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A B S T R A C T   

The current energy crisis and environmental problems associated with the use of fossil fuels necessitate a 
transition to clean and sustainable energy carriers like hydrogen produced by electrocatalytic water splitting. 
Hence, the development of robust, low-cost, and high-performance oxygen evolution reaction (OER) electro-
catalysts has attracted considerable attention. Herein, an OER electrocatalyst for use in alkaline media is pre-
pared by hybridising rhombohedral boron monosulfide with graphene to provide electronic conductivity. The 
catalytic activity of the electrocatalyst (overpotential of 250 mV at 10 mA cm− 2) is higher than those of most 
previously reported counterparts. Our results pave the way for the design of electrocatalysts composed of 
abundant elements with a wide range of applications in renewable energy devices.   

1. Introduction 

Fuel cells, metal–air batteries, and water electrolysers have attracted 
increasing attention as renewable energy technologies owing to their 
high theoretical energy densities [1,2]. These devices comprise two 
subsystems, viz. the oxygen reduction reaction (ORR), or hydrogen 
evolution reaction (HER) on the cathode, and the oxygen evolution re-
action (OER), or oxidation of a chemical fuel on the anode. A higher 
energy (or overpotential) is required to overcome the kinetic hindrance 
associated with the OER than that for the HER, because the OER involves 
a four-electron transfer in contrast to the two-electron transfer process of 

the HER [3,4]. 
Since the sluggish OER kinetics restrict the practical applications of 

these systems for energy conversion and storage, various catalysts have 
been designed in the past few decades for accelerating the electrode 
kinetics and improving their stability in diverse electrolyte environ-
ments [5,6]. Currently, RuO2 is considered the best OER electrocatalyst 
because of its superior performance in both acidic and alkaline solutions, 
while IrO2 has equivalent activity and higher stability at high potentials 
[7]. However, these materials cannot be adopted on a large scale 
because of their reliance on precious metals. To address this issue, cat-
alysts based on non-precious metals, particularly transition metals, have 
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been designed [8–11]. OER catalysts containing transition metals and 
metal oxides have been extensively studied [12–14]. However, most of 
the reported materials are limited by low conductivity, low cost- 
efficiency, and/or environmental toxicity. Carbon-based materials 
such as heteroatom-doped carbon (nitrogen-, phosphorus-, and/or 
sulfur-doped graphene or carbon nanotubes (CNTs)) have also been 
reported as electrocatalysts [15–19]. These materials are advantageous 
as they are composed of abundant elements. Heteroatom doping is 
believed to increase the OER activity by redistributing the charges on 
the carbon atoms [20]. Zhang et al. [16] reported nitrogen and phos-
phorus co-doped mesoporous nanocarbons as bifunctional OER and ORR 
electrocatalysts. Density functional theory (DFT) calculations indicated 
that the edges of nitrogen- and phosphorus-coupled graphene flakes 
contained OER-active sites [16]. The phosphorus-doped graphite layers 
produced by Liu et al. [18] demonstrated higher OER activity than most 
previously reported OER catalysts and featured C–O–P moieties as the 
primary OER-active species. However, such doped carbon nano-
materials are typically prepared using complex multistep processes such 
as high-energy pyrolysis and hazardous chemical treatments. 

Rhombohedral boron monosulfide (r-BS) has recently been identified 
as a new parent material for fabricating catalysts. The structure of r-BS is 
similar to that of two-dimensional transition-metal dichalcogenides in 
that it has a layered structure with sulfur terminations on each layer 
[21]. In this study, we developed a promising OER electrocatalyst based 
on a mixture of r-BS and graphene (r-BS + G), wherein the graphene 
nanoplates (GNP) impart electrical conductivity to the catalyst. Multi- 
probe spectroscopic characterisation and electrochemical measure-
ments confirmed that the OER activity originates purely from r-BS + G. 
Finally, we discussed the possible active sites in r-BS. The OER activity of 
the developed catalyst in an alkaline medium exceeded those of most 
reported catalysts such as commercial RuO2. Our results suggest that r- 
BS + G, composed of abundant elements, can be utilized as a catalyst for 
renewable energy technologies. 

