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Rhombohedral boron monosulfide
as a metal-free photocatalyst
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Most of previous photocatalysts contain metal species, thus exploring a metal-free photocatalyst is
still challenging. A metal-free photocatalyst has an advantage for the development of economical
and non-toxic artificial photosynthesis system and/or environmental purification applications. In

this study, rhombohedral boron monosulfide (r-BS) was synthesized by a high-pressure solid-state
reaction, and its photocatalytic properties were investigated. r-BS absorbed visible light, and its
photocurrent action spectrum also exhibited visible light responsivity. The r-BS evolved hydrogen (H,)
from water under ultraviolet (UV) as well as under visible light irradiation, and its internal quantum
efficiency reached 1.8% under UV light irradiation. In addition to the H, evolution reaction, the r-BS
photocatalyst drove carbon dioxide (CO,) reduction and dye oxidation reactions under UV irradiation.
Although bare r-BS was not so stable under strong light irradiation in water, cocatalyst modification
improved its stability. These results indicate that r-BS is a new class of non-metal photocatalyst
applicable for H, production, CO, reduction, and environmental purification reactions.

Since the discovery of photoelectrochemical water splitting by titanium dioxide (TiO,)", various semiconductor-
based photocatalysts, including metal oxides and metal sulfides, have been reported®*. Most of these pho-
tocatalysts contain metal species, which can sometimes pose disadvantages for economical and/or non-toxic
photocatalysis applications. Thus, exploring a metal-free photocatalyst is challenging for the development of an
economical and safe artificial photosynthesis system and/or an environmental purification system.

As a metal-free photocatalyst, Maeda et.al. reported graphitic carbon nitride (g-C;N,)*°. g-C;N, is a narrow
bandgap semiconductor; thus, many groups have examined this material as a visible-light-responsive photocata-
lyst for water splitting®~*2 In addition to g-C;N,, boron-based materials attract great attention'®. For example,
boron oxide (B;O)™, boron phosphide (BP)'?, boron-based hydride'®, hexagonal boron nitride (h-BN)'7~'%, boron
carbonitride (BCN)?*?!, and h-BN/graphene hybrid*? have been reported. The reports of non-metal photocata-
lysts are limited at present, and thus exploring a new class of metal-free photocatalysts is still a challenging issue.

Herein, we report rhombohedral boron monosulfide (r-BS) as an active metal-free photocatalyst. The synthe-
sis of r-BS has previously been achieved by a high-pressure solid-state reaction (5.5 GPa, 1600 °C)**-%. Although
its superconducting properties”, thermoelectric properties®, hydrogen storage capacities?, and electrocatalytic
properties® have been theoretically examined, its photo-electrochemical and photocatalytic properties have not
yet been studied. Recently, Kusaka et al. experimentally studied the tunable bandgap of r-BS by its morphological
change?, thus it is expected to act as a visible-light-sensitive photocatalyst. In the present study, the photocata-
Iytic properties of r-BS are comprehensively evaluated, including hydrogen (H,) production, carbon dioxide
(CO,) reduction, and methylene blue (MB) dye oxidation. Furthermore, we discuss the visible light sensitivity
and stability of r-BS.
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Results

