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surface of Bi3 O4 Cl. Consequently, the photocatalysts were used to remove ECs from water.

Available online 11 January 2022

The effects of developmental process and Bi metal plasmon resonance on the photoelec-

Keywords:

UV-vis diffuse reflection and photoluminescence spectra revealed that the light absorption

Plasmon photocatalysts

range of the photocatalyst gradually increased and the electron recombination rate gradu-
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ally decreased with the introduction of Bi metals. The optimal removal rates of ciprofloxacin
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and tetrabromobisphenol A by Bi-Bi3 O4 Cl were 93.8% and 96.4%; the respective reaction rate

tric performances of Bi-Bi3 O4 Cl were investigated through a series of characterizations. The
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constants were 5.48 and 4.93 times higher than that of Bi3 O4 Cl. The mechanism study indicated that main reactants in the photocatalytic system were •O2 − radicals and photogenerated holes, and the existence of oxygen vacancies and Bi metals promoted electron transfer
in photocatalyst. In conclusion, this research produces a novel, green, highly efficient, and
stable visible light photocatalyst for the removal of ECs from water.
© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Various emerging contaminants (ECs) have been detected in
environment (Vashisht et al., 2020), and their occurrence and
bioaccumulation pose high risks to the environment and human health (Lin et al., 2020). However, removal of trace ECs
from water by conventional biochemical treatments is diffi-
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cult (Zhou et al., 2020). Novel methods for removal of ECs are
urgently required (Olatunde et al., 2020).
Photocatalytic oxidation is a promising technology for
environmental remediation since it is environment-friendly,
highly efficient and low energy consuming (Long et al., 2020a;
Jiang et al., 2019a). Multiple conventional photocatalysts,
such as ZnO, TiO2 , CdS, V2 O5 , etc., have been studied for
ECs removal, but exhibited low solar energy utilization and
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high photocarrier recombination rate (Hashimoto et al., 2005;
Valenzuela et al., 2002). Therefore, modification of these conventional photocatalysts or development of novel visible light
driven photocatalysts is necessary (Jiang et al., 2019b, 2019c;
Long et al., 2020b).
Recently, bismuth oxychloride-based photocatalysts
(BiOCl, Bi3 O4 Cl, Bi12 O17 Cl2 , and Bi24 O31 Cl10 ) have been widely
studied (Lin et al., 2006; Wang et al., 2016a). The unique layered
structure of BiOCl promotes the development of an internal
electric field, accelerating the separation of photo-carriers
and enables superior photoelectric performance (Xiao et al.,
2013). Among the above-mentioned photocatalysts, Bi3 O4 Cl
exhibits high visible light activity due to suitable band gaps
and oxygen defects (Li et al., 2014).
To increase the efficiency of photocatalysts, researchers
modify the photocatalysts by developing composite photocatalysts, constructing heterojunctions, controlling the morphologies and defects of photocatalysts, and using plasmonic photocatalysts. For example, Che et al. (2018) constructed Bi3 O4 Cl/g-C3 N4 heterojunction, which effectively improved the photocatalytic efficiency of Bi3 O4 Cl. Chakraborty
et al. (2012) prepared WO3 /Bi3 O4 Cl nanocomposites, which
improved the removal efficiency of 1,4-dichlorobenzene under
visible light. Jiang et al. (2018) prepared Ag/Bi3 O4 Cl nanocomposites, which enhanced the photocatalytic activity for tetracycline degradation due to the plasmon resonance of Ag on
the surface of Bi3 O4 Cl.
Among these methods, utilizing plasmon resonance of
noble metals (Au, Ag, Pt, and Pd) to improve the performance of photocatalysts is particularly efficient (Kang et al.,
2016; Bi et al., 2016). Incorporating noble metal nanoparticles
on the semiconductor surface can form Schottky barrier on
the interface, accelerate charge transfer between metal and
semiconductor, and promote the separation of electron hole
(Shi et al., 2017). Recently, researchers discovered that lowcost bismuth metals can also exhibit surface plasmon resonance (SPR) (Li et al., 2017b; Dong et al., 2015; Wang et al.,
2017b). Cui et al. (2018) prepared Bi/Bi3 O4 Cl nanobelts for efficient photocatalytic removal of NO in the gas phase and found
that Bi functioned in a manner similar to precious metals.
Therefore, combining Bi metal with Bi3 O4 Cl in water pollution
treatments may also produce good results.
In the present study, flakes of Bi-Bi3 O4 Cl plasmon photocatalysts were developed for the removal of ECs from water.
The photocatalytic activity of Bi-Bi3 O4 Cl was measured by the
degradation of ciprofloxacin (CIP, representative of pharmaceutical and personal care products) and tetrabromobisphenol A (TBBPA, representative of endocrine disrupting chemicals) under visible light. Furthermore, to understand the effects of doping Bi metal into Bi3 O4 Cl flakes, a series of characterizations of the morphology, structure, specific surface area,
oxygen defects, and photoelectric properties of the photocatalysts were conducted. Additionally, the effects of Bi metal
content, catalyst dose, and solution pH on the photocatalytic
performance of Bi-Bi3 O4 Cl were discussed. We also examined the mechanism of Bi-Bi3 O4 Cl developmental process and
photocatalytic degradation of water contaminants. The objective of this study was to develop an efficient, green, and
stable visible light photocatalyst for the removal of ECs from
water.

