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ABSTRACT: In this study, we systematically investigated the impact of hydrophobic
carbon support properties on the oxygen evolution reaction (OER) activity of
rhombohedral boron monosulfide (r-BS), a two-dimensional catalyst

composed solely of main group elements. Specifically, we examined the effects g,a,;h;,;e graphite
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wettability (water contact angle) for four carbon materials: graphene, graphite, ﬁ :é :g T e,

carbon black, and multiwalled carbon nanotube (MWCNT). A large number carbon black MWCNT = 0
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of independent r-BS/carbon material/Ni-foam electrodes were fabricated, and @ 5014 graphene P
the average current density at 1.8 V vs RHE was evaluated through statistical £204e graphite ek §
analysis. The OER activity followed the order: graphene = graphite > carbon %10_ AL

black > MWCNT. However, no clear correlation was found with crystallite size
or Ip/I; ratio. In contrast, the contact angle showed a clear inverse relationship
with OER activity, with measured values of 0, 55, 99, and 113° for graphene,
graphite, carbon black, and MWCNT, respectively. The graphene-based composite showed the highest current density, although
with large variability. In contrast, the graphite-based composite demonstrated similarly high activity with significantly better
reproducibility. These findings highlight that the hydrophilicity of the carbon support, which governs the detachment of oxygen gas
bubbles from the electrode surface, is a dominant factor in high-current-density OER performance. Overall, this study underscores
the importance of contact angle engineering as a practical design principle for optimizing nonprecious-metal-based catalyst—support
composites.
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B INTRODUCTION

Achieving a sustainable society has brought increasing global
attention to hydrogen as a clean energy carrier. > Among
various hydrogen production methods, water electrolysis
powered by surplus renewable electricity—such as solar and
wind—offers a highly stable and environmentally friendly
approach.**

Water electrolysis consists of two half-reactions: the
hydrogen evolution reaction (HER) and the oxygen evolution
reaction (OER). While HER proceeds via a two-electron
transfer process, OER involves a more complex four-electron
pathway. As a result, OER is kinetically sluggish and typically
becomes the rate-determining step, limiting the overall energy

of high-performance, nonprecious-metal-based OER electro-
catalysts using earth-abundant elements is urgently needed." ">

In recent years, numerous active nonprecious-metal catalysts
have been reported.”>”'® Our group has focused on
rhombohedral boron monosulfide (r-BS), a layered material
composed solely of main group elements, as a promising OER
catalyst.'”~"? r-BS features a two-dimensional structure formed
by a 1:1 atomic ratio of boron and sulfur.””*" Notably, r-BS
has demonstrated enhanced OER performance in alkaline
media when combined with graphene as a conductive
support.'”'® This finding highlights the critical influence of
support materials on overall catalytic activity and emphasizes
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However, their high cost and scarcity remain significant

barriers to large-scale deployment. Therefore, the development
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the importance of rational design in catalyst—support
architectures for optimizing OER performance.

A carbon support for OER electrocatalysis must meet several
key requirements: (1) high surface area, (2) high electrical
conductivity, and (3) appropriate wettability (hydrophilicity).
Each of these factors plays a distinct role in determining the
overall catalytic performance.

1) A high surface area is essential to suppress the
aggregation of catalyst particles, thereby enhancin§
their dispersion and exposing more active sites.”>”
This contributes directly to improving OER activity.

2) Electrical conductivity is also critical, especially for
semiconductor catalysts such as r-BS.”* Because these
materials have limited intrinsic conductivity, a con-
ductive carbon support is necessary to ensure efficient

charge transport during electrolysis.zs‘26

3) More recently, surface wettability has emerged as a
crucial factor. It influences the detachment behavior of
oxygen bubbles formed during OER. Poor wettability
can cause gas bubbles to adhere to the electrode surface,
blockin% active sites and reducing the effective reaction
area.”””® This leads to increased transport resistance and
deteriorated performance, particularly under high

current conditions.

Recent studies across various material systems have
underscored the significance of the balance between hydro-
philicity and hydrophobicity.””~*® In particular, the interaction
between wettability and bubble dynamics is becoming
recognized as a key determinant of OER efficiency.