Characterization

The r-BS powder was synthesized by a previously reported high-pressure solid-state reaction®. Figure 1a shows
the X-ray diffraction (XRD) pattern of the r-BS powder. All peaks were assigned to the trigonal r-BS with the R3m
space group symmetry*’. Figure 1b shows the field emission scanning electron microscope (FE-SEM) image of
the r-BS powder. The morphology of r-BS suggests a layered structure, which is consistent with the layered crystal
structure of r-BS?. The previous paper reported that the r-BS nanosheets were exfoliated by a scotch-tape method
or dispersion in acetonitrile?*, while most of the r-BS particles crushed in a mortar were three-dimensional bulk.
In the present paper, we used r-BS powder just after being crushed in an agate mortar for characterization and
evaluations, thus the present r-BS particles exist with a three-dimensional bulk nature. As shown in Fig. 1c, the
Raman spectrum of r-BS exhibits four peaks. The peaks at 210 cm™, 320 cm™, 690 cm™!, and 1050 cm™ are
assigned to the E(3), A;(4), E(4), and A,(4) modes of r-BS, respectively. The schematic explanation of these modes
in Raman spectra is shown in Supporting Information (Fig. S1)?. We also measured Fourier transform infrared
spectroscopy (FT-IR) spectrum (Fig. 1d). In the wavenumber range of 600 cm™ to 750 cm™, a relatively large
mountain-valley shape was observed. According to the previous report*!, mountain-valley shape is originated
from the Fano resonance between the E(2) (TO) phonon mode and charge carriers. At the wavenumber of 700
cm™, the small peak with mountain shape was observed. This peak is assigned to the A;(2) (TO) phonon mode?®.
The wide-scanned result of X-ray photoelectron spectroscopy (XPS) for r-BS put on a graphite tape is shown
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Figure 1. (a) X-ray diffraction (XRD) pattern of r-BS powder. (b) Field emission scanning electron microscope
(FE-SEM) image of r-BS powder. (c¢) Raman spectrum of r-BS powder (insert figures show the schematic
illustration of vibration modes). (d) Fourier Transform Infrared Spectroscopy (FT-IR) of r-BS powder (insert
figures show the schematic illustration of vibration modes). (e) X-ray photoelectron spectroscopy (XPS) signals
of B 1s and S 2p of powder r-BS. (f) Optical UV-Vis absorption spectrum of r-BS powder (insert figure shows
its Tauc plot). (g) Spectra of photoemission yield spectroscopy (PYS) of r-BS powder (black circles), MoS, (red
circles) and TiO, (blue circles).
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in Supporting Information (Fig. S2). Besides the signals from a graphite tape, all peaks were assigned to boron
or sulfur orbitals. Figure 1e shows the narrow-scanned XPS spectra for B-1s and S-2p orbitals. It is clearly seen
that the S-2p signal has doublet peaks for S-2p;,, and S-2p,, core levels. Based on the peak positions, the charge
states of B and S were almost neutral, similar to the previous report**. We previously investigated the chemi-
cal composition and stability of r-BS by XPS?*. The B : S atomic ratio was calculated to be 1+0.1:1+0.1, and
r-BS was stable under air and water droplet exposure. Figure 1f shows the optical ultraviolet- visible (UV-Vis)
absorption spectrum of r-BS. Two-step optical absorption was seen, i.e. strong absorption below 400 nm and
broad absorption around 400-600 nm. The previous study performed DFT calculation on r-BS, suggesting that
r-BS is an indirect semiconductor?. Thus, the Tauc plot (inset of Fig. 1f) uses the square root of absorption as
a vertical axis. Then, the optical bandgap determined by strong absorption in the Tauc plot was approximately
3.2 eV. Previously, Sasaki et al. reported the UV-Vis spectrum of r-BS, which also exhibited two steps of optical
absorption®. According to this report, the strong absorption that appeared in the ultraviolet (UV) region was
assigned to the bandgap excitation, while the weak absorption in the visible light range would be originated from
some deficiencies in 1-BS. The results of photoemission yield spectroscopy (PYS) are shown in Fig. 1g, which are
useful for discussing the position of the valence band maximum (VBM) of semiconductors®*-*%. The present PYS
analysis was not conducted in a vacuum; therefore, we could not relate it directly to the vacuum energy level.
Hence, we referred to the data of titanium dioxide (TiO,) with anatase phase as a well-known photocatalyst and
molybdenum disulfide (MoS,) as a well-studied metal sulfide. As shown in the PYS spectra, the VBM position of
r-BS was approximately 1.0 V shallower than that of TiO, and close to that of MoS,. While some reports indicate
that the VBM of MoS, is located at a more positive potential than the redox potential of oxygen (O,) evolution
from water®>=¥’, reports of photocatalytic water oxidation by MoS, are still limited because of the large overpo-
tential for water oxidation. These previous studies imply that water oxidation by r-BS is challenging, as will be
discussed later. In contrast, the position of the conduction band minimum (CBM) of r-BS is negative enough to
drive H, production, as its bandgap value was 3.2 eV as shown in Fig. 1f. The bandgap value and the position of
the valence band of r-BS affect the photocatalytic property of r-BS as described below.

Photoelectrochemical property

We evaluated the wavelength dependence of the photoelectrochemical properties of an r-BS electrode to deter-
mine its responsive photon energy. Figure 2 shows the changes in the photocurrent of the r-BS electrode for vari-
ous wavelengths using a xenon lamp with short-wavelength cutoff filters (Fig. S11a in Supporting Information)
under the rest potential condition. A negative photocurrent was observed in each case, indicating the p-type
nature of the r-BS*%. Although the photocurrent densities under UV light were more obvious, those under vis-
ible light shorter than 510 nm were still responsive. These results imply that two-step absorption under UV and
visible light shown in Fig. 1f are responsive to the photocurrent generation. The linear sweep voltammogram of
the r-BS electrode under chopping light irradiation by a 150 W xenon lamp is also shown in Supporting Infor-
mation (Fig. S3). The significant photocurrent under cathodic bias also implies the visible-light sensitivity and
the p-type nature of r-BS.

Hydrogen evolution

Next, we evaluated the H, evolution property of r-BS powder dispersed in water with the addition of ethanol as
a sacrificial agent under xenon lamp irradiation. Figure 3a shows the repeated H, production property of r-BS
after the evacuation of the headspace gas in a reactor for each measurement. H, molecules were produced four
times at a constant rate, each H, production session lasted 12 h. Furthermore, we examined the action spectrum
of the internal quantum efficiency (IQE) for H, generation by the r-BS photocatalyst under various wavelength
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Figure 2. Photoelectrochemical current response under light on and off condition (Light irradiation from 10
to 40 s). Light was irradiated using a xenon lamp through short wavelength cut-off filter below 610 nm, 510 nm,
470 nm, 420 nm, 400 nm, 350 nm, respectively.
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Figure 3. (a) Time course of H, evolution from water containing ethanol as sacrificial agent under a xenon
lamp. The head space of reactor was replaced with Ar gas every 12 h. (b) Black line is the optical absorbance of
r-BS and red dots are IQE of r-BS for hydrogen generation at the different wavelengths light.

conditions (The IQE calculation procedure is described in Supporting Information, Note 1). As shown in Fig. 3b,
H, molecules were generated even under visible light up to 500 nm and were generated under UV irradiation,
reaching approximately 1.8% of IQE. The limited IQE under visible light would originate from defects in r-BS,
as reported by Sasaki et al.”>. During the H, production reaction shown in Fig. 3, ethanol would be oxidized
under light irradiation conditions. O, production was barely detected in the absence of sacrificial agents. These
results indicate that it is difficult for r-BS to produce O, from water; however, as mentioned later, we confirmed
photocatalytic dye oxidation by r-BS. These results indicate that r-BS can be used in potential applications,

such as p-type photocathodes for H, production and environmental purification of harmful organic chemical
compounds.

