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Active site-exposed Bi,WO¢@BiOCI hetero-
structures for photocatalytic hydrogenation of
nitroaromatic compoundsf

Le Liao, Guanshun Xie, Changgiang Yu, Zhaohui Huang, Senlin Zhang,
Tongzheng Zhang, Xiugiang Xie ‘2 * and Nan Zhang "= *

Constructing heterostructured photocatalysts with highly exposed active sites proves to be an efficient
strategy to improve the photocatalytic performance of bismuth-based photocatalysts. In this work, active
site-exposed Bi,WOg@BIiOCl (BWO@BOC) heterostructure composites based on two bismuth-based
materials were fabricated by an in situ growth method for improving the photocatalytic hydrogenation of
4-aniline (4-NA) to p-phenylenediamine (PPD). BWO@BOC exhibited enhanced photoactivity for 4-NA
hydrogenation compared to pure BWO and BOC. The optimal BWO@BOC composites displayed the
highest conversion rate of 4-NA to PPD up to 99.3% within 12 min, with an apparent reaction rate con-
stant of 0.414 min~%, which is 3.3 times that of pure BOC. The photoactivity enhancement is mainly
ascribed to the construction of a tight Z-scheme heterostructure with improved light harvesting pro-
perties and charge carrier transport efficiency, which were revealed by optical and photoelectrochemical
characterization, respectively. Furthermore, the products of the hydrogenation process were monitored
by in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) to gain a better insight into
the 4-NA hydrogenation mechanism.

1. Introduction

Aminobenzenes are crucial intermediates for industrial chemi-
cal synthesis. p-Phenylenediamine (PPD), one of the amino-
benzenes, can be applied to prepare dyestuffs, medicines,
resins, and rubber vulcanization accelerators.'™ Industrially,
PPD can be directly prepared through the catalytic reduction
of 4-nitroaniline (4-NA), which is one of the well-known
methods for the synthesis of PPD.* However, the traditional
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catalytic 4-NA reduction process is complicated and highly
costly due to the requirements of high temperature and high-
pressure hydrogen.> Recently, photocatalytic conversion of
4-NA driven by solar energy under moderate conditions (room
temperature in water) provides a promising alternative strategy
for PPD synthesis,”” which is in conformity with the principles
of sustainability.

Bismuth-based materials such as Bi,WOg, Bi,Ti,O,, BiVOy,
and BiOX (X = Cl, Br, and I) have garnered significant attention
as photocatalysts for contaminant degradation and energy con-
version owing to their chemical stability, non-toxicity, and
good catalytic performance.®™" BiOCI (BOC) with its unique
structure and electronic properties is studied as an alternative
photocatalyst for photocatalytic 4-NA hydrogenation.'* Its
special sandwich-like crystal structure of a [Bi,O,]** layer and
double CI™ layers is propitious for producing a built-in electric

This journal is © The Royal Society of Chemistry 2024
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field that can boost the separation and migration of photo-
generated carriers.'! Moreover, the hydrogen binding energy
(AGy-) of the Bi element is determined to be ~0.75 eV accord-
ing to the theoretical computation of Ngrskov and coworkers,
which is higher than those of most commonly used elements
such as Pt, Ag, and Pd."*'* The high AGy- suggests a strong
interaction of H* with Bi, which is favorable for Bi to capture
more H* to participate in the 4-NA hydrogenation reaction.
However, the application of BOC is sensitively restricted by its
poor light harvesting properties due to its broad bandgap
(~3.3 eV)."® The recent modification strategies for BOC photo-
catalysts include the fabrication of highly active crystal facet
oriented BOC,'® defect-rich BOC,7"'® and ultrathin BOC
nanosheets.'® These strategies are based on single BOC. There
exists a risk that crystal plane regulation and defect engineer-
ing may have adverse effects on the stability of materials.>
Thus, constructing a heterostructure with another semi-
conductor is one of the effective strategies to improve the light
absorption properties and charge separation efficiency while
ensuring the stability of BOC photocatalysts.