2. Materials and methods 

2.1. Materials 

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

2.2. Synthesis of r-BS 

r-BS was synthesised by the same method as reported previously 
[21]. Specifically, boron and sulfur were mixed in a 1:1 atomic ratio in a 
mortar, and the mixture was pressed at 200 kgf cm− 2 to form pellets. The 
pellets were packed in hexagonal boron nitride capsules, sandwiched 
between NaCl discs, and then sandwiched between graphite discs to 
prepare cells. The cells were heated at 1873 K for 40 min under a uni-
axial pressure of 5.5 GPa using a belt-type high-pressure apparatus with 
a cylinder bore diameter of approximately 32 mm [22]. The cells were 
then quenched, after which the material was removed from the cells and 
crushed with a mortar and pestle into a powder. 

2.3. Preparation of r-BS + G ink 

r-BS powder (5 mg) and GNP (10 mg) were suspended in ethanol (1 
mL) and sonicated for 1 h as the preparation of r-BS + G. Then, 50 µL of a 
Nafion solution was added to the r-BS + G mixture in ethanol to prepare 
the ink of r-BS + G. Samples with varying r-BS to GNP mass ratios were 

prepared while maintaining the same amount of r-BS (5 mg). 

2.4. Preparation of B + S + G ink 

To prepare the ink of B + S + G mixture, boron (1.25 mg), sulfur 
(3.75 mg), and GNP (10 mg) were dispersed in ethanol (1 mL) along 
with 50 µL of Nafion, and the dispersion was sonicated for 1 h. The 
boron/sulfur atomic ratio was 1:1, i.e., the same ratio as that used to 
synthesise r-BS. Similarly, the B + S mixture to GNP mass ratio was 1:2, 
i.e., the same ratio as that used to prepare r-BS + G. 

2.5. Preparation of r-BS + CB ink and r-BS + CNT ink 

r-BS powder (5 mg) and carbon black (CB) or CNTs (10 mg) were 
suspended in ethanol (1 mL) and sonicated for 1 h. To generate an ink for 
electrochemical measurements, 50 µL of a Nafion solution was added to 
the mixture in ethanol. 

2.6. Preparation of ball-milled samples 

A planetary ball-mill (Fritsch PL-7, Flitch Japan) was used to perform 
ball-milling, and the container (capacity 20 cm3) and balls (diameter 1 
cm) were made of ZrO2. r-BS (100 mg) and six balls were put into the 
container, and milling was performed at atmospheric pressure, a tem-
perature of ~300 K, and a rotation speed of 400 rpm. Each cycle 
involved 5 min of rotation followed by a rest time of 30 s (the rest time 
was introduced to prevent a temperature rise during long-time opera-
tion). Ball-milling was performed for 15 min, 30 min, or 45 min. The 
ball-milled sample was named with the ball-milling time, for example, 
the r-BS sample that was ball-milled for 30 min was named “ball-milled 
30 min r-BS”. The sample inks of ball-milled r-BS + G were prepared as 
the same way with the r-BS + G sample ink. 

2.7. Preparation of other comparison sample inks 

For other comparison sample inks, 5 mg of sample (RuO2, GNP, or r- 
BS) was suspended in ethanol (1 mL) with 50 µL of a Nafion solution, and 
sonicated for 30 min before measurement. 

2.8. Preparation of r-BS-NF electrode and RuO2-NF electrode 

r-BS or RuO2 (5 mg) was dispersed in ethanol (1 mL) containing 
Nafion (50 µL), and the dispersion was sonicated for 20 min to obtain an 
ink for subsequent electrochemical measurements. Then, the ink (50 µL) 
was dropped on a pre-treated and cleaned piece of Ni foam (NF; 0.5 cm 
× 1.5 cm × 1.5 mm) to afford the working electrode. The pre-treatment 
of Ni foam for the cleaning is as follows: sonicate in acetone to remove 
surface oil stains, soak in 20% hydrochloric acid (5 min) to remove 
surface oxide film, and ultrasonic cleaning using distilled water and 
ethanol in sequence. 