Carbon dioxide reduction

In addition to the H, evolution reaction, the photocatalytic carbon dioxide (CO,) reduction by r-BS was evalu-
ated. The r-BS powder was dispersed in an aqueous solution containing triethanolamine (TEOA) as a sacrificial
agent for the oxidation reaction. We used TEOA instead of ethanol for CO, reduction because ethanol is oxidized
to CO,. We compared the products generated under CO, bubbled and argon (Ar) bubbled conditions under the
same xenon lamp irradiation conditions shown in Fig. 3a. Figure 4 shows the results under CO, bubbling (a)
and Ar bubbling (b). It is noteworthy that r-BS generated carbon monoxide (CO) under the CO, bubbled con-
dition, while no CO was detected under the Ar bubbling condition. These results indicated that r-BS can drive
the photocatalytic CO, reduction to CO. To verify whether the detected CO originated from the reduction of
bubbled CO,, we conducted an isotope trace experiment that involved gas chromatography-mass spectroscopy
(GC-MS) using isotope CO, with a carbon mass number of 13 (**CO,) for bubbling. The peak of CO with a mass
number of 29 ('*CO) appears at approximately 2.5 min retention time in a GC-MS chart (Fig. $4 in Supporting
Information). As a result, 1*CO was not detected under an ordinal carbon dioxide (**CO,) atmosphere, whereas

13CO was detected under *CO, conditions. These isotope analyses also clearly reveal the photocatalytic CO,
reduction ability of r-BS.
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Figure 4. (a) The generated amount of CO (red line) and H, (black line) by r-BS under a xenon lamp
irradiation in the CO, bubbled condition with a TEOA sacrificial agent. (b) Shows the amount of CO (red line)
and H, (black line) by r-BS under a Xe lamp irradiation in the Ar bubbled condition with a TEOA sacrificial
agent. (c) Shows MB dye decomposition by r-BS under UV irradiation.
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Dye decomposition

Next, we evaluated the photocatalytic dye degradation by an oxidation reaction, since it is useful to discuss the
capability of r-BS for environmental remediation applications, such as water purification, antibacterial functions,
and antiviral functions. In this study, methylene blue (MB) dye molecules were used for photocatalysis tests in
aqueous media. Figure 4c shows the change in absorbance values of MB under Hg-Xe lamp irradiation passed
through a 360 nm bandpass filter, which mainly excites r-BS to avoid the excitation of MB itself. We measured
the change in the absorbance of MB under dark conditions to check MB adsorption onto r-BS; the absorbance
of MB did not decrease significantly under dark conditions (black squares in Fig. 4c). Furthermore, only MB
without r-BS under light irradiation exhibited any changes in its absorbance values (red squares in Fig. 4c),
indicating that the photolysis of MB was limited under the present experimental conditions. In particular, MB
with r-BS under light irradiation caused the decoloration of the MB dye. It is known that the MB molecule turns
transparent by both oxidation and reduction reactions, but the reduced MB with the Leuco form turned blue in
the dark under an oxygen-rich condition®. To check if the present MB decoloration is driven by the oxidation
or reduction reaction, we investigated the recovery of the absorbance values of MB under O, bubbling condi-
tions after light irradiation. As a result, the recovery of the absorbance values of MB was very limited (Fig. S5
in Supporting Information), indicating that oxidation is the dominant reaction in the MB decoloration process.
These results reveal that r-BS can photocatalytically oxidize organic molecules and is useful in environmental
remediation applications.

Photo-stability test

Although constant H, evolution was observed in Fig. 3a, metal sulfides are generally unstable owing to their self-
oxidation reaction under light irradiation in aqueous media. Therefore, we conducted a durability test of r-BS
under stronger light irradiation than that shown in Fig. 3a. The H, production performance of r-BS decreased
under strong light irradiation and remained constant after 4 h (Fig. S6 in Supporting Information). These results
indicate that r-BS was partially photo-corroded. A comparison of the UV-Vis spectra and the XRD patterns
of the r-BS samples before and after sufficient light irradiation (Fig. S7 in Supporting Information) reveals no
significant changes. However, the H, production performance deterioration, as shown in Fig. S6, suggests that
r-BS is photo-corroded, similar to the previous metal sulfide cases***!. To check the morphology change of r-BS
after light irradiation, we conducted the SEM observation of before and after photocatalytic reaction. As shown in
Fig. S8a, pristine r-BS was layered structure with clear edge, however, the edge part of r-BS was broken or melted
after light irradiation in water. We also conducted the XPS analysis on r-BS before and after the photocatalysis test
(Fig. S9). After light irradiation onto r-BS, both binding energies of B-1s and S-2p orbitals were shifted towards
smaller values, indicating the negatively charged state of r-BS after light irradiation.

To investigate the charge separation in r-BS particle under light irradiation more in detail, we did the atomic
force microscope (AFM) and the Kelvin-probe force microscope (KPFM) measurement for the r-BS particle
under dark and UV irradiation condition. As Wardhana et al. reported, KPFM is a powerful tool to determine
the relative work function and carrier shift of a semiconductor*?. Figure 5a shows the AFM and KPFM results
under the dark condition. These images would capture a layered r-BS small particle with its facet. The KPFM

(a) Dark condition (b) LV irradiation

AFM 53 nm AFM 53 nm

)

0.125 ym

ysisH

5

SPD (V)

o
]
(uJu)u

0 0.1 0.2 0 0.1 0.2
Profile (um) Profile (um)

Figure 5. AFM and KPFM analysis of the same r-BS particle in the dark (a) and under UV irradiation (b). The
average cross-sectional profiles of AFM and KPFM (c and d) were taken in vertical direction.
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result suggests that the right edge of r-BS sheet has lower surface potential difference (SPD) than its facet face
as shown in Fig. 5c. This result indicates that the local work function of r-BS at the edge is different from that
of the facet position. Furthermore, a KPFM measurement with UV irradiation was conducted to observe the
charge separation between the surface and the edge (Fig. 5b). During the irradiation, the Fermi level of the right
edge upshifted (Fig. 5d), indicating the electrons accumulation to the edge. Therefore, in the case of our r-BS,
the excited electrons were transferred to the edge of r-BS leaving holes in planer facet sites.