As another bismuth-based material, Bi,WO, (BWO) with a
narrow bandgap of 2.6-2.9 eV is generally used as a visible
light-responsive photocatalyst.>' It also has a sandwich struc-
ture of a [Bi,0,]*" layer and a WO,>~ octahedral layer, which is
similar to BOC. The structural compatibility of BOC and BWO
with shared [Bi,0,]** can benefit electron transmission, which
is favorable for the formation of a tight heterostructure.>?
Besides, the band potentials of BOC and BWO are well
matched, which can facilitate the separation of photogene-
rated charge carriers at the interface of the heterojunction.?***
Therefore, constructing a coupled BOC/BWO heterostructure is
regarded as a promising way to improve the performance of
BOC photocatalysts. However, individual BWO exhibits no
photoactivity for 4-NA reduction due to its insufficient reduc-
tive ability.>® Thus, in this work, we designed an active site-
exposed BWO@BOC heterostructure by using BWO as a plat-
form to support the in situ growth of BOC nanosheets to
improve the light absorption ability and spatial charge redistri-
bution without sacrificing the active site of BOC. As compared
to pure BWO and BOC, the as-prepared BWO@BOC compo-
sites showed enhanced photoactivity towards the hydrogen-
ation reaction of nitroaromatic compounds under UV-vis light
irradiation. The mechanism of photocatalytic 4-NA hydrogen-
ation over BWO@BOC was studied through photoelectrochem-
ical tests and especially in situ DRIFTS. This work is expected
to provide more possibilities for the application of bismuth-
based composites.

2. Experimental section
2.1. Preparation of BWO

BWO has been fabricated by a facile hydrothermal method.>*
Specifically, 4 mmol of Bi(NO;);-5H,0 was first dissolved in
40 mL of deionized water to obtain solution A, and 3 mmol of
Na,WO, was then dissolved in 20 mL of deionized water to
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obtain solution B. Subsequently, solution B was added drop-
wise to solution A under continuous stirring for 2 hours.
Following this, the mixed solution was transferred into a
100 mL Teflon-lined stainless-steel autoclave and heated at
180 °C for 12 hours. The resulting precipitate was collected by
centrifugation, rinsed several times with deionized water and
anhydrous ethanol, and then freeze-dried for 12 hours.

2.2. Preparation of BWO@BOC composites

2.2.1. Preparation of 0.15 M BiCl; solution. 37.5 mmol of
BiCl; was dissolved in 210 mL of double-distilled water, fol-
lowed by the addition of 24.6 mL of hydrochloric acid
(36-38%) to the above solution. The mixed solution was stirred
until BiCl; was fully dissolved at room temperature.
Subsequently, the BiCl; solution was transferred to a 250 mL
volumetric flask and diluted with a certain amount of distilled
water to achieve a concentration of approximately 0.15 M.

2.2.2. Construction of BWO@BOC composites. For a
typical BWO@BOC synthesis,*® different masses of prepared
BWO were preferentially added to 42 mL of distilled water and
50 mL of anhydrous alcohol and then sonicated for a few
minutes until the BWO was well dispersed. Subsequently,
0.01 g of PVP (K30) and 1.20 mmol of citric acid monohydrate
(CA) were added to the BWO-dispersed solutions. Then the
above solutions were heated to 80 °C for about 5 minutes, and
8 mL of 0.15 M BiCl; solution was dropwise added to the solu-
tions with continuous stirring at 80 °C for 3 hours. After the
reaction was completed, the precipitates were collected by cen-
trifugation, washed several times with deionized water and
anhydrous ethanol to remove residual ions from the products,
and then freeze-dried for 12 hours. The obtained powders with
different mass ratios of BWO were named x-BWO®@BOC
(where x represents the weight ratio of 5%, 10%, and 15% of
BWO to BOC, with x values being 5, 10, and 15, respectively).
For comparison, pure BOC was also prepared through the
same procedure, except for the addition of BWO.

