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ABSTRACT: With the rapid development of industry, bismuth-
based semiconductors have been widely used for the photocatalytic
degradation of organic contaminants discharged into wastewater.
Herein, a Bi2O3/BiOCl (BBOC) heterojunction was constructed
with high photocatalytic activity toward Rhodamine B (RhB) in
the first cycle of the photocatalysis test, while the photocatalytic
performance was drastically reduced after repeated testing. The
adsorbed RhB molecules occupying the facial active sites of BBOC
contributed to the decline of photocatalytic activity. The spent
BBOC can be reactivated by the decomposition of the adsorbed
RhB and the introduction of oxygen vacancies during calcination under an air atmosphere. The BBOC thus recovered exhibited a
superior apparent rate constant of 0.08087 min−1 compared with 0.05228 min−1 of pristine BBOC. This study provided an effective
strategy to investigate the deactivation/activation mechanism of bismuth-based heterojunction photocatalysts.

1. INTRODUCTION
Photocatalytic degradation has attracted increasing attention to
settle organic contaminants discharged into wastewater for its
environmentally friendly and complete mineralization proc-
ess.1−3 Bismuth-based semiconductor photocatalysts featuring
nontoxicity and low cost have been widely investigated
recently.4 Specifically, tetragonal martensite BiOCl (BOC)
with a [Bi2O2]2+ sheet interlaced by two Cl layers

5,6 is regarded
as a promising photocatalyst that provides sufficient space for
polarization-dependent orbitals and atoms. The electrostatic
field perpendicular to [Bi2O2]2+ and [Cl2] lamellae inside BOC
contributes to effective anticharging recombination and
broadens the prospects of photocatalysis.7,8 However, a wide
bandgap (∼3.5 eV) and high photocarrier recombination lead
to the excitation of BOC only in the ultraviolet light region,
significantly limiting its practical applications. Construction of
heterojunctions (e.g., p−n,9,10 Z-scheme,11−13 and step-
scheme heterojunctions14−16) is considered as an alternative
to mitigate the inefficient charge separation and poor
photocatalytic behavior. Therefore, combining BOC with
narrow-bandgap bismuth-based semiconductors (e.g., Bi2O3
(BO)) to enhance the photocatalytic activity of composite
materials is highly desired.17−20

Inspired by the abovementioned ideas, we prepared an
efficient Bi2O3/BiOCl (BBOC) heterojunction with high
photocatalytic performance toward organic contaminants via
a facile solution reaction. However, the declined reaction
activity of the recovered photocatalyst greatly diminished its
commercial value due to the deactivation.21−23 Photocatalyst

deactivation originated mainly from the adsorption of
intermediates/byproducts onto the photocatalyst surface,
blocking and thus losing the photocatalytic active sites.24,25

Frequent replacement of deactivated catalysts contributed to
an increased overall cost, thus necessitating investigations on
the prevention of photocatalyst deactivation and/or activation
of the deactivated catalysts. Recently, many strategies,
including the construction of heterojunctions, surface mod-
ification, and oxygen vacancies (OVs), have been developed to
activate deactivated photocatalysts.26−28 In particular, OV
construction was considered to be a facile alternative for
activating deactivated photocatalysts compared with other
strategies demanding modified or grafted additives. Remark-
ably, the construction of OVs via calcination can activate
deactivated photocatalysts by accelerating the decomposition
of the adsorbed contaminants at the same time.29 The
introduced OVs effectively adjusted the electronic structure
and carrier concentration and extended the light absorption to
longer wavelengths, thus facilitating the photogenerated carrier
capture to hinder electron−hole pair recombination.30−32

However, as far as we know, few investigations have focused
on the deactivation and activation mechanism of BBOC
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heterojunctions during photocatalytic degradation of organic
contaminants. Hence, studies on activating deactivated BBOC
heterojunctions to extend the life of catalysts are highly
desired.
Under these circumstances, we used recovered BBOC