In addition to the XPS and KPFM analyses, photocatalytic reduction or oxidation sites in r-BS were experi-
mentally examined. So, we deposited platinum (Pt) or rhodium (Rh) nanoparticles onto r-BS by a photo-reduc-
tion method similar to the way of the reported literature®’. Figure 6a and b show the SEM images and their EDS
elemental mapping of Pt (a) and Rh loaded r-BS (b). Both Pt and Rh nanoparticles were mainly deposited on the
edge of layered r-BS particles. These results indicate that the edge parts of r-BS act as photocatalytic reduction
sites, consistent with the KPFM result. Based on these results, damaged r-BS shown in Fig. S8b is attributed to
its photocatalytic self-reduction process similar to the previous cuprous oxide case*.

We expect that the Pt or Rh deposition improve the stability of r-BS, since their deposition inhibits the self-
reduction of r-BS. Thus, we compared the photocatalytic H, production activities and stabilities of the pristine
r-BS with those of the Pt loaded r-BS. Figure 7a shows the raw data of H, production for pristine r-BS and Pt-
loaded r-BS. It is noted that the loading of Pt nanoparticles improves photocatalytic H, production ability of r-BS
by their cocatalyst effect. Figure 7b shows the normalized data of H, production at the first 0-1 h irradiation,
indicating that the Pt loading also improves the stability of r-BS during its photocatalytic H, production. These
results indicate that the loading of cocatalyst improves the stability of r-BS. In the present study, even though

Figure 6. Backscattered electron image and EDS elemental mapping of Pt photo-deposited r-BS (a) and Rh
photo-deposited r-BS (b).
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Figure 7. (a) H, production amount under light irradiation for every hour of bare r-BS and Pt loaded r-BS. (b)
Activity reduction rate calculated by normalizing the data in (a) at each 0-1 h H, generation.
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we used Pt as the most common cocatalyst for hydrogen production, other economical cocatalysts can be used
to improve the reaction rate and the stability of an r-BS photocatalyst. We will evaluate the stability of both
cocatalysts and r-BS in the future study.

Conclusion

r-BS prepared under high-pressure conditions exhibited photocatalytic activities toward H, production, CO,
reduction, and dye oxidation without any cocatalyst modification. It is responsive to visible light up to 500 nm
in wavelength, and its IQE for H, production under UV irradiation was 1.8%. Although the present r-BS was
not perfectly stable under strong light-intensity conditions due to self-reduction reactions, a metal cocatalysts
modification promoted the stability of r-BS. This study found that r-BS is a new class of non-metal photocata-
lysts. It consists of abundant elements and can potentially be used in economical artificial photosynthesis and/
or environmental remediation systems.

Methods

r-BS synthesis

Amorphous boron was prepared by the decomposition of B,H, and the obtained amorphous boron was mixed
with sulfur powder (Wako Pure Chemical Industries Ltd., Osaka, Japan) in a 1:1 atomic ratio. Pellets of this
mixture were formed by pressing; then, two pellets were placed in a capsule consisting of a boron nitride wall,
sodium chloride (NaCl) disks, and graphite disks (Fig. S10 in Supporting Information). The pressure was first
increased to 5.5 GPa, then, the temperature was increased to 1873 K over 17 min. After keeping the sample at
1873 K for 40 min, the temperature was reduced to room temperature (approximately 298 K). After release the
pressure to ambient atmosphere, the r-BS pellet was carefully taken out by removing the surrounding materials
and crushed into a powder form for a photocatalyst test.

Characterization

The crystal structure of r-BS was characterized using an X-ray diffractometer (Rigaku, Smart Lab, Tokyo, Japan)
with CuKa radiation. A nonreflecting silicon plate was used as a sample stage, and the diffraction pattern was
recorded using a D/TeX detector. The morphology of r-BS was observed using FE-SEM (Hitachi, Ltd., SU9000,
Tokyo, Japan). The top of the valence band was estimated by photoelectron yield spectroscopy (RIKEN KEIKI
Co., Ltd., AC-2, Tokyo, Japan). In the PYS analysis, an electron that was photoemitted from its valence band was
accelerated away from the sample by a weak positive bias (sample was at 0 V) and in the process was picked up
by an oxygen molecule in air. The singlet oxygen radical anion continued to accelerate away from the sample
and subsequently entered a high voltage gradient chamber which caused an electron avalanche to occur through
an electron cascading process involving nitrogen gas. The free electrons involved in this avalanche process were
detected at the anode and through calibration were correlated to the photoelectron yield of the sample. Macro-
scopic charging of the sample was minimized by using very weak UV intensities (5-500 nW/cm?) for photoemis-
sion. The binding energies of B-1s and S-2p of r-BS were measured using X-ray photoelectron spectroscopy (JEOL
Ltd., JPS 9010 TR, Tokyo, Japan) with an Mg Ka X-ray source, where the pass energy was set at 10 eV. The charge
build-up in the sample (because of the incomplete contact of a graphite tape with a sample holder) resulted in
a slight shift to higher binding energies for those spectra. Therefore, we calibrated the charge build-up based
on the C-1s peak of a graphite tape at 284.6 eV. The Raman spectroscopy analysis of r-BS was performed using
a Raman imaging system (JASCO Corporation, NRS-5100, Tokyo, Japan) with an incident light wavelength of
532 nm. Infrared spectra were measured using Fourier transform infrared spectroscopy (JASCO Corporation,
FT/IR-6100 Tokyo, Japan) with an ATR unit. The UV-Vis absorbance of r-BS was measured using a spectropho-
tometer (JASCO Corporation, V-770, Tokyo, Japan). The Kubelka-Munk function was used for the Tauc plot.