2.3. Material characterization

The X-ray diffraction (XRD) patterns of the prepared samples
were obtained using a MiniFlex 600 X-ray diffractometer
(Rigaku, Japan) with Ni-filtered Cu Ko radiation at an accelerat-
ing voltage of 40 kV, a current of 20 mA, and a scan rate of 10°
min~". Scanning electron microscopy (SEM, Hitachi $-4800,
Japan) was used to observe the morphology of the prepared
samples. X-ray photoelectron spectroscopy (XPS) spectra were
recorded by using an AXISSUPRA spectrometer, with all
binding energies calibrated using the C 1s peak at 284.8 eV.
Ultraviolet-visible diffuse reflectance spectroscopy (UV-vis
DRS) spectra were recorded using a UV-1780 spectrophoto-
meter (Shimadzu, Japan). In situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) was conducted using
a Nicolet iS50 FTIR spectrometer (Thermo Fisher, USA).

2.4. Photoelectrochemical measurements

Photoelectrochemical measurements were performed in a
conventional three-electrode cell using an electrochemical

Nanoscale, 2024, 16,19704-19714 | 19705
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workstation (CHI600E, Shanghai Chenhua) with an Ag/AgCl
electrode as a reference electrode and a Pt plate (10 mm x
10 mm) as a counter electrode. For preparing the working elec-
trode, fluorine-doped tin oxide (FTO) glass was utilized as the
substrate and ultrasonically washed with anhydrous ethanol
for 30 minutes and then dried at 60 °C. Then Scotch tape with
a 0.25 cm” hole was used to cover the conductive side of the
FTO glass. 5 mg of the prepared samples were ultrasonically
dispersed in 0.5 mL of N,N-dimethylformamide (DMF), and
then 20 pL of the above suspension was spread on the hole
near the end of the pretreated FTO glass. After drying naturally
at room temperature, the Scotch tape was removed, and the
uncoated section of the FTO glass was safeguarded with epoxy
resin. The photocurrent and open circuit photovoltage (OCP)
decay curves were recorded in a 0.2 M Na,SO, aqueous solu-
tion under UV-vis light irradiation, performed using a 300 W
Xe lamp system (PLS-SXE300+, Beijing Perfect Light Co., Ltd),
without applied bias voltage. Electrochemical impedance spec-
troscopy (EIS) and cyclic voltammogram (CV) measurements
were conducted in a 0.5 M KCI electrolyte containing 0.01 M
K;[Fe(CN)s)/K4[Fe(CN)s]  under  open-circuit  potential
conditions.

2.5. Photocatalytic activity tests

40 mg of catalyst and 40 mg of ammonium formate were
added to 30 mL of nitroaromatic compound solution (20 ppm)
in a glass reactor and then sonicated for several minutes until
the catalyst was well dispersed. Before the light irradiation, the
mixed solution was stirred for an hour in the dark to achieve
adsorption-desorption equilibrium between the catalyst and
reactant. The entire reaction process was carried out under Ar
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purging at a flow rate of 80 mL min~". During the light
irradiation, 2 mL of suspension was collected at 2 minute
intervals and filtered using polyethersulfone (PES) needle
filters (0.22 pm) to remove the photocatalysts. The concen-
tration of 4-NA was detected by using a UV-vis spectrophoto-
meter (Shimadzu, UV-1780), and the conversion rate of 4-NA
was calculated using the following eqn (1).

Conversion (%) = (1 — C/Cy) x 100% (1)

Furthermore, the reaction kinetics was studied using a
pseudo-first-order kinetics model according to the following

eqn (2).
—In(C/Cy) = kt (2)

where C, C, and k represent the initial concentration of 4-NA,
the concentration of 4-NA at time ¢ during the reaction
process, and the apparent rate constant, respectively.

3. Results and discussion

The BWO®@BOC composites were synthesized by two-step
hydrothermal-oil bath methods (as illustrated in Fig. 1a). First,
BWO was prepared by a hydrothermal method. Then it was
used as the substrate material, and PVP (K30) and citric acid
monohydrate (CA) were used as synergistic structure-directing
agents to support the in situ growth of BOC nanosheets on
BWO through a refluxing process. For investigating the crystal
phase and crystallinity of the prepared samples, XRD charac-
terization was performed and the results are shown in Fig. 1b.
It can be seen that all the characteristic peaks of pure BOC can
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J
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Fig. 1 (a) Scheme of the fabrication of BWO@BOC composites. (b) XRD patterns of the prepared samples. (c) FTIR spectra of BOC, 10-BWO@BOC,

