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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Few-layered Bi4O5I2 were formed by 
intergrowth with Bi2O2CO3 at room 
temperature. 

• FL-Bi4O5I2 was enclosed by {1 0− 1} 
facets with surface oxygen vacancies. 

• Surface oxygen vacancies as electron 
traps promoted the efficient reduction of 
O2. 

• HO2
•/O2

•– and holes were involved in the 
photocatalytic degradation process. 

• Organic pollutants were efficiently 
degraded by the surface adsorption and 
oxidation process.  
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A B S T R A C T   

Few-layered Bi4O5I2 nanosheets (FL-Bi4O5I2) were synthesized by intergrowth with Bi2O2CO3 under room 
temperature. The photoactivity of FL-Bi4O5I2 was 2.5 and 9.5 times higher than that of Bi4O5I2 nanoflakes (NF- 
Bi4O5I2, about 30 nm thickness) and standard visible-light-driven N-TiO2, respectively. Moreover, FL-Bi4O5I2 
exhibited a wide pH application range (3.0 – 10.0) and excellent photostability. The characterization results 
showed FL-Bi4O5I2 was consisted of 5 – 8 layers with thickness of 4 – 7 nm and enclosed by {1 0 − 1} facets. The 
ultrathin characteristics could accelerate the charge transfer to the surface due to the shortened transport dis-
tance. Compared to NF-Bi4O5I2, surface oxygen vacancies and the more negative CB potential were formed on FL- 
Bi4O5I2. The photogenerated electrons were confirmed to be captured by surface oxygen vacancies to effectively 
reduce surface adsorbed O2 into HO2

•/O2
•–, leaving more h+ to oxidize organic pollutants. This process was further 

facilitated by the more negative CB potential of FL-Bi4O5I2, resulting in the highly efficient removal of pollutants.   

1. Introduction 

The overload discharge of aromatic organics into environment has 
caused serious water pollution problems, and is threatening the scarce 

water resources (Zhu et al., 2020). Semiconductor photocatalysis has 
attracted massive research interest as one of the most promising solu-
tions to deal with the energy shortage and environmental pollution is-
sues (Li et al., 2018; Habibi-Yangjeh et al., 2020; Akhundi et al., 2020; 
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Akhundi et al., 2019). With excitation of solar light, the semiconductor 
could degrade and even mineralize most priority organic contaminants 
without chemical addition (Lee et al., 2018). In order to obtain a high 
photocatalytic efficiency to meet the requirements for possible appli-
cation, researchers have explored different types of catalysts/cocatalysts 
by heterojunction construction (Xing et al., 2019; Geng et al., 2021; 
Asadzadeh-Khaneghah and Habibi-Yangjeh, 2020), metal or nonmetal 
doping (Huang et al., 2019), and/or control of exposed crystal facets and 
vacancies (Zong et al., 2021; Guo et al., 2018; Xu et al., 2018). 

Recently, the bismuth-rich bismuth oxyhalides (BixOyXz, X––Cl, Br, 
and I) have been confirmed to display higher visible-light-driven pho-
toactivity than BiOX due to their more negative conduction band (CB) 
positions, effective photoabsorption and charge separation (Deng et al., 
2017; Zhang et al., 2020; Jin et al., 2018; Li et al., 2018; Lin et al., 2019; 
Xiong et al., 2020). Among BixOyXz photocatalysts, Bi4O5I2 exhibits 
noticeable photocatalytic activity in various fields such as pollutants 
degradation (Huang et al., 2017; Feng et al., 2020), H2 production from 
water splitting (Kumar et al., 2021), and CO2 photoreduction (Bai et al., 
2016). Bi4O5I2 has particular internal layered structure, which consists 
of [Bi-O] layers interleaved with double iodine atoms (Wei et al., 2021). 
The higher charge density surrounding [Bi-O] layer than that of double 
iodine slabs caused the internal electric field along [1 0− 1] direction 
and thus enabled photogenerated charge separation (Jin et al., 2017). 
Besides, Bi4O5I2 has satisfactory light absorption and impressive chem-
ical stability. Thus, the design and engineering of bismuth-rich bismuth 
oxyiodide nanostructures may be exploited to further advance the 
photocatalytic degradation of pollutants. 

As well-known, oxygen defects play an important role in the pho-
tocatalytic process. The electric structures of semiconductors can be 
significantly affected by the missing of one in a hundred million host 
atoms (Wang et al., 2015). The formation of oxygen defects could nar-
row the band gap, and serve as adsorption sites and charge carrier traps 
(Setvin et al., 2014; Liu et al., 2018). Surface oxygen vacancies (OVs) 
with abundant localized electrons have been demonstrated to facilitate 
the photogenerated charge separation and surface reaction, resulting in 
the improvement of the visible-light-responsive catalytic performance 
(Wang et al., 2017; Li et al., 2020). Hence, introducing OVs on the 
Bi4O5I2 surface would be helpful for the development of a reliable path 
to efficiently remove pollutants under visible light irradiation. Vacancy 
formation was recently proved to be closely related to the thickness of 
nanosheets (Guo et al., 2018; Guan et al., 2013). Ultrathin nanosheets 
can render a large fraction of coordinated-unsaturated surface atoms 
and easily produce surface defects (Di et al., 2015). Meanwhile, the 
photogenerated charge carriers in ultrathin nanosheets would migrate 
to the surface faster due to the shortened transport distance (Di et al., 
2018). 

Therefore, few layered Bi4O5I2 (FL-Bi4O5I2) ultrathin nanosheets 
were developed by a facile room-temperature crystallization method in 
this work. The catalyst was about 4 – 7 nm thick along the direction of 
internal electric field, and surface oxygen vacancies (OVs) was 
confirmed to be produced. Compared to the reported photocatalysts, FL- 
Bi4O5I2 was found to be more efficient to remove various pollutants in 
water. The related reaction mechanism was studied in detail. 