A recent systematic review by Li et al. highlighted that
micro/nanostructuring of electrode surfaces to achieve super-
aerophobicity can break the three-phase contact line. This
drastically reduces bubble departure diameters (to ~ 50 um),
enabling up to a 60% increase in current density and
significantly lowering overpotential under high-current oper-
ation, even with the same catalyst.”®

Iwata et al. reported that controlling wettability by gradually
coating porous Ni foam with polytetrafluoroethylene (PTFE)
changed the oxygen bubble detachment size from 200 um to
4.5 mm. As a result, bubble coverage increased from 0.001 to
0.4, and activation overpotential rose from nearly 0 mV to ~
30 mV. These findings provided clear quantitative evidence
linking wettability to transport loss.””

In carbon-based systems, Kirti et al. engineered a carbon—
polymer composite electrode by tuning surface roughness and
biphasic wettability. They adjusted the contact angle from 48°
(hydrophilic) to 92° (hydrophobic), which dramatically
decreased the Tafel slope from 147 to 47 mV dec™' and
improved the sustainability of steady-state current through
more efficient bubble release.*®

However, the influence of wettability on the OER
performance of catalyst—support composites composed of
carbon materials and active catalysts has not been systemati-
cally explored. In this study, we selected four representative
carbon materials—graphene, graphite, carbon black, and
multiwalled carbon nanotube (MWCNT)—as supports for
the OER catalyst r-BS. Each r-BS—carbon composite was
immobilized on a Ni-foam substrate, and their electrochemical
performance was evaluated with careful assessment of
reproducibility.

Electrochemical measurements showed that r-BS supported
on graphene and graphite exhibited significantly higher OER

activity, while carbon black and MWCNT-based composites
showed reduced performance. Importantly, a clear correlation
was observed between OER activity and the wettability of the
carbon support, as quantified by contact angle measurements.

These findings indicate that the wettability of the support
surface plays a critical role in facilitating the detachment of
oxygen gas bubbles during OER, thereby influencing catalytic
efficiency. Thus, surface hydrophilicity emerges as a key design
parameter in the development of efficient catalyst—support
composites for water electrolysis.

B RESULTS AND DISCUSSION

We first characterized the structural properties of the carbon
materials used in this study: graphene, graphite, carbon black,
and MWCNT. Figure 1 shows the X-ray diffraction (XRD)
patterns of these materials.
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Figure 1. XRD patterns of carbon materials.

For both graphene and graphite, a sharp diffraction peak
corresponding to the (002) plane was observed around 26°,
indicating a well-ordered layered graphitic structure.””*’ In
contrast, carbon black exhibited no distinct diffraction 4peaks,
suggesting an amorphous or highly disordered structure.”' The
XRD pattern of MWCNT also displayed a peak near 26°,
corresponding to the (002) plane, as well as a smaller peak
attributed to the 100 plane. These features reflect its
multilayered tubular structure derived from stacked graphene
sheets."”

Crystallite sizes were estimated from the 002 peak using the
Scherrer equation.*> The resulting values were 40.7 nm for
graphite, 24.6 nm for graphene, and 4.2 nm for MWCNT. The
large crystallite size of graphite, along with its sharp diffraction
peak, indicates a highly ordered layer structure. Graphene
showed a moderate crystallite size, consistent with its few-layer
morphology and expected high dispersibility. MWCNT
exhibited the smallest crystallite size, likely due to their
short-range stacking and structural heterogeneity. For carbon
black, the lack of a well-defined peak prevented estimation of
crystallite size.

