GNPs were suspended in 1 mL of ethanol, followed by 
1 h of bath sonication (500 W, 60 Hz, AS ONE Ltd., 
Japan). To generate an ink for electrochemical mea-
surements, a Nafion solution (50 µL) was added to the 
r-BS+G mixture in ethanol.

2.4 Preparation of r-BS+G-NF, r-BS-NF, 
graphene-NF, and RuO2-NF

The NF was pre-treated before being used in further 
experiments. It was further sonicated in acetone to 
remove surface oil stains, soaked in 20% hydrochloric 
acid (5 min) to remove surface oxide films, and 
cleaned via ultrasonication using distilled water and 
ethanol in sequence. Then, the prepared r-BS+G ink 
was dropped five times on the treated NF (10 µL every 
time, a total of 50 µL), and after drying, r-BS+G-NF 
was obtained. r-BS-, graphene-, and RuO2-NFs were 
prepared similarly. The r-BS, graphene, and RuO2 inks 
all contained 5 mg of active materials, 1 mL of ethanol, 
and 50 µL of Nafion.

2.5 Characterisation

Powder X-ray diffraction (XRD) analysis was carried 
out with a Cu Kα X-ray source (wavelength λ =  
1.540598 Å) using a Rigaku MiniFlex (Tokyo, Japan). 
XRD patterns were recorded using a D/teX Ultra sili-
con strip detector (Rigaku) at a speed of 0.05°s− 1 up to 
2θ = 80°, where θ is the angle of incidence. Scanning 
electron microscopy (SEM) and electron probe micro-
analysis (EPMA) were conducted with an operating 
voltage of 10 kV using a JXA-8530F instrument (JEOL 
Ltd., Japan). Raman spectroscopy was performed 
using a multichannel Raman imaging system (ST 
Japan Inc., Tokyo, Japan) at an incident wavelength 
of 532 nm. X-ray photoelectron spectroscopy (XPS) 
measurements were carried out with a Mg Kα X-ray 
source (λ = 1253.6 eV) using a JPS 9010 TR spectro-
meter (JEOL Ltd.). The specimens were positioned on 
a strip of graphite tape. As electric charge accumulated 
in the specimen, it displaced the binding energy 
towards higher values. The extent of this charge build- 
up was standardised using the C 1s peaks of graphene 
and graphite tape at 284.6 eV.

2.6 Electrochemical measurements

All electrochemical measurements were performed 
using a CorrTest CS2350H electrochemical worksta-
tion in 1 M aqueous KOH with an H-type electro-
lytic cell (GOOSS UNION Co., Ltd., China; Figure 
S1). The prepared r-BS+G-NF acted as a self- 
supporting working electrode, Hg/HgO (1 M KOH, 

aqueous) or Ag/AgCl was used as the reference 
electrode, and a Pt wire was used as the counter 
electrode. All the electrodes were purchased from 
BAS Inc., Japan, except for the active material and 
NF. Electrochemical data were calculated using 
a measured geometric area of 0.5 cm2 to match the 
actual soaking area of KOH. This measured area was 
maintained for all testing processes. For each mea-
surement, the prepared ink (50 μL) was dropped 
thrice onto the pre-treated NF to achieve a final 
catalyst loading of 0.5 mg cm−2. Linear sweep vol-
tammetry (LSV) curves were recorded at a scan rate 
of 5 mV s−1, and the obtained potential was sub-
jected to iR correction. The LSV curves recorded 
before and after 2000 CV cycles (1.20–1.55 V vs. 
reversible hydrogen electrode (RHE), scan rate =  
100 mV s−1) and the chronopotentiometry curves 
measured at 100 mA cm−2 for 20 or 100 h were 
compared to evaluate the electrocatalytic stability of 
the catalysts. The double-layer capacitance (Cdl) was 
used to examine the electrochemically active surface 
area (ECSA) in the potential range of 0.82–0.92 V vs. 
RHE. Electrochemical impedance spectroscopy (EIS) 
measurements were performed in the frequency 
range of 1 × 105 to 0.1 Hz at 1.6 V vs. RHE with 
a perturbation amplitude of 5 mV.