and BWO.
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be assigned to the tetragonal BOC phase (JCPDS no. 39-0256).
For the BWO@BOC composites, an additional characteristic
peak at 28.3° originating from the orthorhombic BWO phase
(JCPDS no. 06-0249) was detected, as shown in the enlarged
view on the right side of Fig. 1b. Besides, the peak intensity at
28.3° increased with increasing the mass of BWO. This proved
that the BWO@BOC composites were successfully prepared.
No additional peak at 28.3° can be observed for 5-BWO@BOC,
which should be ascribed to the low content of BWO. The
Fourier transform infrared spectroscopy (FTIR) spectrum
within the 650-3700 cm™" range was analyzed to reveal the
chemical construction of the prepared samples (as shown in
Fig. 1c). For pure BOC, there were three distinct peaks at
approximately 1288, 1432, and 1667 cm™", which can be attrib-
uted to the N-H-O complex, pyrrole, and C=O stretching
vibrations, respectively.”” Meanwhile in the BWO spectrum, a
noticeable peak at 736 cm™" was observed, corresponding to
the W-O-W stretching mode.”®*® The spectra of the
10-BWO@BOC composite displayed all the above character-
istics peaks originating from pure BOC and BWO, confirming
the successful formation of BWO@BOC composites.

SEM was employed to visually observe the microstructure of
the prepared samples. As shown in Fig. 2a, bare BOC displayed
a hollow flower-like structure with an average diameter of
1.65 pm (Fig. S11), which was self-assembled from nanoflakes
with a thickness of ~30 nm (Fig. S21). Meanwhile, BWO pre-
sented a round pie-shaped structure (Fig. 2b) with an average
size of 2.5 pm (Fig. S37), which consisted of a large number of
small nanosheets (Fig. S4t). Fig. 2¢ and Fig. S5 show the SEM
image of 10-BWO®@BOC, where BOC flakes can be seen inter-
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spersed on the surface of BWO with tight contact through the
in situ growth method. Additionally, the corresponding
elemental mapping patterns shown in Fig. 2d illustrated that
the Bi, O, Cl, and W elements were uniformly distributed in
the 10-BWO®@BOC composite.

XPS was conducted to explore the chemical states of the
samples and the electronic interaction between BWO and
BOC. The Bi 4f spectrum (Fig. 3a) showed a pair of peaks of
Bi*" 4f,;, and 4fs;, at 159.2 and 164.5 eV for BOC and 158.6
and 163.8 eV for BWO. Noticeably, after the combination of
BOC and BWO, the binding energy of 10-BWO@BOC located
at 159.0 and 164.3 eV shifted negatively by ~0.2 eV compared
with pure BOC, while it shifted positively by ~0.5 eV compared
with pure BWO. This observation revealed the existence of
interfacial interaction between BWO and BOC. To identify to
which constituent the electron is directionally transferred, we
also analyze the XPS signals of C1 2p and W 4f. The pair of
peaks of the Cl 2p spectrum located at 197.9 and 199.5 eV for
original BOC can be associated with Cl 2p;, and CI 2p,,, of
CI™ (Fig. 3b). After combining with BWO, the pair of peaks of
Cl 2p were located at 197.7 and 199.3 eV, shifting to lower
binding energy compared to original BOC, which implied an
increased electron cloud density on the surface of BOC. In the
W 4f spectrum of pure BWO (Fig. 3c), the pair of peaks at 34.8
and 36.9 eV well matched with the W 4f,,, and W 4f;,, of W*".
After combining with BOC, the pair of peaks of W 4f,,, and
4af5;, were located at 35.0 and 37.1 eV, shifting to higher
binding energy compared to the original BWO. This implied a
decreased electron cloud density on the surface of BWO in the
10-BWO@BOC composite. Notably, the intensity of the W 4f

Fig. 2 SEM images of (a) BOC, (b) BWO, and (c) 10-BWO@BOC. (d) Mapping results for the included elements (Bi, O, Cl, and W) of 10-BWO@BOC.
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Fig. 3 XPS spectra of (a) Bi 4f, (b) Cl 2p, and (c) W 4f for BOC, 10-BWO@BOC, and BWO.

