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Optimizing the electronic configuration of h-BN for
boosting the photocatalytic transformation of acid
gases under visible lightt

Hao Yang,®® Libin Zeng,? Jiali Wang?® and Can Yang (2 *@

Developing the diverse chemical properties and expanding the catalytic performance of boron nitride (BN)
materials remains a formidable challenge although it has long been a hot topic of research. Optimizing the
electronic configuration of BN is implemented by incorporating heteroatomic carbon, which endows
modified BN with features in terms of visible-light response, highly efficient charge separation and
available surface-active sites. In addition, it was also found that the introduction of carbon also enhanced
the adsorption and activation of BN on reactant molecules using diffuse reflection infrared Fourier
transformation spectroscopy (DRIFTS), temperature-programmed desorption (TPD) and electron
paramagnetic resonance (EPR) spectroscopy. As expected, carbon-doped boron nitride (BCN) shows
remarkable performance in the photocatalytic removal of hydrogen sulfide (H,S) and nitric oxide (NO).
The optimized BCN sample exhibits 99% and 60% of the photocatalytic removal efficiency for 20 ppm
H,S (Flow velocity, 20 mL min™) and 1 ppm NO (Flow velocity, 500 mL min~Y), respectively. This work
provides insight into the design of functionalized BN and an exciting approach to handling low-
concentration acidic gases.

Handling low-concentration acidic gases (H,S and NO) in the environment remains a huge challenge because of their low abundance and strong corrosiveness.

At present, these acid gases are mainly eliminated by physical adsorption or solution absorption, but these methods often create secondary pollution problems.
Therefore, it is significant to develop an efficient and clean treatment process. To this end, we constructed photocatalytic systems for the treatment of these

acidic and corrosive gases. This process uses highly efficient photocatalysts with corrosion resistance and clean solar energy as the driving force, allowing no

secondary pollutants to be generated throughout the treatment process.

1. Introduction

Acidic gases (H,S and NO) not only cause huge obstacles to
industry but also harm human health and pollute the air.*
Although very well-established processes, such as the Claus
method for H,S, wet oxidation desulfurization (WOD) for SO,
and selective catalytic reduction (SCR) for NO,, have been
extensively applied in removing high-concentration acid gases,
it is still inevitable that small amounts of acid gases will be
discharged into the atmosphere.>* Handling low-concentration
acidic gases that are dispersed in the environment poses greater
challenges to treatment processes.”” Currently, the main
methods for eliminating these low concentrations of acid gases
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are physical adsorption or solution absorption, but these
methods often cause secondary pollution problems. Therefore,
it is of great significance to develop an efficient and clean
treatment process. Photocatalysis is an emerging technology
that has been extensively researched because of its use of cheap
and non-polluting solar energy as a driving force.*** In partic-
ular, photocatalysis has shown great potential in treating low
concentrations of gaseous pollutants in the environment, which
generally accomplishes the purification of gaseous pollutants
by photolysis or mineralization."*® The top priority in devel-
oping efficient photocatalytic schemes is the development of
low-cost, highly stable and active catalysts."” " Considering the
majority of metal-based catalysts are easily poisoned in sulfur-
containing gases because numerous metal atoms easily form
strong coordination with sulfur atoms, the development of free-
metal catalysts with chemical stability has become a new
research trend in photocatalysis of acidic gases.”** Due to its
exceptional features including chemical resistance, thermal
stability, and unique electronic properties, hexagonal boron
nitride (h-BN) has emerged as the subject of research.> As a two-
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dimensional metal-free material, the monolayer structures of h-
BN are composed of alternating hexagonal N and B atoms which
are similar to the honeycomb structure of graphene. The van
der Waals interactions function as the monolayer structures to
form a two-dimensional material, endowing BN with high
thermal conductivity.”® However, the B-N electron pairs with
higher electronegativity are restricted to the N atoms, resulting
in a low degree of delocalization of the B-N bond in comparison
to graphene, which is made up of equally contributed C-C
bonds.** This reduced delocalization feature of the BN elec-
tronic configuration caused a large band gap, which greatly
limited their applications in
photocatalysis.