2.9. Characterisation 

Powder X-ray diffraction (XRD) analysis was performed using a 
Rigaku MiniFlex (Tokyo, Japan) instrument with a Cu Kα X-ray source 
(wavelength λ = 1.540598 Å). Diffraction patterns were recorded using 
a D/teX Ultra silicon strip detector (Rigaku) at a speed of 0.05◦ s− 1 up to 
2θ = 80◦, where θ is the angle of incidence. Scanning electron micro-
scopy (SEM) and electron-probe microanalysis were performed using a 
JXA-8530F instrument (JEOL, Ltd., Japan) at an operating voltage of 10 
kV. Raman spectroscopy was conducted using a multichannel Raman 
imaging system (ST Japan Inc., Japan) at an incident wavelength of 532 
nm. Transmission electron microscopy (TEM) and scanning TEM 
(STEM) images were captured using a JEM-2100F TEM/STEM micro-
scope (JEOL, Ltd., Japan) equipped with an energy-dispersive X-ray 
spectrometer operating at 200 kV. Double spherical aberration (Cs) 

L. Li et al.                                                                                                                                                                                                                                        



Chemical Engineering Journal 471 (2023) 144489

3

correctors (CEOS GmbH, Heidelberg, Germany) were used to obtain 
high-contrast images with a point-to-point resolution of 1.4 Å. Energy- 
dispersive X-ray spectroscopy (EDS) profiles were collected using a 
JEOL JED-2300 T instrument. X-ray photoelectron spectroscopy (XPS) 
measurements were conducted using a JPS 9010 TR spectrometer (JEOL 
Ltd., Japan) equipped with a Mg Kα X-ray source (λ = 1253.6 eV). The 
sample was placed on a piece of graphite tape. As charge accumulation 
in the sample shifted the binding energy to higher values, the charge-up 
amount was calibrated using the C 1s peak of graphene and graphite 
tape at 284.6 eV. Particle size distributions of the electrolyte at different 
conditions were measured by dynamic light scattering using nano 
SAQLA (Otsuka Denshi, Osaka, Japan). Specific surface area of the 
samples was examined by the Brunauer-Emmett-Teller (BET) method 
using nitrogen adsorption and desorption isotherms by BELSORP-MAX 
G machine and its software (Microtrack Bell, Japan). 

2.10. Electrochemical measurements 

All electrochemical measurements were performed on a Corrtest 
CS2350H electrochemical workstation in 1 M aqueous KOH. The stan-
dard three-electrode setup consisted of an active material–loaded glassy 
carbon electrode (GCE) as the working electrode, a platinum wire 
counter electrode, and Hg/HgO (1 M KOH, aqueous) as the reference 
electrode. Except for the active material, all electrodes were purchased 
from BAS Inc., Japan. For each measurement, the prepared ink (15 μL) 
was dropped thrice onto the polished surface of the GCE to achieve a 
final catalyst loading of 0.225 mg cm− 2. Linear sweep voltammetry 
(LSV) curves were recorded at a scan rate of 2 mV s− 1, and the obtained 
potential was subjected to iR correction. The LSV curves recorded before 
and after 500 cyclic voltammetry (CV) cycles (1.20–1.53 V vs. reversible 
hydrogen electrode (RHE), scan rate = 100 mV s− 1) were compared to 
evaluate the electrocatalytic stability of the catalysts. The double-layer 
capacitance (Cdl) was used to examine the electrochemically active 
surface area in the potential range of 0.82–0.92 V vs. RHE. Electro-
chemical impedance spectroscopy measurements were performed in the 
frequency range of 105–10− 1 Hz at 1.7 V vs. RHE with an amplitude of 5 
mV. 

All experiments were carried out at ambient temperature (298 ± 2 
K), and the standard electrode potential of Hg/HgO/1.0 M KOH (MMO, 
mercury/mercury oxide) was 0.108 V vs standard hydrogen electrode 
(SHE) based on the manufacturer’s specification. Then, the potential of 
the Hg/HgO/1.0 M KOH reference electrode was calculated to the RHE 
scale at pH 14 as follows [23]: 

E(RHE) = E(Hg/HgO)+ 0.0591 × pH+ 0.108 = E(Hg/HgO) + 0.935 V.

Thus, the reversible potential of water oxidation, 1.23 V vs. RHE at 
pH 14, was calculated as 0.295 V vs. Hg/HgO/1.0 M KOH at pH 14 
(1.230 V − 0.935 V = 0.295 V). 

2.11. iR correction 

Ohmic loss correction was carried out for polarisation curves recor-
ded on different support surfaces as 

Ecorrected = E − iRu,

where Ecorrected is the iR-corrected potential, E is the measured potential, 
i is the measured current, and Ru is the solution series resistance 
measured by electrochemical impedance spectroscopy. 