(BBOC-1), which degraded 94.44% of Rhodamine B (RhB)
with a concentration of 20 mg L−1 in 40 min in the first run of
photocatalytic degradation and deactivated in the second run
of the photocatalytic test, as target photocatalysts to investigate
the activation route. BBOC-2 was obtained by calcining
BBOC-1 at 350 °C under an air atmosphere and showed
enhanced photocatalytic performance compared with that of
BBOC and BBOC-1 according to the combined analytical
characterization. After a detailed discussion, it was concluded
that the adsorbed RhB was the core factor that determined the
photocatalytic activities of BBOC-1 and BBOC-2. OVs
appeared in BBOC-2 after activation by calcinating and
contributed to the enhancement of photocatalytic perform-
ance. This study verified the new route for the introduction of
OVs via facile calcination, which greatly enhanced the
separation efficiency of photoinduced charge carriers, provid-
ing a reference with deep insights into the activation of
deactivated photocatalysts.

2. EXPERIMENTAL SECTION
2.1. Materials. Bi(NO3)3·5H2O, NaCl, and RhB were

provided by Shanghai Aladdin Biochemical Technology Co.,
Ltd. (Shanghai, China). Concentrated HNO3 (63 wt %),
concentrated NH3·H2O (28 wt %), and ethanol (C2H5OH)
were provided by Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Deionized water (DIW) was homemade in
the laboratory. All reagents were used as received without any
further purification.

2.2. Catalyst Preparation. All catalysts were prepared
based on our previous investigations and literature with some
modifications.19,33−35

2.2.1. Preparation of BO. A concentrated HNO3 solution
(4 mL, 63 wt %) was added dropwise into a round-bottom
flask (100 mL) containing DIW (50 mL) and Bi(NO3)3·5H2O
(12.000 g) under ultrasonication to achieve full dispersion. A
certain amount of NH3·H2O was added to the mixture until
the solution reached pH 7 under vigorous stirring (500 rpm) at
room temperature and then reacting at 80 °C for 10 h. The Bi-
containing precursor was obtained by filtering the light-orange
suspension. BO was finally prepared by calcination in a tube
furnace under an air atmosphere at 500 °C for 2 h with a
heating rate of 3 °C min−1.
2.2.2. Preparation of BBOC. NaCl (0.412 g) was added into

a conical flask (250 mL) charged with DIW (100 mL) under
magnetic stirring for 10 min to achieve complete dissolution. A
certain amount of concentrated HNO3 solution (63 wt %) was
used to adjust the solution to pH 1, followed by magnetic
stirring for 30 min. Then, the as-prepared BO (1.640 g) was
added to the reaction solution and reacted under vigorous
stirring (500 rpm) at room temperature for 3 h. Finally, the
BBOC composite catalyst was filtered, washed with DIW
several times, and dried at 60 °C for 12 h in vacuum.
2.2.3. Preparation of BOC. BOC was prepared via the same

strategy as BBOC (eq 1),18 except for changing the amount of
added BO from 1.640 to 0.820 g.

(1)

2.3. Photocatalyst Recovery and Activation. BBOC
was recovered from the reaction solution after photocatalytic
degradation of RhB. BBOC-1 was obtained by washing the
filtration residue with DIW three times followed by drying at
60 °C for 12 h. BBOC-2 was obtained by calcining BBOC-1 at
350 °C for 2 h under an air atmosphere at a heating rate of 3
°C min−1, with a yield of 70%.