Modifying BN into an excellent photocatalyst with a visible
light response is a challenging task because highly stable
ceramic properties leave it with limited means of structural
modulation. The straightforward strategy is compounding with
other semiconductors that have superior light absorption but
low photogenerated charge separation efficiency to construct
efficient composite photocatalysts, where BN acts as a promoter
of photogenerated carriers because of its unique physico-
chemical properties.”** And then, the modification of the
functional group is approved to be an effective means for
improvement of BN light uptake. Predictions of theoretical
calculations reveal that the band gap of BN reduced from ~5.5
to ~2.2 eV by hydrogenation of BN terminated edges.>”*®
Subsequent experiments have indicated that functionalizing BN
with the -OH group by introducing an in-plane inhibitor allows
it to absorb visible light as well.>® Another effective approach is
the introduction of heteroatoms (C, O, F) during the synthesis
process to modulate the local electronic structure, which can
strengthen the visible-light absorption of BN.>**** Among them,
carbon-doped boron nitride (BCN) is favored because the
matching of C atom sizes to B and N atoms allows easy
embedding. As a photocatalyst, BCN has been reported for the
decomposition of water into H,, reduction of CO,, oxidation of
benzyl alcohol, and mineralization of volatile organic
compounds (VOCs).**® Incorporating sp> carbon in the BN
lattice induces a delocalized two-dimensional electron domain
in BCN units where the C atom breaks the strongly electro-
negative B-N bond reducing the band gap of the BCN. Recent
studies have shown that carbon induces Lewis acid sites
(undercoordinated B  sites) and Lewis base sites
(undercoordinated N sites) in the BCN as well as forming large
specific surface area, facilitating the adsorption and activation
of gas molecules.’” Moreover, these structural base active sites
in the BCN chemical structure contribute to resisting the
change of catalyst surface state in the acidic gas environment.
Therefore, BCN is an encouraging candidate for the treatment
of acidic waste gases that benefits from excellent corrosion
resistance and easily tunable band structure, but relevant
research is very scarce.

In this work, BCN is successfully synthesized by a high-
temperature thermal polymerization process. The impacts of
carbon on the chemical state, band structure, and photo-
generated charge separation efficiency of BCN materials have
been comprehensively investigated through a series of

catalysis, especially in

98 | Environ. Sci.; Adv, 2024, 3, 97-108

View Article Online

Paper

characterizations. The adsorption and activation behavior of
reactants and photocatalytic mechanism were analyzed by
DRIFTS, TPD and EPR spectroscopy, etc. Thus, carbon-doped
BN (BCN) exhibits outstanding activity and stability for the
photocatalytic elimination of acid gas under visible light.

2. Experimental section

2.1 Preparation of samples

Urea (>99.0%), boric acid (>99.0%), and glucose (>99.0%) were
obtained from Sinopharm Chemical Reagent (Shanghai,
China). All of these materials were used as received without
further purification.

For the synthesis of BCN material, 4 g of urea, 2 g of boric
acid and 4 g of glucose were thoroughly ground and transferred
to a corundum boat. Then, the corundum boat was heated at
1250 °C for 5 h in a high-temperature tube furnace. The entire
heating process was carried out under an ammonia atmosphere
(250 mL min~"). Once the tube furnace had cooled to room
temperature naturally, the system was purged with nitrogen and
samples were collected. The BCN samples with different carbon
content were obtained by adding different amounts of glucose.
The sample with a small amount of glucose (1 g) was named
BCN-1, the sample with a moderate amount of glucose (4 g) was
named BCN-2, and the sample with excess glucose (10 g) was
named BCN-3.

The BN sample was synthesized following the same proce-
dure as for BCN except that no glucose was added.

2.2 Photocatalytic device and procedure

The photocatalytic H,S removal experiment was carried out
using a continuous gas-solid phase reaction device (Scheme 1).
In a typical photocatalytic H,S removal process, 40 mg of cata-
lyst was fixed in a quartz reactor with LED lamp irradiation
(40 W, 420 nm). The feed gas includes 20 ppm H,S gas and 50%
standard air and nitrogen as balance gas. The feed gas is flowed
under dark conditions for a period of time before the photo-
catalytic reaction to ensure that it reaches adsorption equilib-
rium on the catalyst surface. After the reaction, a gas
chromatograph equipped with an FPD detector is used to detect
the concentrations of gas. The removal efficiency (1) of H,S was
calculated as n = (1 — C/Cy) X 100%, where C and C, are the

Scheme 1 Schematic diagram of the photocatalytic H,S removal
process. (1) Mass flow controller; (2) gas mixing tank; (3) reactor; (4)
light source; (5) gas chromatograph; (6) computer; (7) tail gas
collector.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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transient and initial concentrations of H,S, respectively. Finally,
the device containing NaOH solution was used at the end of the
gas path to absorb the residual sulfur-containing gas.