2.12. Faradaic efficiency calculation 

The Faradaic efficiency (FE) was calculated as 

FE =
Iring

Ce × Idisc
,

where Idisc is the given current on the disc electrode and Iring is the 
current collected on the platinum electrode at a constant potential of 
0.40 V vs. RHE. This potential was selected to reduce the oxygen gas 
evolution on the disc electrode at a rotation rate of 1600 rpm in argon- 
saturated 1 M KOH. Ce is the oxygen collection coefficient (0.2) for this 
type of electrode configuration [17,24]. 

3. Results and discussion 

3.1. Characterisation of r-BS + G 

r-BS was synthesised by a previously reported high-pressure solid- 
state reaction [21], wherein a mixture of amorphous boron and sulfur 
with an atomic ratio of 1:1 was formed into a pellet and heated to 1873 K 
at 5.5 GPa. r-BS is a layered material with trigonal symmetry structure 
and an R 3 m space group (Fig. 1a). XRD analysis corroborated the 
single-phase nature of the synthesised r-BS powder (Fig. S1a) [21]. SEM 
analysis (Fig. S1b) revealed that most of the r-BS powder particles were 
larger than 10 µm, while some were only a few hundred nanometres in 
size. Raman spectroscopy (Fig. S1c) and XPS (Fig. S1d and S1e) of the as- 
synthesised r-BS powder provided results consistent with those reported 
previously [21], without demonstrating the presence of any other 
crystal phase, and thus indicated that the obtained r-BS powder was 
single phase. Because r-BS powder prepared by the method used here is a 
p-type semiconductor [25,26], its electrical conductivity must be 
increased to use it as an OER electrocatalyst. Therefore, we incorporated 
GNP into the r-BS. To prepare the r-BS + G mixture, r-BS powder and 
GNP were combined in ethanol and then exposed to bath sonication. 
TEM analysis of the r-BS + G powder showed that the r-BS was well 
supported by the graphene (Fig. 1b). The smaller dark objects in the 
TEM images correspond to r-BS, as verified by elemental mapping using 
EDS (Fig. 1c). The full-range EDS (Fig. S2a) and XPS (Fig. S2b) analyses 
of the r-BS + G samples detected only four elements (B, S, C, and O); 
thus, there are no impurity elements that might otherwise contribute to 
the OER. This conclusion was supported by the results of electro-
chemical measurements performed using only graphene or only r-BS, as 
discussed in Section 3.2. 

The SEM images and corresponding elemental mapping results of r- 
BS + G further indicate that r-BS and GNP maintained their morphol-
ogies in the mixture after the addition of Nafion (Fig. S3). This mixture 
incorporating Nafion was subsequently used for electrocatalytic per-
formance measurements. 

3.2. Electrocatalytic performance of r-BS + G 

The electrocatalytic performance of the r-BS + G powder was 
investigated using a three-electrode system in an alkaline electrolyte (1 
M KOH) and compared to that of commercially available RuO2 as a 
reference. LSV was performed to obtain polarisation curves, which were 
corrected using iR-compensation. As depicted in Fig. 2a and b, r-BS + G 
exhibited high OER activity with an overpotential of 250 mV at 10 mA 
cm− 2. This overpotential is 50 mV lower than that of commercial RuO2 
and lower than that of most reported OER electrocatalysts 
[17,19,24,27,28] (Table S1). Importantly, both r-BS and GNP exhibited 
inferior OER performance when evaluated independently. This result 
indicates that no impurity elements contributed to the OER performance 
in either the GNP or synthesised r-BS samples, which is consistent with 
the results of the EDS and XPS analyses in Section 3.1. Furthermore, CV 
curves were recorded at 10 mV s− 1 using the r-BS + G catalyst, which 
confirmed that no iron content due to the aqueous solution affected the 
electrochemical performance (Fig. S4) [29]. Moreover, a simple mixture 
of boron, sulfur, and GNP (B + S + G, Fig. S5a) did not show good OER 
performance. These results show that the high OER activity purely arises 
from the prepared r-BS + G. 