XPS spectrum for BWO@BOC was much weaker than that of
BWO. This could be attributed to the low mass of BWO in the
10-BWO@BOC composite and the fact that BWO was sur-
rounded by BOC nanosheets, which could attenuate the XPS
signal of W. In brief, these XPS results indicated the effective
transfer of electron cloud density from BWO to BOC after the
formation of the BWO@BOC heterostructure.

The performance of BWO@BOC composites was evaluated
by photocatalytic hydrogenation of 4-NA into PPD in the pres-
ence of ammonium formate as a hole sacrificial agent under
UV-vis light irradiation (Fig. S6). Fig. 4a displays the photo-
catalytic activity of the prepared samples. Pure BOC showed a
76.7% conversion rate of 4-NA hydrogenation while pure BWO

exhibited almost no activity in the 4-NA reduction reaction due
to its inadequate reductive potential (detailed discussion is
presented in a later section). After the combination of BOC
and BWO with different weight ratios, the 4-NA reduction capa-
bility of BWO@BOC composites was apparently improved com-
pared to that of pure BOC and BWO. 10-BWO@BOC presented
the highest 4-NA hydrogenation efficiency with a conversion of
4-NA to PPD of up to 99.3% within 12 min. Further increasing
the BWO content to 15% resulted in the deterioration of 4-NA
reduction performance over 15-BWO®@BOC, indicating that the
optimal weight ratio of BWO to BOC was 10% for BWO@BOC
heterostructures. In addition, the mechanical mixing of the
10-BWO®@BOC sample (denoted as 10-BWO®@BOC-mix) was
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Fig. 4 (a) Photocatalytic performance of 4-NA hydrogenation over the prepared samples under UV-vis light irradiation with ammonium formate as
a hole sacrificial agent. (b) Comparison of the 4-NA conversion rates of BOC, 10-BWO@BOC-mix and 10-BWO@BOC. (c) Corresponding apparent
reaction rate constants obtained by fitting the pseudo-first-order kinetics model of the prepared samples. (d) Control experiments for the photo-

catalytic hydrogenation of 4-NA over 10-BWO@BOC.
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also prepared. The photoactivity of 10-BWO@BOC-mix was
obviously inferior to that of 10-BWO®@BOC (Fig. 4b). This was
due to the fact that BWO, which has no photoactivity for 4-NA
hydrogenation, occupied some of the active sites of BOC. It
highlighted the advantages of the in situ grown method for
preparing the active site-exposed BWO@BOC heterostructures
while emphasizing the significance of the interface interaction
of the 10-BWO®@BOC heterostructure.

To further quantitatively assess the 4-NA hydrogenation
process over the prepared photocatalysts, the pseudo-first-
order kinetics model was employed.”*® Fig. 4c depicts the
corresponding apparent reaction rate constant of the prepared
samples after fitting the pseudo-first-order kinetics model. It
can be clearly observed that 10-BWO@BOC possessed the
highest apparent reaction rate constant k of 0.414 min~", com-
pared to BOC, 5-BWO@BOC, and 15-BWO@BOC with k values
of 0.127 min™*, 0.251 min™", and 0.178 min™", respectively.

Control experiments over 10-BWO@BOC were carried out to
explore the mechanism of photocatalytic 4-NA hydrogenation
(Fig. 4d). There was no conversion of 4-NA in the absence of
catalysts and light irradiation, indicating that the photoactivity
originated from the photocatalytic process. The hydrogenation
rate of 4-NA markedly decreased without Ar bubbling, verifying
that the inert atmosphere created by Ar bubbling was vital for
the efficient photocatalytic hydrogenation of 4-NA. It was
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reported that ammonium formate as a hole sacrificial agent
can easily quench photoinduced holes and produce ‘CO,™ rad-
icals with strong reduction ability (E(¢co,~co,) = —2.2 V vs. NHE,
pH = 6.8), which can effectively reduce 4-NA to PPD (E(4.xa/ppp)
= —0.67 V vs. NHE).> As a result, the conversion of 4-NA
decreased to 60.7% without adding ammonium formate, indi-
cating that ammonium formate as a hole sacrificial agent
efficiently promoted the separation of photogenerated elec-
tron-hole pairs and improved the reduction ability of
photocatalysts.