1.

Materials and methods

1.1.

Materials

The materials are shown in Appendix A Supplementary data.

1.2.

Synthesis of Bi-Bi3 O4 Cl plasmonic photocatalysts

1.2.1.

Synthesis of Bi3 O4 Cl nanosheet

Flakes of Bi3 O4 Cl with higher specific surface area were obtained by preliminary investigation and were synthesized using the following method. Firstly 1.94 g of Bi(NO3 )3 •5H2 O were
added to 60 mL deionized water in a 150 mL beaker and the
mixture was magnetically stirred for 30 min. Then 0.298 g of
powdered KCl was added to the above mixture, magnetically
stirred for 15 min, and then sonicated for 5 min to induce further dispersion of the suspension. This was followed by the
adjustment of the suspension pH to 12.0 by using 1 mol/L
NaOH solution. Subsequently, the suspension was poured into
a 100 mL Teflon hydrothermal reactor and maintained at
160°C for 12 hr. The resultant precipitate was centrifuged and
washed thrice with deionized water and ethanol. Finally, the
sample was oven dried at 80°C for 4 hr to acquire Bi3 O4 Cl sample.

1.2.2.

Synthesis of Bi-Bi3 O4 Cl photocatalysts

Generally, to acquire Bi metal, NaBH4 is used to reduce Bi3+
(Sun et al., 2017; Feng et al., 2017; Dong et al., 2018). Therefore, we designed the synthesis process for Bi-Bi3 O4 Cl as follows. First, 0.7265 g (1 mmol) of the previously synthesized
Bi3 O4 Cl and 1 g of polyvinyl pyrrolidone were added to 100 mL
of deionized water in a 150 mL beaker, and the solution was
magnetically stirred for 30 min. NaBH4 solutions (10, 30 and
50 mmol/L) were configured separately, 30 mL of the NaBH4
solution (corresponding to 0.3, 0.9 and 1.5 mmol) was added
dropwise into the Bi3 O4 Cl suspension, stirred for 90 min, and
then aged for 60 min. Later, the precipitate obtained was centrifuged and washed thrice with deionized water and ethanol.
Finally, the sample was oven dried at 80°C for 4 hr to acquire the Bi-Bi3 O4 Cl photocatalyst. According to the amount
of NaBH4 , the Bi-Bi3 O4 Cl photocatalysts prepared with 10, 30,
and 50 mmol/L of NaBH4 were designated as 10-Bi-Bi3 O4 Cl, 30Bi-Bi3 O4 Cl, and 50-Bi-Bi3 O4 Cl, respectively.

1.3.

Characterization

Characterization is shown in Appendix A Supplementary
data.

1.4.