The above results confirm that the mixture of r-BS and GNP is key to 
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the increased OER catalytic activity of the r-BS + G catalyst. The mixing 
ratio between r-BS and GNP was found to affect the catalytic activity 
(Fig. S5b), with a r-BS/GNP weight ratio of 1:2 providing the best per-
formance (Table S2). When the r-BS/GNP weight ratio increased to 1:3, 
the catalytic performance decreased. In the SEM images (Fig. S6), many 
r-BS particles were covered by excess GNPs, which might block some 
active sites and lower the OER performance. Furthermore, a r-BS/GNP 
weight ratio of 1:1 offered lower catalytic activity owing to inadequate 
electrical conductivity. Indeed, SEM image (Fig. S6) shows aggregation 
of r-BS powders in the case of 1:1. The choice of carbon material also 
substantially influenced the catalytic properties. When GNP was 
replaced with CNTs or CB, the activity decreased significantly 
(Table S2), probably because the nanosheets of GNP acted as an ideal 
support for the r-BS powder, whereas the other carbon sources did not 
establish good interaction with r-BS (Fig. S5c). To verify this hypothesis, 
electrochemical impedance spectroscopy (EIS) measurements and SEM 
observations were conducted, as shown in Fig. S7. The EIS data were 
used to estimate Ru as 1.15, 2.54, and 2.25 Ω for r-BS +G, r-BS + CB, and 
r-BS + CNT, respectively. The smallest Ru value of r-BS + G indicates 
that GNP is the most effective at improving conductivity. SEM images of 
these three samples also clearly indicate the difference in their mor-
phologies (Figs. S7b–d). GNP consisted of smaller particles and formed 
closer connections with the r-BS particles compared with the other two 
samples, implying a larger improvement in conductivity that is consis-
tent with the EIS results (Fig. S7a). These additional data thus suggest 
that the best OER performance of r-BS + G is owing to better contact 
with the r-BS particles. 

For the commercial RuO2 catalyst, the OER started when the applied 
potential reached 1.47 V. However, by this voltage, the r-BS + G catalyst 
already had an OER current density of 7 mA cm− 2 (Fig. 2a). The elec-
trochemical measurements showed that the r-BS + G catalyst had a Tafel 
slope of 210 mV dec− 1, which is quite high compared to that of RuO2 
(Fig. 2c). This indicates that the rate determining process is different for 
the r-BS + G and RuO2 catalysts and/or that different reactions occur on 

them. A self-supported working electrode (r-BS on Ni foam, r-BS-NF) 
was prepared by impregnating cleaned Ni foam with a GNP-free sample 
ink containing only r-BS. As shown in Fig. S8a, the r-BS-NF electrode 
outperformed RuO2 on Ni foam (RuO2-NF). Replacing the GNP support 
with NF decreased the Tafel slope from 210 to 61 mV dec− 1 (Fig. 2c and 
S8b), which is comparable to that of RuO2. This result suggests that a 
small Tafel slope can be realised for r-BS by selecting an appropriate 
support material. 

The stability of the r-BS + G catalyst was also investigated using CV. 
As shown in Fig. 2d, after 500 CV cycles between 1.20 and 1.53 V, the 
performance of the r-BS + G catalyst experienced negligible degrada-
tion, demonstrating its durability. In addition, its morphology hardly 
changed after 500 CV cycles (Fig. S9), whereas the commercial RuO2 
catalyst did not maintain its activity after 500 CV cycles between 1.20 
and 1.53 V (Fig. S10a). However, after 2000 CV cycles, the performance 
of the r-BS + G catalyst degraded notably (Fig. S10b), presumably 
because the r-BS particles detached from the electrode surface and/or 
underwent undesirable reactions to form other phases during cycling 
(Fig. S10c-d). 

To determine whether the electrochemical current in Fig. 2a origi-
nates from the OER or another reaction, the Faradaic efficiency was 
measured. A rotating ring–disc electrode (RRDE) was used, whereby the 
OER was realised on the disc electrode and the ORR proceeded on the 
ring electrode. The disc current was set at a constant value of 300 µA to 
generate oxygen bubbles in situ. The formed oxygen was simultaneously 
reduced by sweeping across the platinum ring electrode with an ORR 
potential of 0.40 V (vs. RHE). As shown in Fig. 2e, when the applied disc 
current was set at 300 µA, the detected ring current was approximately 
59.3 µA, corresponding to a Faradaic efficiency of 98.8% (the collection 
efficiency was set at 0.2) [30,31]. This result indicates that the elec-
trochemical current mainly comes from the OER. 