In order to explore whether the enhanced photoactivity over
10-BWO@BOC is universal to nitroaromatic compounds, we
have further investigated the photocatalytic performance of
original BOC and 10-BWO®@BOC towards the hydrogenation of
several typical nitroaromatic compounds with different substi-
tuent groups, such as 4-nitrotoluene, 4-nitroanisole, 4-nitro-
chlorobenzene, and 4-nitrophenol (Fig. 5a-d). It could be seen
that 10-BWO®@BOC exhibited higher conversion of all four
nitro compounds than the original BWO and BOC, which was
similar to that for the transformation of 4-NA to PPD.

To achieve a deeper understanding of the mechanism
behind the enhanced photoactivity over BWO@BOC compo-
sites, a series of photo-electrochemical measurements have
been conducted. Fig. 6a depicts the on-off transient photo-
current density of the prepared samples. All BWO@BOC
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Fig. 5 Photocatalytic performance of BWO, BOC and 10-BWO@BOC for the hydrogenation of (a) 4-nitrotoluene, (b) 4-nitroanisole, (c) 4-nitro-

chlorobenzene, and (d) 4-nitrophenol.

This journal is © The Royal Society of Chemistry 2024

Nanoscale, 2024, 16,19704-19714 | 19709


https://doi.org/10.1039/d4nr03346a

Published on 26 September 2024. Downloaded on 2/27/2026 1:02:33 AM.

Paper

ag BWO

£ 30+ BOC
5.BWO@BOC , i
<’:525- 10-BWO@BOC "ghto\“ light off
> 15-BWO@BOC \ \
% 201
G
T 15
€
2 101
>
[&]
2 5
(@]
e
o o4 : T T : :
0 5 10 15 20 25
Time (s)

C 24 BWO
& BOC
g 5-BWO@BOC
< 10-BWO@BOC
£ 11 1s-Bwo@BoC
>
2 0-
(]
©
€
o -14
5
O

04 -02 00 02 04 06 08
Potential (V vs. Ag/AgCl)

View Article Online

Nanoscale

120 A
5-BWO@BOC
100+ 10-BWO@BOC
15-BWO@BOC
—~ 80+
c
N 60 -
40
20+
0

100 150 200 250 300 350
Z'(Q)

Intensity (a.u.)

8 10 12 14 16 18 20
Time (ns)

Fig. 6 (a) Photocurrent density under UV-vis light irradiation, (b) Nyquist plots, (c) CV curves, and (d) time-resolved transient photoluminescence
(TRPL) spectra (obtained at an excitation wavelength of 370 nm) of the prepared samples.