3. Results and discussion
3.1 The characterization of composition and microstructure

The BCN samples were synthesized by the thermal polymeri-
zation method (Fig. 1).** The X-ray diffraction (XRD) pattern of
BN reveals two peaks at 25° and 42° belonging to the (002) and
(001) planes of the graphite structure, respectively (Fig. 2a).*”
The fact that all BCN samples show similar diffraction peaks

D-Glucose

Fig. 1 Schematic diagram of the synthesis of BCN samples.
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indicates that the intrinsic structure of BN was not destroyed
after incorporating carbon. Meanwhile, the diffraction peaks
shift slightly to a low angle and the peak intensity decreases
after carbon doping due to the incorporated carbon in the B-N
domain.** As shown in Fig. 2b, the obvious peaks attributed to
the out-of-plane bending vibration of B-N-B (790 cm ') and in-
plane transverse stretching vibration of B-N (1338 cm™ ') are
observed in the Fourier transform infrared (FTIR) spectrum.®®
Furthermore, the ratios of peak areas of B-N-B and B-N
diminish after incorporating carbon. This implies the breaking
of the B-N-B bond and the formation of a new B-N unit after
carbon incorporates the B-N domain.*®
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(a) XRD patterns of all the samples, (b) FT-IR spectra of all the samples, and XPS spectra of (c) B 1s, (d) N 1s and (e) C 1s for the BN and BCN-2.
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The element valence state was investigated by X-ray photo-
electron spectroscopy (XPS). As shown in Fig. 2c, the B 1s
spectrum of the pure BN shows a major peak at 190.5 eV (B-N
bond) and a weak peak at 192.0 eV (B-O bond). For BCN-2, the
three peaks located at 190.5, 190.2 and 192.3 eV, respectively,
indicate the presence of B-N, B-C and B-O bonds in BCN-2.**
The N 1s spectrum (Fig. 2d) of BCN-2 shows the binding energy
of the N-C and N-B bonds corresponding to 398.4 and 397.9 eV
while pure BN has only one binding energy at 398.2 eV corre-
sponding to B-N.* The C 1s spectrum (Fig. 2e) of BCN-2 shows
four peaks at 288.9, 286.4, 284.8 and 284.5 eV corresponding to
the C=0 bond, C-N bond, graphitic carbon (C=C) and C-B
bond, respectively.** The presence of a small peak at 284.8 eV in
the C 1s of pure BN is mainly due to contaminants during the
testing process. The formation of bonds associated with the C
proves that carbon is indeed incorporated into the B-N domain.

A part of the carbon evaporated during the high-temperature
pyrolysis process, which caused abundant pore structures. SEM
and TEM images reveal that BCN possesses a nanosheet-like
morphology feature (Fig. 3a and b). Furthermore, the element
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mapping images prove that the carbon is uniformly incorpo-
rated into the boron nitride (Fig. 3c-f). The N, adsorption—
desorption isotherms (Fig. 3g) and the pore size distribution
(Fig. 3h) were used to investigate the specific surface area and
the pore structures (summarized in Table S1t). The specific
surface area of BCN increased from 91 m”* g~ " to 915 m* g ' and
the pore volume increased from 0.06 cm® g~ ' to 0.4 cm?® g~ ' with
the increasing addition of glucose in the precursor.