Photocatalytic examinations and data analyses

In the study, CIP and TBBPA were selected as target contaminants. The efficiency of photocatalytic activities of the photocatalysts were assessed by photocatalytic degradation of
CIP (10 mg/L) and TBBPA (10 mg/L). A fixed amount of photocatalyst was added to a quartz reactor containing 50 mL
CIP or TBBPA solution; the resultant solution was sonicated
for 30 sec. The quartz reactor was then placed in a photocatalytic reaction system with a 5 W white light emitting diode
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(LED) lamp as the light source (400 nm ≤ λ ≤ 800 nm, PCX50C
Discover, Perfect Light Co., Ltd., China). Prior to illumination,
the photocatalyst-contaminant solution was stirred in dark
for 1 hr to achieve adsorption-desorption equilibrium. Subsequently, approximately 1–2 mL of CIP or TBBPA solution was
extracted with a syringe at a specified time; subsequently, the
particles were separated using a 0.22 μm pore size nitrocellulose filter paper. The concentration of CIP was measured at
277 nm by UV-Vis spectrometer (DR6000, HACH Co. Ltd., USA)
(Long et al., 2020c), while the concentration of TBBPA in the solution was measured at 209 nm on a high performance liquid
chromatograph (HPLC) equipped (Waters 2695, Waters Technology Co., LTD, USA) with a ZORBA eclipse XDB-C18 column
(2.1 mm × 150 mm, 5 μm). The mobile phase in the HPLC column was a mixture of eluent A (1‰ glacial acetic acid) and
eluent B (methanol) with a flowrate of 1.0 mL/min. The ratio
of A to B was 20:80 (V/V).
To detect the potential photocatalytic mechanism during
photocatalytic reactivity, major active species in the photocatalytic process were studied. 10 mmol/L of tertiary butyl alcohol
(TBA), 1 mmol/L of sodium oxalate (SO), and 1 mmol/L of benzoquinone (BQ) were added for consumption of the hydroxyl
radicals (•OH), holes (h+ ), and superoxide radicals (•O2 − ), respectively (Wang et al., 2016b). The remaining conditions for
the examination of active species were identical to the CIP and
TBBPA photodegradation reactions, except for the addition of
radical scavengers.
The experiments were conducted simultaneously in three
replicates; consequently, the mean values were reported.

2.

Results and discussion

2.1.

Characterization of photocatalysts

2.1.1.

Crystal structures and morphologies

The crystal structures of samples were investigated by Xray diffractometer (XRD) analysis. The XRD patterns of BiBi3 O4 Cl photocatalysts along with pure Bi3 O4 Cl are presented
in Fig. 1. Pure Bi3 O4 Cl showed a series of well-defined and intense diffraction peaks, which were characteristic to the monoclinic structure (Joint Committee on Powder Diffraction Standards, 36-0760) of Bi3 O4 Cl. Analogous or impurity phases were
absent, suggesting that high phase purity of Bi3 O4 Cl was acquired. The XRD patterns of the three photocatalysts were
consistent with that of Bi3 O4 Cl (JCPDS 36-0760). Moreover, the
diffraction peaks on the (012), (104), (110), and (202) planes of
Bi metal (JCPDS 44-1246) were identified, indicating successful synthesis of Bi-Bi3 O4 Cl. The diffraction peaks of Bi metal
planes at the (012), (104), (110), and (202) gradually increased
from 10-Bi-Bi3 O4 Cl, 30-Bi-Bi3 O4 Cl, to 50-Bi-Bi3 O4 Cl, indicating
that the peaks increased with increasing NaBH4 concentrations. This phenomenon could be attributed to the reduction of Bi3+ to Bi metal by NaBH4 . Increased concentrations of
NaBH4 promoted the development of Bi metals on the surface
of Bi3 O4 Cl photocatalyst rapidly (Cui et al., 2018).
The surface morphologies of Bi3 O4 Cl and Bi-Bi3 O4 Cl were
investigated using scanning electron microscope (SEM) and
the resultant SEM images are presented in Fig. 2. Pure Bi3 O4 Cl
existed in the form of crystalline flakes with a smooth sur-
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Fig. 1 – X-ray diffractometer patterns of Bi3 O4 Cl,
10-Bi-Bi3 O4 Cl, 30-Bi-Bi3 O4 Cl, and 50-Bi-Bi3 O4 Cl. The
Bi-Bi3 O4 Cl photocatalysts prepared with 10, 30, and
50 mmol/L of NaBH4 were designated as 10-Bi-Bi3 O4 Cl,
30-Bi-Bi3 O4 Cl, and 50-Bi-Bi3 O4 Cl, respectively.