2.4. Characterization. Scanning electron microscopy
(SEM, SU8010, 30 kV, Hitachi) and transmission electron
microscopy (TEM, JEM-2100F, 200 kV, JOEL) were used to
observe the morphology and microstructure of the catalysts.
Specific surface areas were analyzed at 77 K using the
Brunauer−Emmett−Teller (BET) method using a Micro-
meritics analyzer (Auto-sotrb-IQ2-MP-XR). A powder X-ray
diffractometer (XRD, Cu Kα source, Bruker, Karlsruhe,
Germany) was used to analyze the physical phase and
crystalline structure of the catalysts. The elemental or chemical
composition of the catalyst surface, valency, and surface energy
state distribution were characterized by X-ray photoelectron
spectroscopy (XPS, VG Scientific Co., U.K.) analysis, where
the C 1s peak (284.8 eV) was used to calibrate the binding
energy. Ultraviolet−visible (UV−vis) diffuse reflectance spec-
troscopy (DRS, UV-3600, Shimadzu, Kyoto, Japan) was used
to examine the photophysical properties of the samples, and
the range of scanning was 200−800 nm. BaSO4 was used as the
reflectance standard. Thermogravimetry−differential scanning
calorimetry (TG−DSC, NE-TZSCH STA 449F3) was
employed to test the thermal stability of the samples in the
range of 30−900 °C with a heating rate of 10 °C min−1.
Electron paramagnetic resonance spectrometry (EPR, Bruker
A300, Germany) was used to confirm the existence of OVs in
the photocatalysts.

2.5. Photocatalytic Experiment. A 300 W xenon lamp
with a 400 nm cutoff filter was adopted as the visible-light
source and was located 10 cm above reaction vessels in the
following photocatalytic experiment. RhB was used as the
target pollutant to test the photocatalytic performance of the
as-prepared catalysts. A certain amount of the photocatalyst
(20 mg) was dispersed in RhB solution (100 mL, 20 mg L−1)
under magnetic stirring for 30 min to achieve adsorption/
desorption balance in the dark, and 3 mL of the suspended
sample was taken at the end of the dark treatment and filtered
through a 0.22 μm aqueous filter tip. The photocatalytic
degradation tests were carried out at room temperature and
pH = 5.5 with the light source turned on, and 3 mL of
suspension samples were taken every 10 min during the
experiments and filtered through a 0.22 μm aqueous filter tip.
All of the obtained samples were measured using a UV−vis
spectrophotometer to determine the degradation efficiency of
the samples toward RhB solution. Intermediates of photo-
catalysis were detected by liquid chromatography−mass
spectrometry (LC−MS, Ultimate 3000 UHPLC-Q Exactive)
in the electrospray ionization (ESI) positive ion mode.
The degradation rate (Dt) of the pollutant was calculated

using eq 236

(2)

where c0 is the concentration of RhB solution before light
irradiation, ct is the concentration of RhB solution at moment t,
A0 is the absorbance of RhB solution before light irradiation,
and At is the absorbance of RhB solution at moment t.
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3. RESULTS AND DISCUSSION
3.1. Photocatalytic Performance of the Heterojunc-

tion. BBOC was prepared successfully according to the basic
physical property characterizations in our previous inves-
tigations via the aforementioned preparation route. TEM and
HRTEM images (Figure 1) revealed the microstructure of the
BBOC heterojunction. As shown in Figure 1a−d, nanosheets
are tightly bound, shaped like slices growing from the
substrate. More specifically, the HRTEM images of BBOC

(Figure 1e,f) present a clear crystal plane spacing, in which the
lattice fringes with d-spacings of 0.33 and 0.74 nm correspond
to the (120) plane of BO and the (001) plane of BOC,
respectively.37,38 It is apparent that the BBOC heterojunction
was fabricated by the in situ construction of BOC on the BO
surface.
BBOC was confirmed as an effective photocatalyst according

to the degradation tests (Figure S1). As can be seen from
Figure 2a, BBOC degraded 94.44% of the RhB in 40 min

Figure 1. (a−d) TEM and (e, f) high-resolution TEM (HRTEM) images of BBOC.

Figure 2. (a) Photocatalytic degradation performances of RhB using BO, BOC, BBOC, and BBOC-1, respectively. (b) Linear fitting of the pseudo-
first-order kinetic equation. (c) Histogram of the apparent rate constant k.