3.2 The local electronic configuration and band structure of
BCN

The electronic configuration of the synthesized BCN was
investigated with the help of electron paramagnetic resonance
(EPR) spectra. Fig. 4a shows BCN has a Lorentzian line signal
with a gvalue of 2.0027 while no EPR signals are observed in the
pure BN sample, which indicates an unpaired electron is
formed in BCN. When the C atom is integrated into B-N, the
delocalized 7 bond is formed in the C atom because each C
and N atom has one or a pair of unbonded electrons in their
unhybridized p-orbitals.**?® This delocalized 7 bond enhances
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(a) SEM image of the BCN-2 sample, (b) TEM image of the BCN-2 sample, (c—f) element mapping images of the BCN-2 sample, (g) N,

adsorption—desorption isotherm plots of all samples and (h) the pore size distribution of all samples.
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Fig.4 (a) EPR spectra of all samples, (b) UV-vis DRS patterns of all BCN samples, (c) Tauc plots of all BCN samples and (d) the band structure of all

BCN samples.

the light absorption capacity of BCN and reduces the band gap.
Meanwhile, the EPR signal value of BCN increases with
increasing carbon content, proving that more unpaired elec-
trons are formed. The UV-visible diffuse reflectance absorption
(UV-vis DRS) spectrum is used to study the upgraded electronic
states of BN and light absorption. As shown in Fig. 4b, both BN
and BCN show a distinct absorption band at 200-300 nm which
is attributed to o electron excitation (¢ — o*) in the B-N
bond.** After introducing carbon, an obvious absorption edge
around 300-430 nm appeared, which derives from 7 electron
excitation (r — m*) in BCN samples.* There is no excitation of
7 electrons in pristine BN because N atoms generally have
higher electronegativity than B atoms.*®* Meanwhile, the
photograph shows that the white BN gradually turns light
yellow, and finally turns dark yellow with increasing carbon
content. As shown in Fig. 4c, the band gaps are 1.91, 2.24 and
2.71 eV for samples BCN-3, BCN-2 and BCN-1, and the corre-
sponding CB potentials are —0.52, —0.83 and —1.15 eV,
respectively (Fig. S11). The band structures of all BCN are
exhibited in Fig. 4d. The incorporation of carbon improves the
light absorption of BN by reducing the band gap, as demon-
strated by these findings.

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.3 Charge separation and migration

In a typical photocatalytic process, the separation and migra-
tion of photogenerated charges are also important factors
affecting photocatalytic performance besides the band structure
of semiconductor catalysts. The solid-state EPR spectrum
(Fig. S2t) shows that the signal at a g value of 2.0 became
stronger under visible light illumination, which reveals the
generation and delivery of photo-introduced electrons in BCN.**
Photoelectrochemical (PEC) testing was used to study the
separation and migration of photogenerated charges. The
transient photocurrent-time curves of samples were recorded
by intermittent on-off cycles of visible light irradiation. There is
no signal of photocurrent in BN because it cannot absorb visible
light (Fig. 5a). All BCN samples show a distinct photocurrent
response and the photocurrent density increased with
increasing carbon content. The charge migration ability of the
BCN electrode was further studied by electrochemical imped-
ance spectroscopy (EIS). Fig. 5b shows the diameter of the
semicircle in the EIS Nyquist plots presents a trend of BN >
BCN-1 > BCN-3 > BCN-2, indicating the impedance reduction of
BCN after carbon incorporation in BN.

The trapping, migration, and recombination of photo-
generated charges of BCN were studied with the help of fluo-
rescence (PL) spectra. As shown in Fig. 5¢, BCN-1 exhibits

Environ. Sci.: Adv., 2024, 3, 97-108 | 101


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3va00239j

Open Access Article. Published on 14 2023. Downloaded on 01-11-2025 7:45:45.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Advances

5

(a) - —BN ——BCN-1 (b)

124 ~——BCN-2  ——BCN-3

o

0.0

Photocurrent density (LA-cm

0 50 100 150 200
Elapsed time (s)

C
(©) ——BCN-1
——BCN-2
——BCN-3
- hex=360nm
=
«
&
::.
=
=
3
=
400 450 500 550 600 650

Wavelength (nm)

View Article Online

Paper

7000

Z''(Ohm)

0 T T T T T T T
0 2000 4000 6000 8000 10000 12000 14000 16000

-Z'(Ohm)
(d)
@ BCN-1
@ BCN-2
P o BCN-3
L g Tex=540nm
3 [} 2
g H
Q 2 WY Average lifetime
© % AR BCN-1  4.51ns
! WX BCN-2  6.52ns
§ W R, R o BON3 ssins
\\’.\ e
20 30 40 50 60
Time (ns)