face (Fig. 2a). For 10-Bi-Bi3 O4 Cl, the catalyst generally exhibited a smooth surface while some sections were deposited by
Bi metal nanospheres that agglomerated to form tiny crystal flakes (Fig. 2b). For 30-Bi-Bi3 O4 Cl and 50-Bi-Bi3 O4 Cl, the
surface of catalyst was rough and agglomerated, and there
were many Bi metal nanospheres deposited on the surface
of Bi3 O4 Cl (Fig. 2c and d). These differences in the texture
were due to the reduction of Bi3 O4 Cl nanoflakes by the strong
reducing agent NaBH4 , which subsequently, resulted in the
loss of electrons from Bi3+ to form Bi metal on the surface
of Bi3 O4 Cl. Furthermore, the increased NaBH4 concentration
resulted in formation of more Bi metal nanospheres on the
surface of Bi3 O4 Cl nanoflakes, which eventually deposited in
large quantities on the surface of the nanoflakes. Therefore,
SEM analysis reflected the process of Bi-Bi3 O4 Cl formation,
and the subsequent results were consistent with those of XRD
analysis.
Samples with representative morphologies (Bi3 O4 Cl, 10Bi-Bi3 O4 Cl, and 30-Bi-Bi3 O4 Cl) were further characterized by
high-resolution transmission electron microscopy (HRTEM).
Pure Bi3 O4 Cl exhibited a smooth nanoflake structure, which
was consistent with SEM results (Fig. 3a). For 10-Bi-Bi3 O4 Cl,
multiple nano-microsphere particles were observed on the
surface (Fig. 3b). The HRTEM images revealed a lattice spacing of approximately 0.366 and 0.328 nm (Fig. 3d), which corresponded to the spacing of the (211) plane of monoclinic
Bi3 O4 Cl and the (021) plane of Bi metal, respectively. For 30Bi-Bi3 O4 Cl, the surface of Bi3 O4 Cl nanoflakes was massively
deposited by nanosphere particles (Fig. 3c). Furthermore, the
slim lattice spacing of approximately 0.300 and 0.227 nm of the
sample was consistent with the (411) plane of Bi3 O4 Cl and the
(110) plane of Bi metal respectively (Fig. 3e). Therefore, XRD,
SEM, and TEM analysis assisted the identification and characterization of the developmental process of Bi-Bi3 O4 Cl photocatalysts. Moreover, the increasing concentration of NaBH4
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Fig. 2 – Scanning electron microscope images of (a) Bi3 O4 Cl, (b) 10-Bi-Bi3 O4 Cl, (c) 30-Bi-Bi3 O4 Cl, and (d) 50-Bi-Bi3 O4 Cl.

gradually deposited the surface of Bi3 O4 Cl nanoflakes by Bi
metal microspheres.

2.1.2.

Chemical compositions and valence states

The chemical compositions and valence states of photocatalysts were determined by X-ray photoelectron spectroscopy
(XPS) analysis and the subsequent results are presented in
Fig. 4. Bi, Cl, O, and C elements were detected in all photocatalysts with the complete absence of other impurities (Fig. 4a).
In the Bi 4f spectrum of Bi3 O4 Cl (Fig. 4b), the two diffraction
peaks located at 159.3 and 164.6 eV corresponded to the Bi
4f5/2 and Bi 4f7/2 orbits of the trivalent oxidation state of Bi
(Wang et al., 2017a). Moreover, the shifts of diffraction peaks
towards lower binding energy were distinctly observed with
the increase in NaBH4 concentration, indicating the presence
of the zero-valent Bi or lower-charged Bi ion state at the external sites of the Bi3 O4 Cl nanoflakes (Sun et al., 2019a). Similar
observations were reported by Li et al., and this could be attributed to the creation of oxygen vacancies and breaking of
Bi–O bonds (Li et al., 2017b).
Fig. 4c shows two characteristic peaks of O 1s around 529.5–
530.1 and 531.0–531.7 eV correspond to lattice oxygen (Olat )
and O2 − in oxygen deficient regions, respectively (Long et al.,
2020c). The existence of oxygen deficient was further confirmed using electron spin resonance (ESR). As shown in
Fig. 4e, the oxygen vacancies increase with the introduction
of Bi metal. The characteristic signal with g value of 2.0026
was also detected, which provides evidence for the existence
of oxygen deficient on the surface of photocatalysts. Suitable
oxygen deficiencies promoted the electron-hole pair separa-

tion of photocatalyst (Dong et al., 2016). Fig. 4d shows that
Bi3 O4 Cl peaked at approximately 199.8 and 198.3 eV, which
correspond to Cl 2p1/2 and Cl 2p3/2 , respectively (Cui et al.,
2018). Additionally, the corresponding peaks in the Cl 2p of
Bi-Bi3 O4 Cl showed a distinct shift towards lower binding energies, which was similar to that of O 1s. The shift of Cl in
Bi-Bi3 O4 Cl might be due to the change in the Cl-O distance
caused by oxygen defects; a similar explanation was reported
in the study of Bi-BiOI (Sun et al., 2019a). Based on the significant differences in the chemical states of Bi, O, and Cl existing between Bi-Bi3 O4 Cl and Bi3 O4 Cl, it can be inferred that the
chemical environment of Bi3 O4 Cl was dramatically affected
after the reduction of partial Bi3+ by NaBH4 .

2.1.3.