Next, the Raman spectra of the carbon materials were
analyzed, as shown in Figure 2. All samples exhibited
characteristic D and G bands in the region of 1300—1600
ecm™ (Figure 2a), typical of carbon-based materials. The G
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Figure 2. (a) Raman shifts spectra and (b) Ip/I; ratio of carbon
materials.

band (~1580 cm™) corresponds to the in-plane vibrational
mode of sp*>-bonded carbon atoms, associated with graphitic
domains and used as an indicator of structural order. In
contrast, the D band (~1350 cm™) arises from lattice defects
or disorder and reflects the degree of structural imperfections
in the material.**~*’

Graphene and graphite displayed sharp and intense G bands,
indicative of their high crystallinity and low defect density. In
contrast, carbon black and MWCNT showed D bands of
comparable or even greater intensity than their G bands,
suggesting a higher concentration of defects and greater
structural disorder. Additionally, MWCNT exhibited a clear
2D band near ~ 2700 cm™), consistent with the presence of
multilayer graphene-like structures.*”

To quantify the degree of disorder, the intensity ratio of the
D to G bands (Ip/I;) was calculated for each material (Figure

2b).** The results showed a distinct trend: graphene (0.47) <
graphite (0.54) < MWCNT (0.99) < carbon black (1.14).
These values confirm that graphene and graphite possess well-
ordered, low-defect structures, whereas carbon black and
MWCNT exhibit higher defect densities. Notably, the high I,/
I; ratio of carbon black is consistent with its amorphous
nature, as also indicated by the XRD analysis.

Taken together, the XRD and Raman spectroscopy results
reveal clear differences in the structural order and defect levels
among the four carbon materials. These intrinsic characteristics
are expected to influence interfacial properties with r-BS and
potentially impact the performance of the composite electrodes
in OER.

Next, composite electrodes were fabricated using r-BS
supported on various carbon materials. The r-BS + carbon
material catalyst inks were prepared following a previously
reported method,'”'® with graphene, graphite, carbon black,
and MWCNT used as the respective carbon supports (Scheme
la).

To achieve uniform deposition of these inks onto Ni-foam
substrates, several modified protocols were evaluated based on
existing literature (Figure S2; details provided in the
Supporting Information, Experimental Methods). Among the
tested methods, the most effective approach involved
sonicating the ink followed by gentle manual shaking (Scheme
1b). This method resulted in the most homogeneous and
efficient loading of the catalyst onto the Ni-foam surface, as
confirmed by optical imaging (Figure S3 and S4), and
exhibited the highest OER activity among the tested protocols
(Figure SS).

Accordingly, this sonication—shake deposition method was
adopted as the standard procedure for fabricating all catalyst-
coated electrodes in this study.

Transmission electron microscopy (TEM) was conducted to
investigate the morphology of r-BS composites prepared with

Scheme 1. (a) Schematic Illustration of the Preparation Procedure for r-BS + Carbon Materials in Ethanol with Nafion Binder;
(b) Schematic Hlustration of r-BS + Carbon Material/Ni-Foam (Connected to a Nickel Wire via Spot Welding)
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various carbon materials, including graphene, graphite, carbon
black, and MWCNT (Figure 3a). In the TEM images, r-BS

r-BS + graphene r-BS + carbon black r-BS + MWCNT

r-BS + graphite

MWCNT

carbon black
r-BS

' \ graphite 4
(b) Ni-foam r-BS + graphene  r-BS + graphite r-BS + carbon black r-BS + MWCNT
/ Ni-foam / Ni-foam /Ni-foam / Ni-foam

Figure 3. (a) TEM images of r-BS + carbon materials (graphene,
graphite, carbon black, and MWCNT). (b) Optical microscope
images of r-BS + carbon material/Ni-foam.

appears as darker contrast domains, while the carbon supports
typically appear as lighter or more translucent background
structures. Distinct differences in dispersion behavior were
observed depending on the type of carbon support. These dark
r-BS domains are broadly and relatively uniformly spread
across the planar carbon sheet structures for graphene and
graphite, indicating good dispersion and close surface contact.
In contrast, for carbon black and MWCNT, r-BS domains tend
to localize in clusters or adhere along curved or entangled
structures, showing a less uniform spatial distribution and
suggesting a more heterogeneous interfacial interaction. These
results indicate that the nature of the carbon support
significantly affects the dispersion and interfacial morphology
of the r-BS catalyst. For reference, a RuO, + graphene
composite was also examined, and a similar distribution of
RuO, particles on the graphene surface was confirmed (Figure
S6a).