Figure 3. Schematic diagram of the BBOC-1 activation process.
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under UV−vis light irradiation, which was significantly higher
than that of BO (35.96%) and BOC (79.5%). RhB cannot be
degraded without any photocatalyst even under light
irradiation. The heterojunction structure of BBOC led to
considerable enhancement of photocatalytic performance.
However, BBOC-1 exhibited much lower reaction activity,
with only 46.81% adsorption in the dark and 69.97% total
removal rate of RhB under the same reaction conditions. In
addition, the pseudo-first-order kinetic model (ln(ct/c0) = kt)
was used to further describe RhB photodegradation, where k
represented the kinetic constant, ct and c0 were the
concentrations of RhB in aqueous solution at time t and 0,
respectively.39−41 The fitted kinetic model curves and the
apparent rate constant k of the kinetic equation are illustrated
in Figure 2b,c. BBOC possessed the maximum k value of
0.05228 min−1, which is 3.7, 2.1, and 71.3 times higher than
those BBOC-1 (0.01428 min−1), BOC (0.02495 min−1), and
BO (0.00073 min−1). Thus, the photocatalytic activity of
BBOC-1 was greatly reduced after recovering and BBOC-1
needed activation for further utilization. The following part of
this study focused on finding the reason for the deactivation of
BBOC-1 and providing a solution to the activation of BBOC-1.

3.2. Properties of Photocatalysts. BBOC-2 was gained
by calcining BBOC-1 at 350 °C under an air atmosphere, as
shown in Figure 3 and all photocatalysts can be distinguished
from their different colors as in the inset image. The as-
prepared pure BO accumulated as a light-yellow powder, while
BBOC became pale. BBOC-1 changed to dark red after the
degradation of RhB, which was possibly due to the undegraded
RhB dispersed in BBOC-1. The dark red color disappeared
after calcination, and BBOC-2 became gray, suggesting the
decomposition of the dark red substance. Characterizations of
physical properties were conducted to reveal the trans-
formation inside BBOC-2 during calcination.
Figure 4 shows the SEM images of BBOC, BBOC-1, and

BBOC-2. BBOC was well accumulated, with uniform flakes
without agglomeration, contributing to its excellent photo-
catalytic performance. The reduction of pores in BBOC-1
(Figure 4c,d) compared with that in BBOC (Figure 4a,b)
resulted from the adsorption of small molecules during the
photocatalytic degradation of RhB, which accounted for the
dark red color of BBOC-1 after the first run of the
photocatalytic reaction. BBOC-2 also displayed nanosheet
accumulation but with obvious agglomeration (Figure 4e,f),
indicating the occurrence of sintering during calcination.

Figure 4. SEM images of (a, b) BBOC, (c, d) BBOC-1, and (e, f) BBOC-2.

Figure 5. (a) N2 adsorption−desorption curves and BJH pore size distributions (inset). (b) XRD patterns of BOC, BBOC-1, and BBOC-2.
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However, larger pores that were conducive to contaminant
adsorption were also generated in BBOC-2 at the same time,
which would enhance the photocatalytic performance of
BBOC-2.
The BET specific surface areas and Barrett−Joyner−

Halenda (BJH) pore size distributions are shown in Figure
5a, and the detailed data are listed in Table 1. All samples

exhibited characteristic type II isotherms with H3 hysteresis
loops, indicating the existence of a large number of
micropores.42−44 As shown in Figure 5a, BBOC-1 possessed
the most micropores with the smallest pore structures, BBOC-
2 featured more mesopores, while BBOC was intermediate.
These results were in good agreement with SEM observations.
Considering the dark red color of BBOC-1, the decrease in
BET specific surface areas and the same N2 adsorption−
desorption pattern as those of BBOC and BBOC-2 suggested
that the adsorbed RhB was not thoroughly degraded and
blocked part of the pores.
Figure 5b displays the XRD patterns of BBOC, BBOC-1,

and BBOC-2. All three samples shared similar peaks, and no
distinct differences appeared after recovering as well as
activating BBOC, indicating good crystalline stability of the
heterojunction composite catalysts. The characteristic peaks at
2θ = 26.0, 32.7, and 33.6° corresponded to (101), (110), and