Optical and electrochemical properties of photocatalysts

The optical and energy band properties of samples were measured by ultraviolet-visible (UV-Vis) diffuse reflection spectra
(DRS) and results are shown in Fig. 5a. The maximum absorption wavelength of Bi3 O4 Cl was approximately 520 nm.
The Bi-Bi3 O4 Cl photocatalysts exhibited strong absorption in
the visible range, along with good absorption in the infrared
region. Moreover, the light absorption capacity of Bi-Bi3 O4 Cl
gradually increased with the increase of Bi metal content. This
can be attributed to the surface plasmon effect of Bi metal,
which greatly improves the light absorption ability and range
of Bi3 O4 Cl (He et al., 2018; Gao et al., 2016). The band gap energy of Bi3 O4 Cl was identified from the plot of (αhv)2 vs. photon energy (hv) (Cheng et al., 2015), and was 2.38 eV (Fig. 5b) (α:
absorption coefficient). These results suggest that Bi-Bi3 O4 Cl
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Fig. 3 – Transmission electron microscopy image of (a) Bi3 O4 Cl, (b) 10-Bi-Bi3 O4 Cl, and (c) 30-Bi- Bi3 O4 Cl and (d)
high-resolution transmission electron microscopy image of 10-Bi-Bi3 O4 Cl and (e) 30-Bi- Bi3 O4 Cl.

photocatalysts had superior light absorption capacity, which
is conducive to utilizing sunlight.
Migration of photogenerated charge carriers and recombination rates of electron-holes were assessed by photoluminescence analysis (PL). Generally, a decrease in PL characteristic peak intensity implies low electron-hole recombination rate (Li et al., 2017a; Ma et al., 2017). Fig. 5c shows
that PL peak intensity of Bi-Bi3 O4 Cl was weaker than of
pure Bi3 O4 Cl. Thus, the introduction of Bi metal decreased
the recombination rates of electron and hole. Moreover, the
PL intensity of Bi-Bi3 O4 Cl photocatalysts gradually decreased
with the increase of Bi metal content. This might be attributed to that excessive Bi metal ions hinder recombination of the electron-hole pairs and promote the migration of carriers (Dong et al., 2014; Zhao et al., 2016). Compared with Bi3 O4 Cl, Bi-Bi3 O4 Cl photocatalysts showed a lower
electron-hole recombination rate and higher migration rate,

which is conducive to photocatalytic reaction (Zhao et al.,
2016).
Electron-hole migration, transition, and separation from
photocarriers were evaluated by measuring the electrochemical impedance spectra (EIS) and transient photocurrent response (TPR) of the photocatalysts. The arc radius of the
Nyquist curve for Bi-Bi3 O4 Cl photocatalysts were distinctly
smaller than that of Bi3 O4 Cl (Fig. 5d), which implied that
Bi-Bi3 O4 Cl photocatalysts had a comparatively faster charge
transfer. Among these photocatalysts, 30-Bi-Bi3 O4 Cl showed
the smallest curve radius, which implied that it possessed the
fastest charge-transfer (Jiang et al., 2019b). Bi-Bi3 O4 Cl photocatalysts also exhibited higher TPR than pure Bi3 O4 Cl (Fig. 5e),
indicating that they had a higher separation efficiency for
charges. This revealed that suitable Bi metal content could act
as an effective charge collector and enhance the interfacial
charge migration.
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Fig. 4 – X-ray photoelectron spectra of photocatalysts: (a) survey; (b) Bi 4f; (v) O 1s; (d) Cl 2p. (e) Electron spin resonance (ESR)
spectra of 30-Bi-Bi3 O4 Cl and Bi3 O4 Cl. g: spectrum splitting factor.

The Bi-Bi3 O4 Cl photocatalysts coupled with optical and
electrochemical characterizations exhibited a large photo responsive range, high separation efficiency of electron-hole
pairs, and fast interfacial charge transfer of electron acceptors, resulting in efficient photocatalytic activity.

2.2.

Photocatalytic activity

2.2.1. CIP and TBBPA removal efficiency by Bi-Bi3 O4 Cl photocatalysts
The Bi-Bi3 O4 Cl photocatalysts were examined for their adsorption and photocatalytic performance. As shown in Fig. 6a,

journal of environmental sciences 118 (2022) 87–100

Fig. 5 – (a) Ultraviolet-visible (UV-Vis) diffuse reflection spectra (DRS) of photocatalysts, (b) band gap energy of Bi3 O4 Cl, (c)
photoluminescence (PL) spectra, (d) electrochemical impedance spectra (EIS) Nyquist plots, and (e) transient photocurrent
response (TPR) of the photocatalysts. α: absorption coefficient; hv: photon energy; E: band gap energy; Z’: real part of
impedance; Z": imaginary part of impedance.
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Fig. 6 – Adsorption and photocatalytic performances of (a) ciprofloxacin (CIP) and (c) tetrabromobisphenol A (TBBPA) by
different photocatalysts. Reaction kinetics of (b) CIP and (d) TBBPA by different photocatalysts. C/C0 : reactant
concentration/initial concentration.