In addition, optical microscopy was used to assess the
macroscopic surface morphology of the r-BS + carbon
material/Ni-foam composite electrodes (Figure 3b). Although
variations in visual color tone were observed depending on the
carbon material—potentially indicating differences in apparent
loading—the black catalyst inks were generally well distributed
across the Ni-foam substrate. This confirms that uniform
coating was achieved regardless of the carbon type. A similar

homogeneous distribution was also observed for the RuO, +
graphene/Ni-foam electrode (Figure S6b), further supporting
the reproducibility of the coating process.

To evaluate the elemental distribution on the surface of the
composite electrodes, scanning electron microscopy (SEM)
combined with energy-dispersive X-ray (EDX) mapping was
performed (Figure S7). The EDX maps revealed the presence
of C, O, S, and Ni elements across the electrode surface.
Notably, the widespread distribution of sulfur confirmed that
the r-BS component was uniformly deposited over the Ni-foam
substrate. These results are consistent with the optical
microscopy observations and support the conclusion that a
uniform catalyst coating was successfully achieved for all
electrode samples.

Electrochemical measurements were carried out using the
prepared r-BS + carbon material/Ni-foam electrodes as the
working electrodes. A standard three-electrode cell config-
uration was assembled, as illustrated in Figure S8. Linear sweep
voltammetry (LSV) was conducted to evaluate the OER
performance of each sample. The LSV results for all electrode
configurations are shown in Figure S9.

To ensure statistical robustness, 27 independent electrodes
were fabricated and measured under each condition. Among all
samples, the pristine Ni-foam exhibited the lowest current
density, reflecting its minimal catalytic activity toward OER
(Figure S9a). In contrast, the benchmark catalyst, RuO, +
graphene/Ni-foam, displayed an earlier onset of current,
indicating its superior intrinsic activity (Figure S9b).

For the r-BS-based composite electrodes, the choice of
carbon support significantly influenced the electrochemical
performance. In particular, r-BS supported on graphene and
graphite exhibited markedly higher current densities compared
to those supported on carbon black or MWCNT (Figure S9c—
f).

Figure 4 summarizes the OER performance of r-BS + carbon
material/Ni-foam electrodes, based on the LSV data. Figure 4a
presents the average LSV curves derived from the multiple
measurements shown in Figure S9, offering a comparative
overview of the representative electrochemical behavior for
each electrode.

In Figure 4b, the current densities at 1.8 V vs RHE for all
individual samples are displayed as violin plots. This
visualization captures not only the mean values but also the
distribution, variability, and reproducibility of the data—
making it a central indicator for evaluating OER performance
in this study.
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Figure 4. Comparison of the (a) average LSV curves and (b) current density at 1.8 V vs RHE for r-BS + carbon material/Ni-foam.
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Figure 5. (a) Contact angle images captured at 0.1 s after water droplet deposition onto r-BS + carbon material/Ni-foam during wettability tests.

(b) Contact angle variation over time.

The violin plots reveal that the r-BS composites supported
on graphene and graphite delivered the highest current
densities. Notably, the graphite-supported electrode showed
a narrower distribution, reflecting superior reproducibility and
stability. In contrast, the graphene-supported electrode
achieved the highest peak performance but exhibited greater
variability among samples. The carbon black-supported
electrode showed moderate activity, while the MWCNT-
based composite displayed the lowest current density among
the tested materials.

These results clearly indicate that the choice of carbon
support significantly affects not only the absolute OER
performance, but also its reproducibility.

The RuO, + graphene/Ni-foam electrode exhibited an early
onset of current, indicating efficient OER initiation at lower
potentials (Figure 4a). However, its final current density at 1.8
V vs RHE was lower than that of the r-BS-based composites
(Figure 4b), suggesting limited performance in the high-
potential region. This trend is consistent with our previous
reports, where r-BS-based electrodes outperformed RuO,-
based systems.'”'*

To provide a clear comparison, the key electrochemical
parameters of all tested electrodes, including overpotential at
10 mA cm™?, current density at 1.8 V vs RHE, and Tafel slope,
are summarized in Table S1. This table highlights the distinct
differences among the carbon-supported r-BS composites and
reference electrodes.