All experiments were conducted at ambient tem-
perature (298 ± 2 K), and the electrode potential was 
converted to the RHE scale as follows:

E(RHE) = E(Hg/HgO) + 0.0591* pH +0.108 V= E 
(Hg/HgO) + 0.935 V (pH 14) and

E(RHE) = E(Ag/AgCl) + 0.0591 * pH +0.199 V = E 
(Ag/AgCl) + 1.026 V (pH 14)

Thus, the reversible potential of water oxidation, 
namely 1.23 V vs. RHE at pH 14, could be calculated as 
0.295 V vs. Hg/HgO/1.0 M KOH at pH 14 
(1.230 − 0.935 V = 0.295 V) and 0.204 V vs. Ag/AgCl 
at pH 14 (1.230 – 1.026 V = 0.204 V).

2.7 iR correction

Ohmic loss correction was conducted for polarisation 
curves recorded on different support surfaces as 
Ecorrected = E – iRu, where Ecorrected is the iR-corrected 
potential, E is the measured potential, i is the mea-
sured current, and Ru is the series resistance measured 
by EIS.

3. Results and discussion

The XRD pattern of r-BS+G was a combination of 
those of r-BS and GNPs (Figure S2(a)). The XPS 
results confirmed that physically mixing r-BS and 
GNPs there did not shift the B 1s or S 2p peaks 
(Figure S3). When the r-BS+G sample ink was 
dropped onto a normal glassy carbon electrode 
(GCE) as the working electrode, it showed 
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a notable OER performance in 1 M KOH, and the 
overpotential of r-BS+G at 10 mA cm−2 was 250 mV, 
which was 50 mV lower than that of commercial 
RuO2 (Figure S4), as previously reported [20]. (The 
crystal and particle sizes of each sample are pre-
sented in Table S1 and Figure S5). However, the 
stability of r-BS+G was not as good; it could only 
maintain high performance for 500 CV cycles, which 
was ascribed to material separation from the GCE 
surface when oxygen bubbles were generated at 
a high current density, as reported previously [20]. 
In this study, NF was introduced as a support to 
improve the stability of an r-BS+G electrocatalyst 
(Figure 1). As shown in Figure 2(a), the NF has 
a porous structure, and the crisscross holes are con-
ducive to gas precipitation and largely protect the 
catalyst against material loss caused by the genera-
tion of bubbles. After the sample ink was dropped 
onto the pretreated NF, the framework of NF sup-
ported the r-BS and GNP particles well, as shown in 
Figure 2(b). The light grey network is the nickel 
skeleton, the grey particles in the middle are r-BS, 
and the black particles are GNPs, as verified using 
EPMA (Figure 2(c)).

All electrochemical tests were performed in a 1.0 M 
KOH electrolyte using a standard three-electrode sys-
tem. The prepared sample-NF was used as the working 
electrode. LSV was performed to obtain polarisation 
curves corrected by iR-compensation. As shown in 
Figure 3(a), bare NF exhibited a poor OER perfor-
mance. The r-BS+G-NF electrocatalyst showed the 
best catalytic activity for the OER, and its overpoten-
tial at 10 mA cm−2 was 245 mV, which was lower than 
those of r-BS-NF (272 mV), commercial RuO2-NF 
(270 mV), graphene-NF (320 mV), and bare NF (351  
mV). Remarkably, r-BS+G-NF presented high current 
densities of 100 and 500 mA cm−2 at 308 and 430 mV 
for the OER, respectively, whereas for commercial 
RuO2-NF, overpotentials of 365 and 513 mV were 
required to reach the same current densities 
(Figure S6).