Photoelectrochemical property

The r-BS electrode was prepared on a fluorine-doped tin oxide (FTO) glass by a drop-casting method using
r-BS powder solution dispersed in ethanol with 5% Nafion™ solution (DE520 CS type, Wako Pure Chemical
Industries Ltd., Osaka, Japan). The photocurrent of r-BS was evaluated in an aqueous solution with 0.5 M sodium
sulfate (Wako Pure Chemical Industries Ltd., Osaka, Japan) at a pH of 7.0. The working, counter, and reference
electrodes were 1-BS, Pt plate, and Ag/AgCl, respectively. The r-BS electrode was irradiated with light using a
xenon lamp with short-wavelength cutoff filters (cutoffs below 610, 510, 470, 420, 400, and 350 nm). Figure S11a
in Supporting Information shows the spectra under these conditions. The photocurrent was recorded using a
potentiostat (Hokuto Denko Corp, HZ-7000, Tokyo, Japan) at rest potential under light-on and light-off condi-
tions (light irradiation from 10 to 40 s). The linear sweep voltammogram of the r-BS electrode coated on a carbon
substrate was also recorded under chopped light irradiation by a 150 W xenon lamp.

Hydrogen evolution

The r-BS powder (20 mg) was introduced into a 65 mL glass reactor (see Supporting Information, Fig. S12a),
which was cooled using a water-circulating system during light irradiation. Ethanol was added to the reactor
as the sacrificial agent. Before irradiation, Ar gas was bubbled through the dispersed r-BS solution. This Ar
bubbling procedure was conducted every 12 h after light irradiation using a xenon lamp. The H, concentration
was evaluated using a gas chromatograph equipped with a thermal conductive detector and a molecular sieve
5A 60/80 column (SHIMAZU Co. Ltd, GC-2014, Kyoto, Japan). The H, production experiment for calculating
the internal quantum efliciency was conducted using a small glass cell (4.5 mL, see Supporting Information,
Fig. S12b). The 8 mg r-BS dispersed solution, in which water and ethanol were added, was irradiated by a xenon
lamp passed through band-pass filters (490, 450, 420, 390, and 350 nm). Figure S11b shows the spectra of the
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light irradiation conditions. The formula for calculating the internal quantum efficiency (IQE) is described in
Note 1 of Supporting Information. The durability test for H, generation was also conducted using a small glass
cell (4.5 mL). The 4 mg r-BS dispersed solution, in which water and ethanol were added, was irradiated by a
xenon lamp (Light intensity is shown in Fig. S11d).

Carbon dioxide reduction

A CO, reduction reaction was performed in a small glass cell (4.5 mL). r-BS powder (8 mg) was added to water,
and 2,2,2-Nitrilotriethanol (TEOA, Kanto Chemical Co. Inc., Tokyo, Japan) was added to a quartz cell as a
sacrificial agent. Before light irradiation, CO, was bubbled through the solution. A xenon lamp was used as the
light source, and the CO concentration in the headspace of the reactor was measured using a gas chromatograph
equipped with a dielectric barrier discharge ionization detector (Shimadzu, Co. Ltd, GC-BID, GC-2010, Kyoto,
Japan). As a control experiment, we performed the same experiment under the Ar bubbling condition instead
of the CO, bubbling condition.

An isotope trace experiment was also conducted using CO, with a carbon mass number of 13 (*CO,).
r-BS powder, water, and TEOA were mixed in a small quartz reactor (4.5 mL). After *CO, was bubbled into
the mixture for 5 min, the solution was irradiated by a xenon lamp. The evolved *CO was measured by gas
chromatography-mass spectroscopy (GC-MS, SHIMAZU Co. Ltd, GCMS-QP2010, Kyoto, Japan).

Methylene blue decomposition

Before the MB decomposition test, we checked the relationship between the absorbance of MB at 664 nm and MB
concentration (calibration curve, Fig. S13), thus, confirming their linear relationship. MB decomposition reaction
was conducted in a small glass cell (4.5 mL). First, 4 mg r-BS powder was added to a 0.01 mg/mL MB aqueous
solution in the reaction cell. The solution was then irradiated by a Hg-Xe lamp coupled with a UV bandpass color
filter (UV-D36B; the spectrum of the irradiated light is shown in Fig. S11c). Two conditions were prepared for
the control experiments. First, only the MB solution was irradiated under the same light irradiation conditions
to check the photolysis of MB. A mixture of r-BS and MB aqueous solutions was examined in the dark without
light irradiation. The MB decomposition rate was evaluated using the change in absorbance at 664 nm, which
originated from the MB absorption. For the r-BS-containing sample, the baselines were normalized to cancel
the effect of scattering by the r-BS powder.