composites with different BWO ratios exhibited higher transi-
ent photocurrent density in comparison with pure BOC and
BWO, indicating that the formation of the BWO@BOC hetero-
structure promoted the separation and transfer efficiency of
photoinduced carriers.*"**> In addition, 10-BWO@BOC pos-
sessed the maximum photocurrent response, which was con-
sistent with the catalytic performance results. Similarly, the
Nyquist plots (Fig. 6b) illustrated that all BWO@BOC hetero-
structures displayed a depressed semicircle in contrast to pris-
tine BOC and BWO, and 10-BWO@BOC showed the smallest
semicircle among the BWO@BOC composites, further empha-
sizing the significant role of the BWO@BOC heterostructure in
facilitating the carrier separation and migration.**** This was
also verified by the CV curves (Fig. 6¢), where 10-BWO®@BOC
exhibited the highest current density compared to pure BOC,
BWO, and other BWO@BOC composites. OCP decay measure-
ments have also been conducted to study the photoexcited
charge transfer kinetics as shown in Fig. S7a.} It could be seen
that the 10-BWO@BOC photoelectrode exhibited the lowest
open circuit potential. This was due to the fact that the
accumulation of photoelectrons caused a shift in the Fermi
level, which led to a more negative potential in the OCP.>>?3¢
On the other hand, Fig. S7b} shows the electron lifetime vs.
potential plots derived from the OCP decay curves. It was
observed that the 10-BWO@BOC photoelectrode possessed a
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longer photoelectron lifetime as compared to pure BWO and
BOC, suggesting the lowest photoinduced carrier recombina-
tion rate of the 10-BWO®@BOC photoelectrode.***” Time-
resolved transient photoluminescence (TRPL) spectroscopy
was also performed to investigate the recombination situation
of photoinduced electron-hole pairs. As shown in Fig. 6d and
Table S1,1 the average carrier lifetimes (z,.) of BWO, BOC,
5-BWO®@BOC, 10-BWO@BOC, and 15-BWO@BOC were calcu-
lated to be 3.48, 5.38, 6.21, 6.29, and 6.01 ns, respectively.
Compared to bare BWO and BOC, the extended 7. of
BWO@BOC composites indicated that the formation of
BWO®@BOC heterojunctions suppressed the recombination of
photogenerated charge carriers.*®*° Among the samples,
10-BWO@BOC exhibited the most efficient suppression of the
charge carrier recombination, which is consistent with its
highest photoactivity.

The optical absorption properties and the energy band
structure of pristine BOC, BWO, and 10-BWO®@BOC have also
been analyzed. According to UV-vis diffuse reflectance spectra
(DRS) (Fig. 7a), the optical response range of BOC is mainly
below 370 nm (ultraviolet range) due to its broad bandgap. As
the mass of BWO increased, a slight red shift of the optical
absorption edge was observed over the BWO@BOC compo-
sites. This red shift led to an improvement in light utilization,
which favors the enhancement of the photocatalytic efficiency.

This journal is © The Royal Society of Chemistry 2024
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Fig. 7b shows the corresponding Tauc plots obtained from UV-
vis DRS spectra via the Kubelka-Munk equation,*® where the
bandgap energies (E;) of BWO, BOC, and 10-BWO@BOC were
calculated to be 2.53, 3.24, and 3.07 eV, respectively. The com-
bination of BWO and BOC narrowed the bandgap of the
10-BWO@BOC composites, enhancing their light harvesting
properties. Besides, the valence band potential (Eyg) of the
semiconductor can be obtained from valence band XPS
(VB-XPS) spectra. As shown in Fig. 7c and d, the VB-XPS values
of BWO and BOC were calculated to be 2.27 and 2.09 eV,
respectively. The Eyg of the normal hydrogen -electrode
(Evenxue, PH = 7) can be determined using the equation:
Evgnue = ¢ + Eypxps — 4.44, where ¢ represents the electron
work function (4.62 eV) of the XPS analyzer. Thus, the Eyg nug
values of BWO and BOC were calculated to be 2.45 and 2.27
eV, respectively. Combined with the above calculated Eg, the
conduction band potential (Ecg) of BWO and BOC could be
deduced using the equation Ecg = Evs — Eg, resulting in values
of —0.08 and —0.97 eV (vs. NHE, pH = 7), respectively. The less
negative Ecg of BWO compared to the reduction potential of
4-NA/PPD (-0.67 eV vs. NHE) provided an explanation for the
lack of photoactivity of BWO towards the 4-NA hydrogenation
reaction. The Mott-Schottky plots of pure BWO and BOC elec-
trodes have also been obtained as shown in Fig. 7e and f. The
positive slopes of the Mott-Schottky (M-S) plots of BWO and
BOC electrodes suggested the typical n-type semiconductor be-
havior of BWO and BOC.*"*> Accordingly, the derived flat-
band potentials (E¢) of BWO and BOC according to the M-S
plots were —0.01 V and —0.87 V vs. Ag/AgCl at pH = 7, respect-
ively. The above flat-band potentials (Egagagci) could be

This journal is © The Royal Society of Chemistry 2024

converted to the normal hydrogen electrode (E¢nug, pH = 7)
potentials according to the following equation:

EfNuE = Efag/agct + Egg(]l

where Eggcl is 0.197 eV. Thus, the E; yur values of BWO and
BOC were 0.19 and —0.67 €V, respectively. Generally, the Ecg of
the n-type semiconductor was 0.1-0.3 eV negative than the
E¢nup, 50 the Ecp values of BWO and BOC were approxi-
mated to be 0.09 to —0.11 eV and —0.77 to —0.97 eV (vs. NHE,
pH = 7), respectively. They were consistent with the above-men-
tioned CB potentials calculated using the Tauc plots and
VB-XPS.