Bi3 O4 Cl displayed adverse adsorption and photocatalytic
properties. Contrastingly, Bi-Bi3 O4 Cl photocatalysts showed
better adsorption; 10-Bi-Bi3 O4 Cl, 30-Bi-Bi3 O4 Cl, and 50-BiBi3 O4 Cl adsorbed 35.9%, 29.4%, and 27.0% of CIP in 60 min,
respectively. Specific surface areas of photocatalysts were
examined by Brunauer-Emmett-Teller specific surface area
BET measurement, and the BET surface areas of Bi3 O4 Cl and
30-Bi-Bi3 O4 Cl were 10.84 and 20.53 m2 /g, respectively. The
Bi-Bi3 O4 Cl photocatalysts had higher specific surface area
than Bi3 O4 Cl, and thus exhibited superior ability to adsorb
CIP. The CIP degradation rate after 150 min of illumination
was in the following order: 30-Bi-Bi3 O4 Cl (93.8%) > 50-BiBi3 O4 Cl (80.8%) > 10-Bi-Bi3 O4 Cl (60.4%). Clearly, 30-Bi-Bi3 O4 Cl
exhibited the highest photocatalytic activity and the reaction rate constant (0.0170 min−1 ) was approximately 5.48
times more than that of Bi3 O4 Cl (Fig. 6b). A similar trend
was observed for TBBPA degradation; the three catalysts
showed better adsorption and photocatalytic performance
than Bi3 O4 Cl (Fig. 6c and d). The degradation rate of TBBPA
after 150 min of illumination was in the following order: 30-BiBi3 O4 Cl (96.4%) >10-Bi-Bi3 O4 Cl (93.4%) > 50-Bi-Bi3 O4 Cl (77.3%).
Additionally, the rate constant for 30-Bi-Bi3 O4 Cl (0.0133

min−1 ) was approximately 4.93 times more than that of
Bi3 O4 Cl.
From above results, it can be concluded that Bi metal content affected the photocatalytic activity of Bi-Bi3 O4 Cl, the optimal one was 30-Bi-Bi3 O4 Cl for the removal of CIP and TBBPA.
This could be attributed to the plasmon resonance of Bi metal
on the surface of Bi3 O4 Cl that broadened the light absorption
range of Bi3 O4 Cl. Additionally, adequate oxygen deficiency
promoted the separation of electron hole pairs, thus, improving its visible light catalytic efficiency (Long et al., 2020c).
Moreover, the degradation rate of pollutants by 50-Bi-Bi3 O4 Cl
was lower than that of 30-Bi-Bi3 O4 Cl (Fig. 7a and c), indicating
that the excessive Bi metal on the surface of Bi3 O4 Cl was not
conducive to the degradation of organic pollutants (Sun et al.,
2017).

2.2.2. Effects of photocatalyst dose and pH on the removal efficiency of ECs
The catalyst 30-Bi-Bi3 O4 Cl was used to investigate the effects
of photocatalyst dose and reaction pH. The adsorption performance and removal efficiency of CIP and TBBPA gradually improved with the increase of photocatalyst dose (Fig. 7a and
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Fig. 7 – Effects of photocatalyst dose on 30-Bi-Bi3 O4 Cl activity on (a) CIP and (b) TBBPA degradation. Effects of pH on
Bi-Bi3 O4 Cl activity on (c) CIP and (d) TBBPA degradation.