Photo-stability test and AFM/KPFM study

The durability test for H, generation was also conducted using a 4.5 mL quartz glass cell (Fig. S12b). The 4 mg
r-BS dispersed solution, in which water and ethanol were added, was irradiated by a xenon lamp (Light intensity
is shown in Fig. S11d). The morphology of bare r-BS and r-BS after long time irradiation was observed using
SEM (JEOL Ltd., JCM-7000, Tokyo, Japan). AFM and KPFM analysis were performed using an AFM Workshop
TT-2 equipped with an SPT-20 (Toyo Corporation) surface potential measurement unit. A platinum and iridium
(Pt-Ir) coated cantilever (NanoWorld EFM, Pointprobe’) was used to perform the tapping mode. A UV LED
(365 nm, 4 mW cm™2) was employed in the light irradiation experiment. The UV illumination with an incident
angle of around 60° and a diameter of 8 mm was set up and focused using a convex lens. In this experiment, an
r-BS solution was dropped onto a mica substrate and allowed to dry before the measurement. During the KPFM
measurement, a surface potential difference (SPD) takes place due to the work function difference between the
tip and sample, and can be expressed as SPD = (¢, — Gumpie)e> Where ¢y, and ¢, are the work functions of the
tip and sample, respectively, and e is the positive elementary charge. The AFM and KPFM analyses were done
using Gwyddion and the cross-sectional profiles were taken as a mean of vertical lines*. To evaluate the reduction
site in r-BS and to improve the stability of r-BS, platinum (Pt) or rhodium (Rh) nanoparticles were loaded on
r-BS particles by a photo-deposition method. Precursors for Pt and Rh were hydrogen hexachloroplatinate(IV)
(H,PtCl, 6H,0, Kanto Chemical Co., Ltd., Tokyo, Japan) hexahydrate and rhodium(III) chloride trihydrate
(RhCl; 3H,0, Wako Pure Chemical Industries Ltd., Osaka, Japan). Ethanol was added into a reactor as a sacrifi-
cial agent, and the light was irradiated by a xenon lamp for photo-deposition. After the light irradiation, powder
was collected by filtration, washed with Ethanol several times, and dried.

Data availability
Data sets generated during the current study are available from the corresponding author on reasonable request.

Received: 14 September 2023; Accepted: 4 November 2023
Published online: 09 November 2023

References

1. Fujishima, A. & Honda, K. Electrochemical photolysis of water at a semiconductor electrode. Nature 238, 37. https://doi.org/10.
1038/238037a0 (1972).

2. Maeda, K. & Domen, K. Photocatalytic water splitting: recent progress and future challenges. J. Phys. Chem. Lett. 1, 2655-2661.
https://doi.org/10.1021/j21007966 (2010).

3. Kudo, A. & Miseki, Y. Heterogeneous photocatalyst materials for water splitting. Chem. Soc. Rev. 38, 253-278. https://doi.org/10.
1039/B800489G (2009).

4. Wang, X. et al. A metal-free polymeric photocatalyst for hydrogen production from water under visible light. Nat. Mater. 8, 76.
https://doi.org/10.1038/nmat2317 (2008).

5. Maeda, K. et al. Photocatalytic activities of graphitic carbon nitride powder for water reduction and oxidation under visible light.
J. Phys. Chem. C 113, 4940-4947. https://doi.org/10.1021/jp809119m (2009).

Scientific Reports |

(2023) 13:19540 | https://doi.org/10.1038/s41598-023-46769-7 nature portfolio


https://doi.org/10.1038/238037a0
https://doi.org/10.1038/238037a0
https://doi.org/10.1021/jz1007966
https://doi.org/10.1039/B800489G
https://doi.org/10.1039/B800489G
https://doi.org/10.1038/nmat2317
https://doi.org/10.1021/jp809119m

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.
36.

37.

38.
39.

40.

41.

42,

43.

44,

45.

. He, Y., Wang, Y., Zhang, L., Teng, B. & Fan, M. High-efficiency conversion of CO, to fuel over ZnO/g-C3N4 photocatalyst. Appl.

Catal. B Environ. 168-169, 1-8. https://doi.org/10.1016/j.apcatb.2014.12.017 (2015).

. Fu, . et al. Hierarchical porous O-doped g-C3N4 with enhanced photocatalytic CO, reduction activity. Small 13, 1603938. https://

doi.org/10.1002/smll.201603938 (2017).

. Yuan, Y.-J. et al. Liquid exfoliation of g-C3N4 nanosheets to construct 2D-2D MoS,/g-C3N4 photocatalyst for enhanced photo-

catalytic H, production activity. Appl. Catal. B Environ. 246, 120-128. https://doi.org/10.1016/j.apcatb.2019.01.043 (2019).

. Ong, W.-],, Tan, L.-L., Ng, Y. H., Yong, S.-T. & Chai, S.-P. Graphitic carbon nitride (g-C3N4)-based photocatalysts for artificial

photosynthesis and environmental remediation: Are we a step closer to achieving sustainability?. Chem. Rev. 116, 7159-7329.
https://doi.org/10.1021/acs.chemrev.6b00075 (2016).

She, X. et al. High efficiency photocatalytic water splitting using 2D a-Fe,0,/g-C3N4 Z-scheme catalysts. Adv. Energy Mater. 7,
1700025. https://doi.org/10.1002/aenm.201700025 (2017).

Sahoo, D. P, Das, K. K., Patnaik, S. & Parida, K. Double charge carrier mechanism through 2D/2D interface-assisted ultrafast
water reduction and antibiotic degradation over architectural S, P co-doped g-C3N4/ZnCr LDH photocatalyst. Inorganic Chem.
Front. 7,3695-3717. https://doi.org/10.1039/D0QI00617C (2020).

Acharya, L., Swain, G., Mishra, B. P, Acharya, R. & Parida, K. Development of MgIn254 microflower-embedded exfoliated B-doped
g-C3N4 nanosheets: p—n heterojunction photocatalysts toward photocatalytic water reduction and H,0, production under visible-
light irradiation. ACS Appl. Energy Mater. 5, 2838-2852. https://doi.org/10.1021/acsaem.1c03525 (2022).

Yu, E. & Pan, Y. Catalytic properties of borophene/MoS, heterojunctions for hydrogen evolution reaction under different stacking
conditions. J. Mater. Chem. A 10, 24866-24876. https://doi.org/10.1039/D2TA05928B (2022).

Yan, D. et al. Green synthesis of lamellae rhombohedra boron suboxide for efficient photoreduction catalysis with visible light
response. Solar RRL 3, 1900014. https://doi.org/10.1002/s0lr.201900014 (2019).