To further examine the gas evolution across the entire potential 
sweep range, the potential of the disc electrode was scanned over the 
range identical to that used for the OER in Fig. 2a, where the platinum 

Fig. 1. Preparation of r-BS + G catalyst. (a) Schematic of the preparation method of r-BS + G. (b) TEM image of r-BS + G. Scale bar: 500 nm. (c) High-angle annular 
dark-field STEM image and elemental mapping images of r-BS + G by EDS in STEM. Scale bars: 1.0 μm. 
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ring electrode was held at a constant potential of 0.2 V (vs. RHE) and 
both the ring current and disk current were recorded [32]. Before 
starting the measurement, the electrolyte was purged with argon gas for 
30 min to remove any dissolved oxygen. In addition, the reaction system 
was blanketed with an argon atmosphere above the liquid surface during 
the measurement. Fig. 2f shows the disc and ring currents measured in 1 
M KOH at 1600 rpm with a scan rate of 10 mV s− 1. When the potential of 
the disc electrode was swept over 1.48 V (250 mV of overpotential), a 
marked increase in ring current was observed. As this ring current was 
caused by the ORR due to the potential limitation, the bubbles that 
formed at the disc electrode were attributed to oxygen gas. 

Furthermore, the absolute value of the ring current increased as the 
sweeping potential increased. This result indicates that the oxygen gas 
evolved at the disc electrode was concomitantly reduced at the ring 
electrode over the disc potential range. Thus, we clarified that the 
electrochemical current of r-BS + G in the whole swept potential range 
in Fig. 2a mainly originated from the OER. 

To gain more insight into the catalytic activity of the r-BS + G 
catalyst, the kinetics of the electrode reactions were investigated using 
EIS (Fig. S5d and Table S3). r-BS had a large Ru of 6.58 Ω, whereas 
incorporating GNP into r-BS considerably decreased Ru to 1.15 Ω, which 
indicates that the conductivity was greatly increased by the presence of 
GNP. On the other hand, the r-BS + G electrode had a charge transfer 
resistance of 8.40 Ω, which was smaller than that of RuO2 (10.87 Ω) and 
significantly smaller than those of r-BS (18.56 Ω) and graphene (43.51 
Ω). These results indicate that the electrocatalytic performance of r-BS 
was realised by mixing with graphene. Next, the electrochemically 
active surface areas of the as-prepared r-BS + G and r-BS catalysts were 
evaluated via Cdl measurements (Fig. S11), because Cdl is proportional to 
the charge-induced surface area. The Cdl of r-BS + G was considerably 
higher than that of r-BS, indicating a significantly larger electroactive 
surface area. 

Fig. 2. OER performances of various electrocatalysts. (a) LSV curves for the OER, (b) overpotentials at 10 mA cm− 2, and (c) Tafel plots of various electrocatalysts. (d) 
LSV curves of r-BS + G recorded before and after 500 CV cycles between 1.20 and 1.53 V, (e) Faraday efficiency testing of r-BS + G using the rotating ring–disc 
electrode (RRDE) technique in Ar-saturated 1 M KOH solution. The vertical dashed black line points to the time at which a 300-µA current was applied to the disc 
electrode, while the horizontal dashed blue line corresponds to the calculated 100% efficiency (60 µA). (f) Disc current at the r-BS + G/glassy carbon disc electrode in 
Ar-saturated 1 M KOH (pink) and Pt ring (held at 0.2 V vs. RHE) current due to the ORR (green) as functions of the disc potential. The vertical dashed grey line shows 
the onset of the ORR at the ring electrode. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.3. Stability of r-BS + G against OER 

Fig. 3a shows XRD patterns of the r-BS + G catalyst before and after 
500 CV cycles. Both patterns were nearly identical to the combined 
patterns of r-BS and GNP, confirming the absence of additional phase 
formation during cycling. In addition, the crystal structure of the ma-
terial remained stable during CV cycling in KOH solution. The full-range 
XPS scan of r-BS + G revealed O 1s, F 1s, C 1s, B 1s, and S 2p peaks 
(Fig. 3b). Except for the potassium signal caused by K+ adsorption from 
the KOH solution, no impurities were found in the sample after the CV 
measurement (Fig. S12b). The B 1s and S 2p spectra of r-BS + G under 
various conditions are presented in Fig. 3c and d, respectively. The peak 
positions of B 1 s (189.0 eV) and S 2p (162.8 eV) of r-BS + G were 
consistent with those previously reported for r-BS [21]. After the LSV 
measurement, slight shifts were observed for both the B 1s and S 2p 
peaks, and a new peak appeared at ~168 eV, which corresponds to a 
small amount of sulfate species [33] due to the strongly oxidising po-
tentials. The B 1s and S 2p peaks were also widened after 

electrochemical measurements, probably due to the adsorbed species 
that slightly modified the electronic states of r-BS. However, no peaks of 
oxidised boron were detected. The slight shifting of the B 1s and S 2p 
peaks was probably also due to the effect of adsorbates left on the r-BS 
surface. As shown in Fig. 3c and d, after 500 CV cycles, the XPS profile 
did not change, which indicates that the chemical states of the r-BS + G 
surface did not change during cycling. 