b) since more photocatalysts provided more active sites. The
CIP degradation rate increased with the dose increase from 0.4
to 1.2 g/L. However, a photocatalyst dose of 0.6 g/L was sufficient for TBBPA degradation. Thus, considering the cost and
efficiency, a dose of 0.6 g/L was used in the following experiments.
Furthermore, the effects of initial pH on CIP and TBBPA
degradation were studied. The adsorption and photocatalytic
properties of Bi-Bi3 O4 Cl improved under weak acidic conditions (Fig. 7c and d). The highest adsorption of photocatalysts
was observed at pH 5. The degradation rate of CIP/TBBPA was
affected by pH in the order of 5 > 7 > 9 > 11 > 3. Moreover, the
contaminants could not adsorb on the photocatalyst surface
under strong acidic conditions (pH 3). Thus, CIP and TBBPA
degradation was sensitive to the solution pH. The zeta potential of 30-Bi-Bi3 O4 Cl was 4.4 (Fig. S1), making it negatively
charged within the pH range of 5–11; consequently, negatively
charged photocatalysts could adsorb CIP and TBBPA by electrostatic attraction. Thus, Bi-Bi3 O4 Cl photocatalyst removed
CIP and TBBPA efficiently in weak acidic and basic solutions.
The sample TOC was then analyzed, the TOC removal rate of
CIP/TBBPA was 41.25% and 50.01% respectively. These finding
presents important information for practical applications.

2.2.3. Reusability of Bi-Bi3 O4 Cl and possible degradation
pathway of CIP
The reusability of 30-Bi-Bi3 O4 Cl was examined and results
demonstrated that the photocatalyst exhibited good performance after five uses (Fig. 8a and b). The SEM images of 30-BiBi3 O4 Cl before and after five cycling runs are shown in Fig. 8c
and d. Moreover, the morphology of Bi-Bi3 O4 Cl before and after five cycles was approximately the same. No aggregation of
Bi metals was observed. In Fig. S2a, the 30-Bi-Bi3 O4 Cl’s XRD
peaks also showed no obvious change after five cycles. In Fig.
S2b and c, XPS of the total survey and Bi 4f did not change
after five cycles, which demonstrated that Bi metals were stabilized on the Bi3 O4 Cl surface. The XPS of O 1s (Fig. S2d) also
showed existence of adsorbed H2 O, which might be the oxidation product pollutants. These results indicated that the
morphology and structure of the photocatalyst were not damaged after five uses, thus, demonstrating good stability and
reusability.
The intermediate products of photodegradation of CIP over
30-Bi-Bi3 O4 Cl were detected by high performance liquid chromatograph - mass spectrometry (HPLC-MS) (Table S1 and
Fig. S3). Based on the fragmentations and previous reports
(Zhang et al., 2015; Mou et al., 2019), three different degrada-
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Fig. 8 – Reusability of 30-Bi-Bi3 O4 Cl in (a) CIP and (b) TBBPA degradation; (c, d) SEM results of 30-Bi-Bi3 O4 Cl before and after
five cycles of use for photocatalytic degradation CIP.

tion pathways were inferred in Fig. 9. As shown in pathway
A, CIP was attacked by the oxide species and deoxygenated
to produce product P2 (mass-to-charge ratio, m/z = 318). Then
the ternary ring was further destroyed by oxidation and the
C-N bond of piperazine was broken to produce the product P3
(m/z = 283). In pathway B, CIP was attacked by hydroxyl radicals, and F was substituted by hydroxyl groups. Ring-opening
and hydroxyl addition reactions occurred at the same time
to generate products P5 (m/z = 396) and P6 (m/z = 340). In
pathway C, the side chain of the piperazine ring was broken
and F was replaced by a hydroxyl group, and formed product P7 (m/z = 319). P7 then took off the ternary ring and produced P8 (m/z = 278). The intermediates of the three pathways
were further oxidized to produce small molecule products P4
(m/z = 163) and P9 (m/z = 149), which were eventually oxidized
to carbon dioxide and water.

2.3.

Photocatalytic mechanisms

To identify the major active species in catalytic photooxidation, inhibition of the active species were conducted using 30Bi-Bi3 O4 Cl. The results are shown in Fig. S4. Addition of •OH
scavenger TBA did not affect the reaction. However, degradation of CIP and TBBPA was significantly inhibited by the addition of h+ scavenger sodium oxalate and •O2 − scavenger ben-