(102) planes of BBOC, respectively. Hence, the growth of the
highly active (110) crystal plane enhanced the dye adsorption
capacity and sensitization performance of BOC, which
consequently resulted in the poor cycling performance of the
composite catalyst.45−47 That is to say, the high adsorption
activity toward RhB and the blocking of internal pores by
undecomposed RhB resulted in the low photocatalytic
performance of BBOC-1.48

XPS was conducted to reveal the surface elemental
compositions, chemical states, and electronic states of the
samples.49Figure 6 shows the binding energy positions of all
elemental peaks with correction for the C standard binding
energy of 284.8 eV. BBOC, BBOC-1, and BBOC-2 were
mainly composed of Bi, O, and Cl elements, as shown in
Figure 6a, and no other elements were detected. The similar
XPS peak patterns of BBOC, BBOC-1, and BBOC-2 were in
good agreement with the XRD patterns. Bi 4f XPS spectra in
Figure 6b display two peaks located at around 159.30 and
164.61 eV attributed to Bi 4f7/2 and Bi 4f5/2, respectively.

50

The Bi 4f binding energy of BBOC-2 shifted to a higher value
with two satellite peaks (Sat.), proving the removal of small
molecules as well as the enhanced interaction between
substances during calcination.51 In Figure 6c, the peak of O
1s located at lower binding energy (∼530 eV) was assigned to
the Bi−O bond in the composite material, and the peak at
higher binding energy (∼532 eV) could be attributed to the
oxygen vacancies. The OV peak of BBOC-2 showed the
strongest intensity, indicating the generation of OVs during
calcination.52−54 Compared with that of BBOC, RhB
adsorption led to a decrease in the Cl 2p binding energy
value of BBOC-1, while the decomposition of RhB via

Table 1. Porosity Properties of Photocatalysts

sample SBET(m2 g−1) pore size (nm) pore volume (cm3 g−1)

BBOC 11.079 40.774 0.1129
BBOC-1 10.976 40.209 0.1103
BBOC-2 10.526 43.604 0.1148

Figure 6. XPS spectra for BBOC, BBOC-1, and BBOC-2: (a) survey scan, (b) Bi 4f, (c) O 1s, and (d) Cl 2p.
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calcination restored the Cl 2p binding energy of BBOC-2, as
shown in Figure 6d.45

Figure 7a illustrates the optical absorption of BBOC, BBOC-
1, and BBOC-2. BBOC exhibited absorbance only in the UV
region, while BBOC-1 and BBOC-2 exhibited apparent
absorption in the visible light region. As for BBOC-1, the
red shift of the absorption edge was attributed to the strong
absorption of visible light by RhB as a photosensitizer.45 The
new peak that appeared at around 564 nm in the curve of
BBOC-1 was the characteristic absorption peak of RhB,47

while the characteristic peak then disappeared in the curve of
BBOC-2. The UV−vis DRS spectra provided more direct

evidence for the RhB adsorption in BBOC-1 as well as the RhB
decomposition of BBOC-2. In addition, the red shift of the
absorption edge would improve the light absorption capacity of
BBOC-2.52 The forbidden bandwidths of BBOC, BBOC-1,
and BBOC-2 were calculated to be 3.44, 3.26, and 3.10 eV,
respectively (eq S1).
TG-DSC curves (Figure 7b) provided more detailed

descriptions of the differences among BBOC, BBOC-1, and
BBOC-2. BBOC-1 displayed an exothermic peak at 250 °C,
which was derived from RhB decomposition. As for BBOC and
BBOC-2, no obvious weight loss appeared at around 250 °C,

Figure 7. (a) Solid UV−vis DRS spectra. (b) TG-DSC curves of BBOC, BBOC-1, and BBOC-2.