In addition, to benchmark the performance of r-BS +
carbon/Ni-foam electrodes against previously reported sulfide-
based OER catalysts, we compiled the overpotential and Tafel
slope values from the literature together with our results
(Table S2). This comparison confirms that the r-BS-based
composites investigated here exhibit competitive activity
relative to other representative metal sulfide systems.

It should be noted that the overall OER activities observed
in this study are lower than those reported previously.'”'® This
discrepancy is likely attributed to suboptimal electrode
preparation, particularly the lack of optimization in surface
wettability (as discussed later) and drying conditions, which
may have limited the intrinsic performance of electrocatalysts.

For a more comprehensive evaluation of the catalytic
performance, we performed electrochemical impedance spec-
troscopy (EIS), double-layer capacitance (Cg), and electro-

chemically active surface area (ECSA) measurements. The
Nyquist plots (Figure S13) reveal differences in charge-transfer
resistance among the composites. In particular, the r-BS +
graphene/Ni-foam electrode exhibited the smallest onset and
semicircle diameter, corresponding to the lowest solution
series resistance and charge-transfer resistance, respectively,
while the r-BS + MWCNT/Ni-foam electrode showed the
largest onset and semicircle, indicating sluggish interfacial
kinetics.

Cyclic voltammetry in the non-Faradaic region (Figure S14)
was used to estimate Cy, and the resulting ECSA values were
obtained from the slope of A] versus scan rate (Figure S15). As
shown in Figure S15, the carbon black-based electrode
displayed the largest AJ and consequently the highest apparent
ECSA, while graphene- and graphite-supported electrodes
exhibited much smaller values. This result clearly indicates that
electrochemically accessible surface area alone cannot explain
the observed differences in OER activity. Therefore, we
considered that other surface-related properties must be
involved, and turned our attention to wettability as a possible
decisive factor.

In addition to these activity-related factors, we also
examined the durability of the r-BS + carbon/Ni-foam
electrodes (Figure S16). Although all samples retained activity
over 8000 s, the CP curves revealed that the r-BS composites
operated at lower potentials than the RuO, electrode,
indicating that their catalytic activity was sufficiently
maintained. The CA profiles showed gradual current variations
over time, but overall the r-BS-based electrodes preserved
stable operation throughout the test period.

Next, we investigated the wettability of the electrode
surfaces, as it is considered one of the key factors influencing
the performance differences among the carbon supports.

Figure Sa shows the contact angles measured at 0.1 s after
the deposition of a water droplet on the surface of each r-BS +
carbon material/Ni-foam electrode. The pristine Ni-foam and
the r-BS + MWCNT/Ni-foam electrode exhibited significant
hydrophobicity, with contact angles of 118.4° and 112.6°
respectively. In contrast, the electrodes with graphite, carbon
black, and MWCNT supports showed contact angles of 55.4°,
98.6° and 112.6°, respectively, indicating that wettability varies
considerably depending on the type of carbon support.
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Notably, the r-BS + graphene/Ni-foam electrode demon-
strated a contact angle of 0° indicating complete hydro-
philicity, with the water droplet spreading immediately across
the surface. The RuO, + graphene/Ni-foam electrode also
exhibited moderate wettability, with a contact angle of 83.4°.

Figure 5b presents the time-dependent variation in contact
angle over 20 s after droplet deposition. For all electrodes
except the graphene-based one, a slight decrease in contact
angle was observed over time. However, the relative order of
wettability remained largely unchanged throughout the
measurement period. These results confirm that the initial
contact angle serves as a reliable indicator of overall surface
wettability.

Figure 6 illustrates the relationship between the contact
angle and the average current density at 1.8 V vs RHE for each
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Figure 6. Plot of the relationship between contact angle and average
current density at 1.8 V vs RHE for r-BS + carbon material/Ni-foam
electrodes. The dashed line represents the fit result. Error bars for the
current density indicate the standard deviation derived from the data
plotted in Figure 4b.

r-BS + carbon material/Ni-foam electrode. The dashed line in
the plot represents the fitted trend based on the measured data
for r-BS-based electrodes, excluding the RuO, + graphene/Ni-
foam benchmark.