Shi, L. et al. n-type boron phosphide as a highly stable, metal-free, visible-light-active photocatalyst for hydrogen evolution. Nano
Energy 28, 158-163. https://doi.org/10.1016/j.nanoen.2016.08.041 (2016).

Yu, E. & Pan, Y. First-principles prediction of structural, electronic and optical properties of alkali metals AM4BN3H10 hydrides.
Int. J. Hydrogen Energy 48, 14785-14794. https://doi.org/10.1016/j.ijhydene.2022.12.338 (2023).

Li, J. et al. Chemical activation of boron nitride fibers for improved cationic dye removal performance. . Mater. Chem. A 3,
8185-8193. https://doi.org/10.1039/C5TA00601E (2015).

Shenoy, M. R. et al. Visible light sensitive hexagonal boron nitride (hBN) decorated Fe,O; photocatalyst for the degradation of
methylene blue. J. Mater. Sci. Mater. Electron. 32, 4766-4783. https://doi.org/10.1007/s10854-020-05215-4 (2021).

Tian, L. et al. Facile molten salt synthesis of atomically thin boron nitride nanosheets and their co-catalytic effect on the perfor-
mance of carbon nitride photocatalyst. J. Colloid Interface Sci. 536, 664—-672. https://doi.org/10.1016/j.jcis.2018.10.098 (2019).
Luo, Z., Fang, Y., Zhou, M. & Wang, X. A borocarbonitride ceramic aerogel for photoredox catalysis. Angew. Chem. Int. Ed. 58,
6033-6037. https://doi.org/10.1002/anie.201901888 (2019).

Zheng, M., Ghosh, I., Konig, B. & Wang, X. Metal-free semiconductor photocatalysis for sp2 C—H functionalization with molecular
oxygen. ChemCatChem 11, 703-706. https://doi.org/10.1002/cctc.201801948 (2019).

Nascimento, R., Martins, J. D. R,, Batista, R. J. C. & Chacham, H. Band gaps of BN-doped graphene: Fluctuations, trends, and
bounds. J. Phys. Chem. C 119, 5055-5061. https://doi.org/10.1021/jp5101347 (2015).

Sasaki, T., Takizawa, H., Uheda, K. & Endo, T. High pressure synthesis of binary B-S compounds. Physica Status Solidi (B). 223,
29-33. https://doi.org/10.1002/1521-3951(200101)223:1%3c29:: AID-PSSB29%3€3.0.CO;2-O (2001).

Kusaka, H. et al. Crystalline boron monosulfide nanosheets with tunable bandgaps. J. Mater. Chem. A 9, 24631-24640. https://doi.
0rg/10.1039/D1TA03307G (2021).

Cherednichenko, K. A. et al. Optical phonon modes in rhombohedral boron monosulfide under high pressure. J. Appl. Phys. 117,
185904 (2015).

Cherednichenko, K. A. et al. Boron monosulfide: Equation of state and pressure-induced phase transition. J. Appl. Phys. 123,
135903 (2018).

Fan, D. et al. Versatile two-dimensional boron monosulfide polymorphs with tunable bandgaps and superconducting properties.
Appl. Phys. Lett. 117, 013103 (2020).

Mishra, P, Singh, D., Sonvane, Y. & Ahuja, R. Two-dimensional boron monochalcogenide monolayer for thermoelectric material.
Sustain. Energy Fuels 4, 2363-2369. https://doi.org/10.1039/D0SE00004C (2020).

Mishra, P, Singh, D., Sonvane, Y. & Ahuja, R. Metal-functionalized 2D boron sulfide monolayer material enhancing hydrogen
storage capacities. J. Appl. Phys. 127, 184305 (2020).

Li, L. et al. Boron monosulfide as an electrocatalyst for the oxygen evolution reaction. Chem. Eng. J. 471, 144489. https://doi.org/
10.1016/j.cej.2023.144489 (2023).

Lu, S. et al. Towards n-type conductivity in hexagonal boron nitride. Nat. Commun. 13, 3109. https://doi.org/10.1038/s41467-022-
30762-1 (2022).

Jasieniak, ., Califano, M. & Watkins, S. E. Size-dependent valence and conduction band-edge energies of semiconductor nanocrys-
tals. ACS Nano 5, 5888-5902. https://doi.org/10.1021/nn201681s (2011).

Liu, Y.-S. et al. Synthesis and characterization of the orthorhombic Sn;O, polymorph. Angew. Chem. Int. Ed. 62, €202300640.
https://doi.org/10.1002/anie.202300640 (2023).

Liu, Y.-S. et al. Visible-light-induced CO, reduction by mixed-valence tin oxide. ACS Appl. Energy Mater. 4, 13415-13419. https://
doi.org/10.1021/acsaem.1c02896 (2021).

Kumar, S., Karthikeyan, S. & Lee, A. F. g-C3N4-based nanomaterials for visible light-driven photocatalysis. Catalysts 8, 74 (2018).
Choudhury, P, Ravavarapu, L., Dekle, R. & Chowdhury, S. Modulating electronic and optical properties of monolayer mos2 using
nonbonded phthalocyanine molecules. J. Phys. Chem. C 121, 2959-2967. https://doi.org/10.1021/acs.jpcc.6b11239 (2017).
Colbeau-Justin, C. & Valenzuela, M. Time-resolved microwave conductivity (TRMC) a useful characterization tool for charge
carrier transfer in photocatalysis: A short review. Revista mexicana de fisica 59, 191-200 (2013).

Watanabe, N. et al. Rhombohedral boron monosulfide as a p-type semiconductor. Molecules 28, 1896 (2023).