zoquinone, indicating that h+ and •O2 − played dominant roles
in photocatalytic removal of CIP and TBBPA.
To illustrate the photocatalytic mechanism, the flat band
(EFB ) and valence band (VB)/conduction band (CB) edge
(EVB /ECB ) potentials of Bi3 O4 Cl were measured by Mott–
Schottky plots. Due to the negative slope in the Mott-Schottky
plot (Fig. 10a), Bi3 O4 Cl was identified as a p-type semiconductor (Lu et al., 2019). The EFB potential of Bi3 O4 Cl was 2.53 eV
(vs. 2.73 eV of the normal hydrogen electrode, NHE). In previous studies, the EVB of a p-type semiconductor was close to
its EFB potential (Lu et al., 2019; Deng et al., 2019), but approximately 0.1 eV higher (Long et al., 2021). In this study, the EVB of
Bi3 O4 Cl was approximately 2.83 eV vs. NHE. The VB-XPS spectrum of 30-Bi-Bi3 O4 Cl (Fig. 10b) revealed that the energy gap
between VB and Fermi level was 1.20 eV for 30-Bi-Bi3 O4 Cl. According to the formula ECB = EVB − Eg (Sun et al., 2019b) and
UV-vis results (band gap energy, Eg = 2.38 eV), the ECB and EVB
of 30-Bi-Bi3 O4 Cl were calculated to be 0.45 and 2.83 eV, respectively.
Based on above discussions, a potential photocatalytic
mechanism for Bi-Bi3 O4 Cl plasma photocatalysts was proposed (Fig. 10d). In photocatalytic reactions, the charge carriers in Bi3 O4 Cl VB are known to be excited by visible light.
The deposition of Bi metal on the surface of Bi3 O4 Cl increases
the concentration of oxygen vacancies, resulting in the for-
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Fig. 9 – Suggested photocatalytic degradation pathways of CIP. m/z: mass-to-charge ratio.

mation of an intermediate energy level in the semiconductor (Sun et al., 2019b). Moreover, the plasmonic effect of Bi
metal under the illumination of light substantially increases
the light absorption capacity of the photocatalyst (Zhao et al.,
2016). The simultaneous presence of oxygen vacancies and Bi
metal promote the transfer of electrons (Sun et al., 2019a). Few
electrons from the intermediate level are directly excited to
the CB of Bi3 O4 Cl (Fig. 10d). Conversely, other electrons are
initially transferred to the Bi metal surface and later to CB of
Bi3 O4 Cl. This hinders the electron-hole recombination and favors the photocatalytic properties of photocatalyst. Since the
redox potential of O2 /•O2 − is -0.33 eV, which is more negative
than the CB of 30-Bi-Bi3 O4 Cl (0.45 eV), the electrons of Bi metal
can also be transferred to the CB of Bi-Bi3 O4 Cl as excited electrons due to the SPR effect of Bi metal and subsequently, produce •O2 − radicals (Cui et al., 2018; Sun et al., 2019a). Fig. 10c
also demonstrates that the Bi-Bi3 O4 Cl photocatalyst can generate superoxide radicals under visible light. Simultaneously,
the carrier charge separation results in the generation of h+
holes on VB of Bi-Bi3 O4 Cl. Finally, the generated h+ and •O2 −
with strong oxidizing ability can degrade organic pollutants
into small molecules, CO2 , and H2 O.

3.

Conclusions

In summary, Bi-Bi3 O4 Cl plasma photocatalysts were fabricated by reduction of partial Bi3+ on the surface of Bi3 O4 Cl. The
developmental process for Bi-Bi3 O4 Cl plasma photocatalyst
was investigated by XRD, SEM, and TEM. Photoelectrochemical
characterizations showed that the effect of Bi plasmon and existence of suitable oxygen defects enabled Bi-Bi3 O4 Cl to effectively separate and transfer photoinduced electron-hole pairs,
thus, enhancing photocatalytic properties. The concentration
of NaBH4 not only affected the reduction of Bi metal, but also
affected the structure, morphology, and photoelectric properties of Bi-Bi3 O4 Cl plasmon photocatalysts. The 30-Bi-Bi3 O4 Cl
photocatalyst demonstrated the best photocatalytic activities
for CIP and TBBPA degradation, which was approximately 5.48
and 4.93 times higher than that of Bi3 O4 Cl, respectively. Additionally, it performed well in weak acidic and basic solutions
and had good reusability. The mechanism of photocatalysis
showed that the major reactive species were •O2 − and photogenerated holes. This study proposed a novel, green, highly
efficient, and stable Bi-based plasmon photocatalyst for efficient removal of contaminants from water.
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Fig. 10 – (a) Mott–Schottky plots of samples, (b) Valence band XPS spectra of 30-Bi-Bi3 O4 Cl, (c) dimethylpyridine nitrogen
oxide (DMPO) spin-trapping electron spin resonance spectra of 30-Bi-Bi3 O4 Cl in a methanol dispersion for DMPO-•O2 − , and
(d) proposed photocatalysis mechanism of Bi-Bi3 O4 Cl for degradation of emerging contaminants (ECs). C: interfacial
capacitance; F: conductive area; SPR: surface plasmon resonance; CB: conduction band; VB: valence band; h+ : hole; e− :
electron.
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