Overall, a clear inverse correlation was observed: electrodes
with smaller contact angles (i.e., more hydrophilic surfaces)
exhibited higher OER current densities. This trend strongly
suggests a direct influence of surface wettability on electro-
catalytic performance.

In particular, the graphene-supported electrode demonstra-
ted complete hydrophilicity with a contact angle of 0° and
simultaneously achieved the highest current density. In
contrast, the Ni-foam and MWCNT-based electrodes showed
large contact angles exceeding 110°, along with significantly
lower current densities. Graphite and carbon black electrodes
exhibited intermediate wettability and performance, indicating
a continuous dependence of OER activity on surface
hydrophilicity.

These findings clearly confirm that the “additional factors”
suggested by the ECSA analysis are directly related to surface
wettability. These results demonstrate that wettability is not
merely a surface property but plays a direct role in determining
OER activity. It likely affects both the detachment efficiency of
evolved oxygen gas bubbles and the accessibility of hydroxide
ions to the catalyst surface. In particular, highly hydrophilic
surfaces facilitate rapid O, bubble release, thereby maintaining
active catalytic sites and enabling sustained, efficient oxygen
evolution.

Figure 7a and 7b show the electrode surfaces after water
electrolysis. Figure 7a presents the pristine Ni-foam electrode,

0, bubble
r-BS | \ [
Ni-foam

Figure 7. Photographs of sample surfaces after water electrolysis. (a)
Ni-foam and (b) r-BS + MWCNT/Ni-foam. Schematic image of O,
bubbles that do not detach due to the hydrophobicity of the sample
surface. (c) Schematic illustration of O, bubbles that do not detach
due to the hydrophobicity of the sample surface.

while Figure 7b displays the r-BS + MWCNT/Ni-foam
electrode following electrolysis in water. In the case of Ni-
foam, oxygen bubbles generated during electrolysis detached
relatively quickly, and no significant bubble accumulation was
observed on the surface. By contrast, the MWCNT-supported
electrode exhibited a large number of residual oxygen bubbles
that remained adhered to the electrode surface.

Figure 7c¢ provides a schematic illustration of the r-BS +
MWCNT/Ni-foam electrode structure and bubble behavior.
The MWCNT layer forms a microscopically rough surface on
the Ni-foam, imparting a water-repellent nature due to the so-
called “lotus effect.”**~>* This micro texture leads to a high
degree of surface hydrophobicity.

As a result of this strong hydrophobicity, oxygen bubbles
generated during the OER tend to adhere tightly to the
electrode surface rather than detaching efficiently. This bubble
accumulation can temporarily block active sites on the catalyst
surface and hinder the supply of hydroxide ions, both of which
contribute to a decline in OER performance.

These findings suggest that surface wettability significantly
influences bubble detachment behavior during OER. Con-
sequently, controlling the wettability of electrode surfaces is an
important strategy for optimizing catalytic performance in
electrochemical systems.

Finally, the representative physicochemical properties of the
carbon materials used in this study are discussed in terms of
the relationship with their OER performance. As summarized
in Table 1, electrical conductivity, specific surface area, and
edge density have traditionally been employed as key
indicators for evaluating the effectiveness of catalyst supports
in literature.*™>° In this work, we extended this analysis by
experimentally determining the crystallite size (via XRD), the
I/I; ratio (via Raman spectroscopy, as an inverse indicator of
crystallinity), and the water contact angle (at 0.1 s) to
systematically evaluate their relationship with OER perform-
ance.