Fig. 5 (a) Transient photocurrent response curve of all samples, (b) electrochemical impedance spectroscopy (EIS) patterns of all BCN samples,
(c) PL spectra of the BCN samples and (d) time-resolved photoluminescence (TRPL) spectra of all BCN samples.

a strong fluorescence emission signal in the range of 450 nm to
550 nm under the excitation of 360 nm light. The BCN-2 sample
shows the lowest PL signal, indicating the minimum recombi-
nation rate of photogenerated carriers. The higher PL signal of
BCN-3 than BCN-2 indicates that excessive carbon is not
conducive to the separation and migration of photogenerated
carriers. Time-resolved PL spectra (Fig. 5d) show that BCN-2 has
a longer PL decay time and the calculated average lifetimes of
BCN-3, BCN-2 and BCN-1 are 5.51, 6.52 and 4.51 ns, respec-
tively. A small amount of carbon causes less photogenerated
charge due to the weak absorption capacity of light, while excess
carbon leads to the formation of more defects and leads to
increased photogenerated carrier recombination. The above
results indicate regulating optimal light absorption and pho-
togenerated charge separation ability is achieved by optimizing
the carbon content in BCN samples.

3.4 The photocatalytic performance of BCN catalysts

Typical photocatalytic oxidation of sulfur-containing gas (H,S)
was carried out in a continuous reaction unit using standard air
as the source of oxygen. Before illumination, the feed gas was
pumped through BCN in the dark state for a while to ensure
reactant molecules reach a dynamic equilibrium of adsorption—
desorption on the catalyst surface. As shown in Fig. 6a, BN
exhibits only little photocatalytic activity (H,S removal efficiency
<7%) under illumination, while all the BCN samples show
a significant activity for photocatalytic removal of H,S. In
addition, the carbon content shows an essential effect on the

102 | Environ. Sci.: Adv, 2024, 3, 97-108

activity of BCN. The BCN-1 sample containing a small amount
of carbon showed a rapid decrease in activity as the reaction
proceeded, although it displayed a better H,S removal efficiency
(about 95%) at the beginning of the light irradiation. This may
be because the active sites in BCN that play a major catalytic role
are carbon-related, while the small amount of carbon-related
active sites in sample BCN-1 are quickly covered by the
product as the reaction time increases. The optimized sample of
BCN-2 not only exhibits the best H,S removal efficiency (>97%)
but also maintains high activity for 80 min. More carbon
provides more active sites as well as improved light absorption
performance and photogenerated charge separation efficiency,
so BCN-2 exhibits the best photocatalytic performance. It is
worth noting that excessive carbon incorporation produces
more defects in the BCN sample resulting in low photo-
generated charge separation efficiency, thus BCN-3 shows low
photocatalytic activity (<70%).

A light-shielding experiment was used to verify the relation
between H,S removal and illumination. As shown in Fig. 6b,
within six alternating light on-off cycle processes, the H,S
removal only occurs in the light while not occurring in the dark.
This proves that the removal of H,S is driven by light. Mean-
while, the photocatalytic experiments were performed under
different monochromatic wavelengths to further investigate the
dependency of H,S removal with illumination. To ensure the
accuracy and reasonable comparison result, the activity values
of every point wavelength were normalized by the optical power
density (detailed information in Table S2+). Fig. 6¢ shows that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Photocatalytic H,S removal activity of all the samples, (b) photocatalytic activity testing of the BCN-2 sample under light on—off cycles,

(c) photocatalytic activity testing of the BCN-2 sample under different monochromatic wavelengths and (d) photocatalytic NO purification of all

the samples.

the H,S removal efficiency of the BCN-2 sample decreases from
55.45% to 1.14% as the wavelength increases from 380 nm to
598 nm. This confirms a distinct correlation between the
removal of H,S and the light absorption of BCN.

For further evaluating the photocatalytic performance of the
BCN sample, a long-time stability test was performed (shown in
Fig. S37). It shows that the photocatalytic removal of H,S
remained close to 100% over BCN-2 under continuous illumi-
nation within 250 min and then decreased slightly (about 7.3%)
under continuous illumination for 4 h. This may result from the
poisoning of the active sites or coverage by the products.
Importantly, the activity of the BCN can be restored by
annealing at 750 °C in an NH; atmosphere because of the
regeneration of active sites during the annealing process.
Moreover, Fig. S4 and S51 show that the XRD and FTIR of the
used BCN show no obvious changes compared to those of the
fresh sample. This demonstrates the excellent stability and
regeneration of BCN in the process of photocatalytic removal of
H,S.