The Tafel slope is another important factor for 
evaluating electrocatalysts (Figure 3(b)). The Tafel 
slope was obtained by the linear fitting of the corre-
sponding LSV curves using the Tafel equation. The 
r-BS+G-NF electrocatalyst displayed the lowest Tafel 
slope of 56 mV dec−1, while the Tafel slopes of r-BS- 
NF, RuO2-NF, graphene-NF, and bare NF were 65, 

Figure 1. Schematic illustration of the synthesis of a nickel-foam-based boron monosulfide – graphene electrocatalyst (r-BS 
+G-NF).

Figure 2. (a,b) Scanning electron microscopy (SEM) and (c) Electron probe microanalyzer (EPMA) images of the r-BS+G-NF 
electrocatalyst.
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105, 74, and 97 mV dec−1, respectively. The smaller 
Tafel slope of r-BS+G-NF indicates superior OER 
kinetics. In this regard, the performance of r-BS 
+G-NF was significantly better than that of the pre-
vious samples without the NF support, namely r-BS 
+G (210 mV dec−1) [20]. This indicates that their rate- 
determining steps differ and/or that different reactions 
occur. A comparison of the OER performances of all 
samples is listed in Table S2. The value of r-BS+G-NF 
was better than those of recently reported NF-based 
catalysts (Table S3), showing its remarkable potential. 
In addition, CV was conducted on all of the catalysts 
over a wide electrochemical window, as shown in 
Figure S7, and a notable peak appears at ~1.42 V vs. 
RHE in all cases, which is ascribed to the reversible 
transformation of β-Ni(OH)2 into β-NiOOH [25,26]. 
For r-BS+G-NF, r-BS-NF, and RuO2-NF, this oxida-
tion/reduction peak is much more intense than that 
for bare NF and graphene-NF, implying a larger 
amount of oxidation/reduction sites on the NF in the 
three former catalysts [25]. This is probably because 
the species produced on r-BS, r-BS+G, or RuO2 (such 
as intermediate species on the active sites for the OER) 
diffuse to the NF, thereby creating new oxidation/ 
reduction sites, which initiate this peak. Further care-
ful analysis is required to understand the origin of the 
difference in the peak intensities near 1.42 V vs. RHE.

EIS was performed using an equivalent circuit to 
further explore the kinetics of the catalysts during 
electrocatalysis. The Nyquist diagrams of the experi-
mental and fitting data for all samples measured at 1.6  
V vs. RHE. As shown in Figure S8, the Nyquist plot 
was fitted using the Randles equivalent circuit model. 
r-BS+G-NF exhibits a smaller semicircle, indicating 
superior conductivity and more rapid electronic trans-
port. The charge-transfer resistance (Rct) can be 
obtained from the semicircle diameter drawn by EIS, 
where a lower value indicates faster dynamics [27]. 
The Rct values of bare NF, graphene-NF, RuO2-NF, 
r-BS-NF, and r-BS+G-NF were 2.27, 1.83, 1.56, 1.22, 

and 0.72 Ω, respectively. As described above, r-BS 
+G-NF exhibited the smallest Rct, which implies 
increased electrochemical activity and/or an increased 
number of active sites. (Detailed information on the 
Rct and Ru values is provided in Table S4).

Taken together, these results indicate that although 
NF can play an important role as a superior support 
material, for example by providing higher electronic 
conductivity, it cannot fully encapsulate the r-BS par-
ticles and thus cannot effectively provide sufficient 
conductivity to each r-BS particle. In contrast, flexible 
graphene can closely combine with r-BS, enabling 
each r-BS particle to obtain a certain degree of con-
ductive support. Consequently, combining the super-
ior large-scale NF support with graphene as the local 
flexible support material delivers the best perfor-
mance, as shown in Figure 3.