Mills, A. & Wang, J. Photobleaching of methylene blue sensitised by TiO,: An ambiguous system?. . Photochem. Photobiol. A
Chem. 127, 123-134. https://doi.org/10.1016/S1010-6030(99)00143-4 (1999).

Ning, X. & Lu, G. Photocorrosion inhibition of CdS-based catalysts for photocatalytic overall water splitting. Nanoscale 12,
1213-1223. https://doi.org/10.1039/CINR0O9183A (2020).

Meissner, D., Memming, R. & Kastening, B. Photoelectrochemistry of cadmium sulfide. 1. Reanalysis of photocorrosion and flat-
band potential. J. Phys. Chem. 92, 3476-3483. https://doi.org/10.1021/j100323a032 (1988).

Wardhana, A. C. et al. Direct imaging of visible-light-induced one-step charge separation at the chromium(iii) oxide-strontium
titanate interface. J. Mater. Chem. A 10, 752-761. https://doi.org/10.1039/D1TA08950A (2022).

Matsumoto, Y., Ida, S. & Inoue, T. Photodeposition of metal and metal oxide at the TiOx nanosheet to observe the photocatalytic
active site. J. Phys. Chem. C 112, 11614-11616. https://doi.org/10.1021/jp804625r (2008).

Toe, C. Y. et al. Photocorrosion of cuprous oxide in hydrogen production: Rationalising self-oxidation or self-reduction. Angew.
Chem. Int. Ed. 57, 13613-13617. https://doi.org/10.1002/anie.201807647 (2018).

Necas, D. & Klapetek, P. Gwyddion: An open-source software for SPM data analysis. Open Phys. 10, 181-188. https://doi.org/10.
2478/s11534-011-0096-2 (2012).

Scientific Reports |

(2023) 13:19540 | https://doi.org/10.1038/s41598-023-46769-7 nature portfolio


https://doi.org/10.1016/j.apcatb.2014.12.017
https://doi.org/10.1002/smll.201603938
https://doi.org/10.1002/smll.201603938
https://doi.org/10.1016/j.apcatb.2019.01.043
https://doi.org/10.1021/acs.chemrev.6b00075
https://doi.org/10.1002/aenm.201700025
https://doi.org/10.1039/D0QI00617C
https://doi.org/10.1021/acsaem.1c03525
https://doi.org/10.1039/D2TA05928B
https://doi.org/10.1002/solr.201900014
https://doi.org/10.1016/j.nanoen.2016.08.041
https://doi.org/10.1016/j.ijhydene.2022.12.338
https://doi.org/10.1039/C5TA00601E
https://doi.org/10.1007/s10854-020-05215-4
https://doi.org/10.1016/j.jcis.2018.10.098
https://doi.org/10.1002/anie.201901888
https://doi.org/10.1002/cctc.201801948
https://doi.org/10.1021/jp5101347
https://doi.org/10.1002/1521-3951(200101)223:1%3c29::AID-PSSB29%3e3.0.CO;2-O
https://doi.org/10.1039/D1TA03307G
https://doi.org/10.1039/D1TA03307G
https://doi.org/10.1039/D0SE00004C
https://doi.org/10.1016/j.cej.2023.144489
https://doi.org/10.1016/j.cej.2023.144489
https://doi.org/10.1038/s41467-022-30762-1
https://doi.org/10.1038/s41467-022-30762-1
https://doi.org/10.1021/nn201681s
https://doi.org/10.1002/anie.202300640
https://doi.org/10.1021/acsaem.1c02896
https://doi.org/10.1021/acsaem.1c02896
https://doi.org/10.1021/acs.jpcc.6b11239
https://doi.org/10.1016/S1010-6030(99)00143-4
https://doi.org/10.1039/C9NR09183A
https://doi.org/10.1021/j100323a032
https://doi.org/10.1039/D1TA08950A
https://doi.org/10.1021/jp804625r
https://doi.org/10.1002/anie.201807647
https://doi.org/10.2478/s11534-011-0096-2
https://doi.org/10.2478/s11534-011-0096-2

www.nature.com/scientificreports/

Acknowledgements

This research was partly funded by JSPS KAKENHI (grant nos. 23H02042, 23K17953, JP22K18964, 19H05790),
JST A-STEP (grant no. JPMJTR22T4), TIAK akehashi collaborative research program (2022), and MHI Innova-
tion Accelerator LLC. We would like to thank Editage (http://www.editage.com) for English language editing.

Author contributions

K.M. synthesized r-BS, conducted the photocatalytic studies, and wrote the first draft of the manuscript. A.Yamag.
supervised the photo-electrochemical study. H.K., N.W.,, M.Miyak., and T.T. synthesized r-BS by a high-pressured
reactor. A.C.W. and S.I. performed AFM and KPFM measurements. A.Yamam. conducted amorphous boron
synthesis. T.K. supervised the spectroscopic analyses and led the project. M. Miyau. led the project, supervised
photocatalytic studies, and wrote the final draft of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-46769-7.

Correspondence and requests for materials should be addressed to T.K. or M.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:19540 | https://doi.org/10.1038/s41598-023-46769-7 nature portfolio


http://www.editage.com
https://doi.org/10.1038/s41598-023-46769-7
https://doi.org/10.1038/s41598-023-46769-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Rhombohedral boron monosulfide as a metal-free photocatalyst
	Results
	Characterization
	Photoelectrochemical property
	Hydrogen evolution
	Carbon dioxide reduction
	Dye decomposition
	Photo-stability test

	Conclusion
	Methods
	r-BS synthesis
	Characterization
	Photoelectrochemical property
	Hydrogen evolution
	Carbon dioxide reduction
	Methylene blue decomposition
	Photo-stability test and AFMKPFM study

	References
	Acknowledgements