For further exploration of the application of BCN in the
photocatalytic removal of acid gases, the photocatalytic removal
of typical nitrite-containing gas (NO) was also performed. The
NO removal efficiency of BN is almost negligible (Fig. 6d).
Obviously, the concentration of NO decreases significantly over
BCN samples after turning on the light. In addition, the NO

© 2024 The Author(s). Published by the Royal Society of Chemistry

removal efficiency of BCN-1 and BCN-2 increases from 20% to
60% with increasing carbon content, while the activity of BCN-3
decreases to 40% with carbon excess. This result is consistent
with the trend of photocatalytic removal of H,S, indicating that
BCN as an excellent photocatalyst has potential for photo-
catalytic removal of gaseous contaminants containing sulfur
and nitrate.

3.5 Activation of gas molecules and photocatalytic
mechanism

A programmed temperature-up desorption test was used to
investigate the chemical adsorption of H,S and O, over the BCN
sample. As shown in Fig. 7a, the obvious TCD signal appeared at
110 °C corresponding to the desorbed H,S. This signal
increases with increasing carbon content, which may be caused
by the increased specific surface area of the BCN sample. Fig. 7b
shows a very weak desorption signal for oxygen on the BN
sample while showing a strong desorption signal at 140 °C on
the BCN sample. These results reveal that incorporating carbon
into BN improves the chemical adsorption of O, and H,S.

To further investigate the behavior of reactant molecules on
the BCN surface during photocatalysis, an DRIFTS test was
performed. The BCN sample was pretreated in a high-purity
argon atmosphere at 200 °C for 2 hours before testing to
remove the surface attachment. As shown in Fig. 7c, when light

Environ. Sci.: Adv., 2024, 3, 97-108 | 103


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3va00239j

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 14 2023. Downloaded on 01-11-2025 7:45:45.

(cc)

View Article Online

Environmental Science: Advances Paper
(a) (b)
I'PD-H.S
=5 -~
= =
« <
N’ -’
> >
= h—1
z —BN 2
Iy —— BCN-1 ]
= —— BCN-2 =
——BCN-3

50 100 150 200 250 300 350 50 100 150 200 250 300
Temperature (°C) Temperature (°C)

-C-H 1668 cm™

2977 em™

70 min

Absorbance (a.u.)

'—-""‘M 0 min

y — /s ——  ——— -
3100 3000 2900 1800 1700 1600 1500 1200 1000 800
Wavenumbers(cm™)

Fig.7 (a) The temperature-programmed desorption curves of H,S for all the samples, (b) the temperature-programmed desorption curves of O,
for all the samples, (c) DRIFTS test for photocatalytic H,S removal over the BCN-2 sample.

is turned on, the positive peak at 1723 cm ' appears and derives from the O, molecules adsorbed on the carbon attached

increases in intensity with increasing light time, which corre- to the carbon ring.**** Correspondingly, the effecting C=C
sponds to the -C=0 stretching vibration modes. This peak stretching vibration mode shifts from 1668 cm ' to 1628 cm ™"
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Fig. 8 DMPO EPR spin-trapping of the BCN-2 sample for ‘O, (a) and "OH™ (b) radicals.
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and corresponds to —~C-H vibrations observed as negative peaks
at 2977 cm '.*® This agrees with the experimental results
demonstrating that oxygen activation is indeed related to
carbon in the BCN. In addition, high concentrations of H,S gas
were used to investigate the adsorption of H,S because the
infrared vibration signal of HS™ is very weak. A weak peak
appeared at 2580 cm ! corresponding to an HS™ characteristic
peak, proving H,S can dissociate on the BCN surface (Fig. S6).*”