In situ DRIFTS of 4-NA adsorption in the dark for 20 min
and a hydrogenation reaction under UV-vis light irradiation for
another 20 min over 10-BWO@BOC were conducted to explore
the hydrogenation mechanism. It can be seen from Fig. 8a and
Fig. S8t that several peaks emerged when H,O and 4-NA were
introduced into the system in the dark. The peaks at 3448 and
1650 cm™' were associated with the stretching and bending
vibrations of the -OH group of H,0, and the peaks at 3530,
2037, and 1621 cm ™" originated from the conjugated bonds of
the aromatic ring skeleton.** Besides, characteristic absorption
peaks at 1530 and 1350 cm™" emerged, which were attributed
to the asymmetric and symmetric stretching vibrations of the
-NO, group, respectively.*” These peaks exhibited heightened
intensity as the adsorption time increased. Upon light
irradiation, the intensity of peaks at 1530 and 1350 cm™*
decreased, indicating that the N-O bond of -NO, was broken,
boosting the dissociation of the -NO, group.*® Notably, a new

Nanoscale, 2024, 16,19704-19714 | 19711
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peak at 1407 cm™" can be observed, which belonged to the

-NH, group of aniline,*® indicating the production of PPD.

On the basis of the above-discussed energy band structures
of BWO and BOC, the possible electron transfer mechanism of
a type-II heterostructure or a Z-scheme heterostructure over
the BWO@BOC heterostructure was proposed to explain the
enhanced photoactivity for the 4-NA hydrogenation reaction.
However, due to the less negative Ecg of BWO (—0.08 eV vs.
NHE) than the reduction potential of 4-NA/PPD (—0.67 eV vs.
NHE) (Fig. 8b), the CB electron of BWO should be incapable of
reducing 4-NA to PPD from a thermodynamic perspective. This
was experimentally confirmed by the result presented in
Fig. 4a. Therefore, the transfer route of the photoinduced
charge carriers followed the typical Z-scheme mechanism
(Fig. 8c). The electrons were photoexcited from the VB to the
CB of BWO and BOC under UV-vis light irradiation. Then the
photoinduced electrons in the CB of BWO tend to directly
recombine with the holes in the VB of BOC, leaving the elec-
trons of BOC to reduce 4-NA to PPD, while the holes of BWO
are captured by ammonium formate. This Z-scheme hetero-
structure effectively retarded the recombination of photogene-
rated electron-hole pairs while maintaining the robust

19712 | Nanoscale, 2024, 16,19704-19714

reduction ability of BOC (—0.97 eV vs. NHE), thus enhancing
the photoactivity of BWO@BOC composites towards the hydro-
genation reaction of nitroaromatic compounds.

4. Conclusions

In summary, we have synthesized active site-exposed
BWO®@BOC heterostructures based on two bismuth-based
materials (BWO and BOC) by an in situ growth method. The
activities of the as-synthesized BWO@BOC heterostructures
were evaluated through the photocatalytic hydrogenation reac-
tion of 4-NA to PPD under UV-vis light irradiation. Compared
to bare BWO and BOC, BWO@BOC composites exhibited
enhanced photoactivities. Control experiments with the com-
parison of chemical and mechanical mixing preparation
methods of 10-BWO®@BOC illustrated the vital role of
BWO@®@BOC heterostructures in facilitating the migration of
photoinduced electron flow. Finally, an electron transfer route
of Z-scheme heterojunctions for the coupled BWO/BOC semi-
conductors was proposed by experimental characterization

This journal is © The Royal Society of Chemistry 2024
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and band structure analysis to explain the enhanced photoac-
tivity of BWO@BOC heterostructures.
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