In addition, we attempted to obtain the BET surface area of
the r-BS + carbon composites. However, as a representative
case, the BET analysis of the r-BS + graphene/Ni-foam
electrode yielded a negative specific surface area value,
indicating that the nitrogen adsorption was too low for reliable
determination (Figure S17). This outcome is likely because the
catalyst was deposited only on the outer surface of the Ni-foam
without forming a sufficiently porous structure. Nevertheless,
since electrochemical reactions predominantly occur at the
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Table 1. Summary of Physicochemical Properties of Carbon Materials Used in This Study”

literature values

experimental values

carbon materials electrical conductivity (S/cm) surface area (m?/g) qualitative edge density crystallite size (nm) I,)/I; ratio contact angle at 0.1 s (°)

graphene 10°-10’ 1000—3000
graphite 10'-10? 1-10
carbon black 10°-10° 10—1000
MWCNT 10*-~10° 100—500

moderate 24.6 0.47 0°
moderate 40.7 0.54 55.4°
high nd. 114 98.6°
low 4.2 0.99 112.6°

“Literature values include electrical conductivity, surface area, and qualitative edge density.”* > Experimental values include crystallite size (from
XRD), I/I;; ratio (from Raman spectroscopy), and water contact angle at 0.1 s.

electrode surface, the absence of bulk porosity is not expected
to hinder OER activity. For reference, literature values of the
specific surface area for each carbon material are summarized
in Table 1.

Graphene exhibited moderate crystallinity (24.6 nm), a low
defect density (I,/I; = 0.47), and complete hydrophilicity
(contact angle = 0°), resulting in the highest OER current
density among all materials tested. Graphite also demonstrated
high crystallinity (40.7 nm), a relatively low defect density
(0.54), and moderate wettability (55.4°), achieving the
second-highest OER activity. However, graphite showed better
reproducibility in OER performance compared to graphene.

Carbon black, despite its high surface area and edge density,
showed low crystallinity (Ip/I; = 1.14) and poor wettability
(contact angle = 98.6°). Consequently, it exhibited only
moderate OER performance, likely limited by its hydrophobic
nature.

MWCNTs had the smallest crystallite size (4.2 nm),
relatively high defect density (I/I; = 0.99), and are known
for their high electrical conductivity. However, they displayed
the highest contact angle (112.6°), indicating strong hydro-
phobicity, and recorded the lowest OER activity.

These results suggest that while electronic and structural
properties of the carbon materials do influence OER
performance to some extent, wettability—particularly under
high-current-density conditions—plays a dominant role by
controlling oxygen bubble detachment behavior and maintain-
ing reaction continuity.

This insight highlights the critical importance of surface
wettability control as a new and effective design parameter for
optimizing catalyst—support composites, beyond conventional
material property comparisons. For instance, introducing
hydrophilic modifiers to defect-free yet hydrophobic materials
such as MWCNTs could offer a promising strategy—
leveraging their inherent electrical conductivity and corrosion
resistance while simultaneously improving oxygen bubble
release through enhanced surface wettability. This composite
approach may enable the design of advanced catalyst systems
that synergistically integrate structural stability with improved
gas transport dynamics.

B CONCLUSIONS

In this study, we selected rhombohedral boron monosulfide (r-
BS), a two-dimensional catalyst composed solely of main-
group elements, as a model system. We fabricated a large
number of composite electrodes by integrating r-BS with four
carbon supports—graphene, graphite, carbon black, and
multiwalled carbon nanotube (MWCNT)—that differ in
surface wettability. Structural analysis, conductivity measure-
ments, and water contact angle evaluations were conducted to
systematically examine the correlation between these material
properties and oxygen evolution reaction (OER) performance.

When evaluated at 1.8 V vs RHE, r-BS composites
supported on graphene and graphite exhibited the highest
average current densities, followed by carbon black and
MWCNT. The contact angles measured at 0.1 s were 0° for
graphene, 55° for graphite, 99° for carbon black, and 113° for
MWCNT. A clear correlation was observed between the
contact angle and the OER current density.

This behavior, which cannot be explained solely by
differences in surface area or electrical conductivity, clearly
demonstrates that the hydrophilicity of the support—
governing the detachment of oxygen gas bubbles—is the
dominant factor in high-current-density OER performance.

Therefore, surface modification and support selection based
on contact angle should be regarded as a top-priority strategy
for the rational design and optimization of nonprecious-metal-
based catalyst—support composites.
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