The reactive oxygen species were investigated with the help
of DMPO ESR spin-trapping spectra (Fig. 8). Any EPR signal
does not appear when BN is dispersed in methanol or aqueous
solution under visible light, because BN cannot be excited by
visible light. Markedly, BCN in the ethanol dispersion shows
four obvious signals with an intensity ratio of 1:1:1:1 under
illumination, which is consistent with what is reported for the
superoxide radical (‘O,”) (Fig. 8a).*>'® The photogenerated
electrons of BCN can activate oxygen to generate direct ‘O,
because the CB potential of BCN (<—0.52 eV) is more negative
than the reduction potential of O,/°0,~ (—0.33 eV) (eqn (1) and
(2)).V In addition, Fig. 8b shows four strong signal peaks with
an intensity ratio of 1:2:2:1 in the aqueous solution of BCN,
which is assigned to light-induced hydroxyl radicals ("OH).**'®
Note that the photogenerated holes from BCN cannot directly
oxidize H,O or HO™ to the "OH radical due to the oxidation
potentials of HO /"OH and H,0/'OH (1.99 and 2.37 eV) being
more positive than the VB potential of BCN (<1.56 eV).”” The
detected "OH radical signal in Fig. 8 derives from the pathway of
‘0,” — H,0, — ‘OH (eqn (3)—(6)).***
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Fig. 9 Schematic of photocatalytic removal of gas contaminants over
the BCN catalyst.

there are no other gaseous sulfur components except for
detected SO, in the exhaust gas.

hv+BCN — h* + e~ (1)
O,+e — "0y, )

H' +'0,” — "HO, 3)
*HO, + HO; - H,0, + O, (4)
0, +2e +2H" - H,0, (5)
e +H,O0, » 'OH + OH™ (6)

In a typical photocatalytic process, H,S molecules first
adsorbed onto the surface of BCN, dissociating into HS~ and H"
(eqn (7)). The photogenerated holes can oxidize dissociated HS™
to yield elemental sulfur, which is further oxidized to SO, by
"OH radicals (eqn (8) and (9)).*® Then oxygen readily oxidizes
SO, to SO; and subsequently reacts with H,O to produce
sulfuric acid (eqn (10) and (11)).°* The generated sulfuric acid
reacts with the basic groups of the BCN surface to produce
sulfate species (eqn (12)).** In another pathway, dissociated HS™
is directly reacted with "OH to yield sulfate species (eqn (13)).***
As mentioned above, the residual S species on the surface of
BCN after the stability test is analyzed by XPS to investigate the
products of H,S oxidation. Two peaks at 169.2 eV and 163.9 eV
are shown in the S 2p spectrum and they are attributed to SO,>~
and elemental sulfur, respectively (Fig. S7t1).**° In addition,

© 2024 The Author(s). Published by the Royal Society of Chemistry

HpSpos — HSuas™ + HY (7)

HS.4s +h" — Suqs + H' (8)

Sads + "'OH — 2805, (9)

SOz44s + O2 = 2503445 (10)

SO3ads + H2O — H3SO04445 (11)
H3S8O04,4s + OH™ —S0,* + 2H,0 (12)
HS.4s~ + 8°OH — SO,> + H" + 4H,0 (13)

Thus a possible photocatalytic removal of gas contaminants
over BCN is proposed. To begin with, the transformation of BN
from a ceramic insulator to a semiconductor is achieved by
carbon doping. The band structure of BCN is further optimized
to enhance the separation ability of photogenerated charges. As
shown in Fig. 9, under visible light, BCN is excited to generate
photogenerated electrons and holes, which follow migration to
the BCN surface. Then, oxygen molecules are activated by the
pathway of ‘O,~ — H,0, — 'OH. The acidic gas molecules
preferentially react with ‘OH radicals to generate the corre-
sponding strong acid salts. Moreover, photogenerated holes
and 'O, may also be involved in the oxidation of parts of the
acidic gas molecules. Eventually, acidic gaseous pollution is
ultimately removed through a photocatalytic process.

4. Conclusion

Herein, ceramic BN as a semiconductor material with the
absorption of visible light was applied in photocatalytic removal
of acid gas. More importantly, controllable regulation of the
band structure of the BCN catalyst is realized by controlling the
amount of carbon incorporation, which increases the capture
capacity of visible light and the separation ability of
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photogenerated charge. This novel non-metallic based photo-
catalyst overcomes the defects of traditional metal catalysts that
are prone to sulfur poisoning and exhibits excellent perfor-
mance that directly handles the low concentration of acid gas in
the continuous operation process. This work could provide
a fresh idea to eliminate acid gas and deepen the mechanistic
comprehension of photocatalytic degradation of gas
contaminants.
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