Figure 8. (a) RhB photocatalytic degradation curves. (b) Proposed first-order kinetic curves. (c) Apparent rate constant k using BBOC, BBOC-1,
and BBOC-2 as photocatalysts, respectively.

Figure 9. (a, b) EPR spectra of BBOC, BBOC-1, and BBOC-2.
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suggesting a similar structural composition and good thermal
stability.

3.3. Enhanced Photocatalytic Performance. The
photocatalytic performances of BBOC, BBOC-1, and BBOC-
2 were tested by degrading RhB under visible light (λ ≥ 400
nm). As shown in Figure 8a, BBOC-2 degraded 98.23% of RhB
in 40 min under visible light, exhibiting even more active
performance than BBOC. Similar to BBOC and BBOC-1, the
photocatalytic process can be fitted well using the first-order
kinetic equation with correlation coefficients of R2 > 0.95,
which is in line with the first-order reaction process (Figure
8b). BBOC-2 possessed the maximum k value of 0.08087
min−1, which is 1.5 and 5.7 times higher than those of BBOC
(0.05228 min−1) and BBOC-1 (0.01428 min−1), respectively,
as shown in Figure 8c.
To deepen our understanding of the enhanced photo-

catalytic performance of BBOC-2, EPR was conducted, and the
results are shown in Figure 9. The peak at g = 2.003 indicated
the presence of OVs in BBOC-2. OVs can be used as electron
scavengers to enhance charge transfer and inhibit the
recombination of e−−h+ pairs.55,56 Meanwhile, OVs were
important adsorption and active sites to promote the substrate
reaction on the catalyst surface, which can also increase the
SBET of materials.

50,57

The LC−MS analysis was applied to investigate the
degradation route of RhB using BBOC-2 (Figure S2). Based
on the LC−MS analysis, Figure 10b further displayed the
probable degradation pathway of RhB. During the photo-
catalytic degradation process, RhB was decomposed into

various molecular fragments gradually and was completely
degraded into CO2 and H2O finally.58,59

As exhibited in Figure 10b, the adsorbed RhB was
thoroughly decomposed at 350 °C under an air atmosphere,
bringing part of the lattice oxygen and leaving OVs in BBOC-
2.60 Therefore, the enhanced photocatalytic activity of BBOC-
2 originated from the newly generated OVs, which inhibited
the recombination of photogenerated carriers and provided
more active sites during visible light irradiation.
The photocatalytic performances of RhB for some recent

catalysts are listed in Table S1. Our Bi2O3/BiOCl nanosheet
exhibited high degradation efficiency, suggesting its potential
application in the photocatalytic degradation of organic
pollutants.

4. CONCLUSIONS
As-prepared BBOC showed photocatalytic performance
toward RhB with 94.44% degradation rate in 40 min.
Combined analytical techniques confirmed that the deactiva-
tion of BBOC-1 originated from the adsorbed RhB in the first
run of degradation. Undecomposed RhB distributed on the
surface and/or in the pores of BBOC-1, occupying active sites
and then decreasing the adsorption capacities of BBOC, which
finally contributed to the deactivation of BBOC. BBOC-2 was
facilely activated by calcining BBOC-1 under an air
atmosphere at 350 °C. BBOC-2 displayed a darker color and
exhibited a more active photocatalytic performance due to the
introduction of OVs, which were generated in the process of
RhB decomposition. OVs provided more active sites and
trapped electrons from the compounding of photogenerated

Figure 10. (a) Probable degradation pathway of RhB. (b) Schematic diagram of OV generation during calcination and the enhanced photocatalytic
degradation of RhB.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04496
ACS Omega 2022, 7, 46250−46259

46256

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04496/suppl_file/ao2c04496_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04496/suppl_file/ao2c04496_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04496?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04496?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04496?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04496?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


carriers during the photocatalytic process, which greatly
improved the photocatalytic performance of BBOC-2 toward
organic contaminants. Therefore, this study offers a reference
for the investigation of the deactivation and regeneration
mechanism of photocatalytic materials.
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