The Raman spectra of r-BS +G recorded under various conditions are 
shown in Fig. 3e and f. There are three distinct peaks in the lower 
wavenumber region at 319, 687, and 1041 cm− 1, which can be attrib-
uted to the A1(3), E(4), and A1(4) modes of r-BS, respectively (Fig. S1c) 
[34]. Wide-range Raman spectra (Fig. 3f) further ruled out any major 
spectral changes (such as peak shifts or (dis)appearance) in r-BS + G 
during electrochemical measurements. In addition, the major peaks in 
the wide-range Raman spectrum were almost the same as those observed 
for the graphene-only case in Fig. S12c. These results clearly demon-
strate the stability of the as-prepared r-BS + G catalyst, providing a basis 
for its future applications. 

Fig. 3. Electronic structural characterisation of r-BS + G. (a) XRD patterns of various electrocatalysts. (b) Full-range X-ray photoelectron spectrum of r-BS + G. High- 
resolution (c) B 1s and (d) S 2p spectra of r-BS + G recorded under different conditions. (e) Narrow- and (f) wide-range Raman spectra of r-BS + G. 
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3.4. Active sites 

Now, we would discuss the active sites of r-BS based on the experi-
mental data and preliminary theoretical calculation. First, we evaluated 
the catalytic active sites of r-BS based on the electrocatalytic perfor-
mance of ball-milled r-BS samples. Next, we performed the DFT calcu-
lation with the thermodynamic computational hydrogen electrode 
(CHE) model stablished by Nørskov et al. [36] for the pristine r-BS and 
model-defected r-BS surfaces (Further computational details can be 
found in the Supplementary Information). Finally, we discuss the 
possible active sites and future works to enhance the OER activity of r-BS 
electrocatalyst. 

First, we experimentally evaluated the catalytic active sites of r-BS 
based on the electrocatalytic performance of ball-milled r-BS samples. In 
addition to the similarity in crystal structure, the electronic structure of 
r-BS is also similar to that of MoS2. That is, the bandgap of r-BS can be 
adjusted by controlling the number of layers. It increases from 2.7 eV for 
multilayer r-BS to 3.6 eV for monolayer r-BS [21]. The active sites of 
MoS2 for the HER have been discussed in detail, and the mainstream 
opinion is that, because the active sites of MoS2 are related to the edges, 
the catalytic activity increases as the area of exposed edges increases 
[35]. Hence, as a first approach, we investigated the active sites of r-BS 
following the strategy for MoS2, although the reaction here is the OER 
instead of the HER. In line with this strategy, we attempted to increase 
the area of exposed edges in r-BS by decreasing its particle size via ball- 
milling. As illustrated in Figs. S13a, ball-milling did not affect the XRD 
pattern of r-BS, except for inducing peak broadening. The crystal sizes 
calculated based on the Scherrer equation are shown in Table S4. The 
surface area was measured by Brunauer–Emmett–Teller (BET) analysis 
as shown in Fig. S13b. After ball-milling for 45 min, the crystallite size 
decreased from 34 to 26 nm, whereas the surface area increased from 
1.35 to 9.85 m2/g. These results suggest a concomitant increase in the 
area of exposed edges. Indeed, SEM analysis of the ball-milled r-BS 
(Fig. S13c) demonstrated that it had a reduced particle size and 
increased area of edge sites compared to the original r-BS (Fig. S1b). XPS 
profiles of the ball-milled r-BS are shown in Figs. S13d and S13e. After 
ball-milling for 30 min, additional peak components appeared in both 
the B 1s and S 2p regions at higher energies than the original peak en-
ergies, indicating that part of the surface and/or the exposed edges sites 
were slightly oxidised. The ball-milled r-BS samples were mixed with the 
same proportion of graphene before activity testing (Fig. S13f); how-
ever, the performance was found to deteriorate with increasing ball- 
milling time. 