The stability of the r-BS+G-NF was tested using CV 
and chronopotentiometry. As shown in Figure 4(a), 
after 2000 CV cycles between 1.20 and 1.55 V vs. RHE, 
r-BS+G-NF only showed limited degradation, and its 
morphology also exhibited limited changes (Figure 
S9), demonstrating high catalytic stability and promise 
for industrial applications. Meanwhile, the stability 
was also evaluated by chronopotentiometry. As 
shown in Figure 4(b), both the RuO2-NF and r-BS- 
NF showed a trend of continuously increasing voltage 
during a prolonged chronopotentiometry test at 
a constant current density of 100 mA cm−2. This is in 
sharp contrast to the case of r-BS+G+NF, where 
a negligible change was observed (Figure 4(b)). 
Furthermore, r-BS+G-NF exhibited high durability, 
even for 100 h (Figure 4(c)). These results further 
suggest that as a support material for effectively com-
bining r-BS and NF, the flexible graphene sheets 
played a critical role in stabilizing the electrocatalyst.

The element content and structure of r-BS+G-NF 
before and after electrocatalysis were studied by SEM/ 
EDX and Raman spectroscopy. After electrocatalysis, 
the morphology of GNP changed slightly, while r-BS 

Figure 3. Electrochemical measurements of the as-prepared samples for the oxygen evolution reaction (OER): (a) Linear sweep 
voltammetry (LSV) curves and (b) Tafel slopes.
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maintained its original appearance, and the EPMA 
mapping images showed that B, S, and C remained 
stable (Figure S9). Raman spectra of r-BS+G-NF 
recorded under various conditions are shown in 
Figure 5. There were three distinct peaks in the small- 
wavenumber region (Figure 5(a)) at 319, 687, and 
1041 cm−1, which can be attributed to the A1(3), E 
(4), and A1(4) modes of r-BS, respectively 
(Figure 5(b)) [28]. The large-wavenumber region 
(Figure 5(c)) did not demonstrate major spectral 
changes, such as a peak shift or (dis)appearance, in 
r-BS+G-NF during the electrochemical measure-
ments. There were three major peaks in the large- 
wavenumber region at 1383, 1582, and 2705 cm−1, 
which can be attributed to the D-, G-, and 2D-bands 
of graphene, respectively (Figure 5(d)) [29]. These 
results demonstrate the stability of the prepared r-BS 
+G-NFs and provide a strong basis for future 
applications.

In addition, the ECSA was evaluated based on the 
Cdl measurement results [30]. Specifically, CVs were 
tested from 0.8 to 0.9 V vs. RHE at a scan rate between 
20 and 100 mV s−1 (Figure S10). By obtaining the 
ECSA data under the same conditions, it can be 
observed that r-BS+G-NF showed a larger Cdl (29.4 

mF cm−2) than r-BS-NF (21 mF cm−2), RuO2-NF (27.8 
mF cm−2), graphene-NF (25.7 mF cm−2), and bare NF 
(12.4 mF cm−2). A larger Cdl value suggests a larger 
electrochemical surface area for the electrocatalyst.

4. Conclusion

A freestanding high-efficiency electrocatalyst (r-BS 
+G-NF) was synthesised using a simple method. 
Benefiting from the newly reported active material 
(r-BS) and 3D structure, the electrocatalyst exhibited 
significant OER activity, where flexible graphene sheets 
were suggested to play an important role as a support 
for effectively combining r-BS and NF. It required small 
overpotentials at high current densities (ƞ10 = 245 mV, 
ƞ100 = 308 mV, and ƞ500 = 405 mV) and exhibited a low 
Tafel slope (56 mV dec−1). In addition, it showed good 
stability after maintaining the current density at 100  
mA cm−2 for 100 h. Therefore, this study improves the 
deficiency of pure metal-free catalysts and provides 
a method to produce a catalyst with a novel morphol-
ogy, high activity, and stability under a high current 
density, thereby making the industrialisation of relevant 
energy devices possible.

Figure 4. Evaluation of the stability of the as-prepared electrocatalyst. (a) LSV curves of the r-BS+G-NF electrocatalyst recorded 
before and after 2000 cyclic voltammetry cycles (1.2–1.55 V vs. RHE). (b,c) Chronopotentiometry curves of the as-prepared 
electrocatalysts at a constant current of 100 mA cm−2 for (b) 20 h and (c) 100 h.
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