Next, as a preliminary theoretical consideration, we discuss the DFT 
result of the free-energy barriers of OER intermediates at the r-BS (0001) 
surface. As shown in Figs. S15a and S15b, a high free-energy barrier 
exists under a bias voltage at the pristine r-BS surface to produce *OOH 
intermediates from *O, which indicates that pristine r-BS alone is not a 
good OER catalyst. To consider the effect of the graphene sheets, we also 
performed DFT calculations for the r-BS + G system and found no 
qualitative differences in the adsorption free energies. Then, we per-
formed DFT calculations using a model defective r-BS surface. As the 
model defected surfaces, the boron vacant (VB) and carbon-atom-doped 
r-BS surfaces were employed, whereby active sites were assumed as the S 
atom around VB and the doped C atom to the outermost S site. After 
introducing VB, the maximum energy barrier is drastically decreased 
from that for the pristine r-BS, and carbon-atom doping further reduces 
the limiting potential (Figs. S15a and S15b). Moreover, VB and carbon- 
atom doping created unoccupied states in the bandgap, as shown in the 
projected density of states for r-BS with and without the defects 
(Fig. S15f). The Kohn–Sham level density for the defected surfaces were 
distributed around the defect sites at the outermost surface (right panels 
in Fig. S15f), which differs from the densities at the pristine surface. This 
suggests that the surface-localised states can alter the adsorption energy 
of the OER intermediates and that defect sites can function as active sites 
in r-BS. As discussed above, we computationally demonstrated the 

relationship between the defect-induced electronic structure and the 
adsorption energies of the OER intermediates. 

Finally, we discuss the possible active sites of r-BS electrocatalyst 
based on our experimental and DFT data and considerable future work 
to enhance the OER activity using r-BS electrocatalyst. Our experimental 
data of ball-milled r-BS show that the catalytic performance of r-BS + G 
was not improved by increasing the surface area and area of exposed 
edges of r-BS. Thus, the graphene mainly plays a role of the conductive 
assistant, and the active sites tend to correspond to specific surface sites 
of r-BS rather than to all surface atoms or only edge atoms. According to 
the recent conductivity measurements, synthesised r-BS shows the p- 
type conductivity [25,26], which might come from the high pressure 
and high temperature preparation. Therefore, intrinsic defects at the 
surface are considered to play a role in the active site. The theoretical 
results for the pristine r-BS with and without the graphene sheet support 
the discussion based on the experimental data. Thus, to enhance the OER 
activity of the r-BS electrode, further active sites may need to be intro-
duced at the r-BS surface. The results of the defected r-BS surface gains 
the following two important insights into the active site of r-BS: (1) The 
defect induced state can tune the thermodynamic stability of the OER 
intermediates, (2) By controlling the defect state, we can enhance the 
OER activity of r-BS-based electrocatalyst. The former suggests that the 
electronic structure induced by the surface defect in the experiment 
might be close to the model defected surfaces used in the DFT calcula-
tion. The latter motivates us to control the surface electronic state by 
engineering the surface defect, which is important for enhancing the 
OER activity of r-BS. Therefore, as a next step, we need to specify the 
active site by both experimental and theoretical studies as followings: In 
experiment, to determine the active sites in r-BS + G, future studies will 
involve atomic-scale microscopy and further spectroscopy studies on 
well-defined and defect-controlled model catalysts. Theoretically, 
further comprehensive studies on the relationship between the OER 
activity and possible intrinsic defects at the r-BS/aqueous solution 
interface are necessary to fully understand the catalytic mechanism of r- 
BS + G [37]. Although the active sites in r-BS + G were not specified in 
this study, we demonstrate that synthesised r-BS + G shows the high 
OER performance as discussed above. Therefore, we believe that the r- 
BS + G is a new class of the OER catalyst composed of abundant 
elements. 

4. Conclusions 

A new OER electrocatalyst exhibiting a performance higher than that 
of commercial RuO2 was developed via the hybridisation of r-BS with 
GNP. XRD, XPS, and Raman spectroscopy analyses confirmed that the r- 
BS + G catalyst had a stable structure, and a series of experiments were 
carried out to examine its active sites. Ball-milling experiments and DFT 
calculations using the CHE model indicated that the catalytically active 
sites are possibly defect sites. Controlling the number of r-BS active sites 
may further enhance the OER performance of r-BS + G. Thus, r-BS shows 
promise as a parent material for the fabrication of efficient, low-cost, 
and robust catalysts for renewable energy applications. 
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