2. Experimental section 

2.1. Materials 

Bismuth nitrate pentahydrate (Bi(NO3)3.5H2O), potassium iodide 
(KI), ammonia (NH3⋅H2O), and acetic acid were purchased from Sino-
pharm Chemical Reagent Co., Ltd. 5-tert-Butoxycarbonyl-5-methyl-1- 
pyrroline-N-oxide (BMPO) was supplied by the Bioanalytical Lab (Sar-
asota, FL). Phenol, 2-chlorophenol (2-CP), bisphenol A (BPA), sulfa-
methoxazole (SMX), diphenhydramine (DP), ciprofloxacin (CIP) and 
2,4-dichlorophenoxyacetic acid (2, 4-D) were obtained from Aros 
(Geel, Belgium). All chemicals were at least analytical grade. 

2.2. Preparation of catalysts 

Few-layered Bi4O5I2 nanosheets (FL-Bi4O5I2) were constructed via a 
simple crystallization method under room temperature. In a typical 
procedure, NH3⋅H2O (2.3 mL, 25 wt% NH3) was added in 148 mL of 
ultrapure water. A desired amount of KI was then added to the above 
solution and stirred for 30 min. Next, 0.243 g Bi(NO3)3.5 H2O dissolved 
in dilute acetic solution was dropwise added and the obtained suspen-
sion was continuously stirred overnight. The products were collected by 
centrifugation, washed by water, and dried at 60 ◦C in air. The optimal 
pH for catalyst synthesis was 9.52 (Fig. S1), which was used for pre-
paring FL-Bi4O5I2-x wt% material series where x wt% referred to the 
mass concentration of Bi4O5I2 in the products. As references, Bi2O2CO3 
was prepared using the same procedure without the addition of KI. And 
Bi4O5I2 nanoflakes (NF-Bi4O5I2) were synthesized via a previously re-
ported solvothermal method (Xiao et al., 2014). 

2.3. Procedures and analysis 

The photocatalytic activities of various catalysts were evaluated by 
the degradation of organic pollutants under 500 W Xe long-arc lamp 
with an optical cutoff filter (420 nm) and light intensity of 1.0 mW cm− 2 

at room temperature and neutral pH. To test the effects of light sources, 
different lamps were also used, including 150 W Xe short-arc lamp with 
> 400 nm light intensity of 3.0 mW cm− 2, 300 W Xe short-arc lamp with 
> 420 nm light intensity of 100 mW cm− 2, and 5 W LED white light lamp 
with wavelength range from 400 nm to 800 nm and light intensity of 80 
mW cm− 2. Unless indicated otherwise, 1.6 g L− 1 catalysts were dispersed 
in 10 mg L− 1 organic pollutants solution. Prior to irradiation, the sus-
pensions were stirred in the dark for 30 min to reach the adsorption 
equilibrium. About 1 mL of the suspension sample was taken at given 
time intervals and filtered for analysis. The concentration of organic 
pollutants was measured using high performance liquid chromatog-
raphy (1200 series; Agilent) with a Zorbax SB-Aq column (5 µm, 4.6 ×
250 mm; Agilent). The total organic carbon (TOC) of the solution was 
analyzed using a TOC-VCPH analyzer (Shimadzu). To test the stability 
and recyclability of FL-Bi4O5I2, the catalyst was filtered, washed with 
water, and dried at 60 ◦C. The catalyst was continued to be used in the 
second cycle. This process was repeated several times. 

Detailed information for catalysts characterization, photo-
electrochemical measurements, and the identification method of 2-CP 
and CIP degradation intermediates in the reaction solution and on the 
catalyst surface was shown in the Supporting Information (SI). 

All of the above experiments were repeated in triplicate and data 
represented the average of the triplicates with a standard deviation of 
less than 5%. 

3. Results and discussion 

3.1. Characterization of catalysts 

A room temperature crystallization method was used to fabricate 
few-layered Bi4O5I2 (FL-Bi4O5I2) with KI as iodine source. Bi4O5I2 
nanoflakes (NF-Bi4O5I2) were also prepared by a previously reported 
solvothermal method for comparison (Xiao et al., 2014). The crystal 
phase composition of the samples with different contents of FL-Bi4O5I2 
(FL-Bi4O5I2-x wt%) was determined by X-ray diffraction (XRD). As 
shown in Fig. 1A, the diffraction peaks of FL-Bi4O5I2-0 wt% could be 
indexed to tetragonal Bi2O2CO3 (JCPDS 41–1488) (Zhang et al., 2017), 
indicating the formation of Bi2O2CO3 due to the presence of acetic acid 
as C source. After introducing iodine, the new diffraction peaks at 2θ 
values of 9.57◦, 24.03◦, 28.95◦, 31.82◦, 36.95◦, 42.10◦, 45.45◦, 49.39◦

and 54.66◦ can be ascribed to the (1 0 − 1), (3 1 0), (4 1 − 1), (0 2 0), (4 0 
− 4), (3 2 − 3), (4 2 2), (0 0 6) and (8 1 1) facets of monoclinic Bi4O5I2 
(ICSD #412590) (Ji et al., 2018). The relative intensities of the 
diffraction peaks for Bi4O5I2 were gradually increased with the 
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Fig. 1. XRD patterns (A) and FTIR spectra (B) of FL-Bi4O5I2-x wt%: (a) 0 wt%, (b) 36 wt%, (c) 51 wt%, (d) 57 wt%, (e) 60 wt%, and (f) NF-Bi4O5I2.  

Fig. 2. FESEM images of (A) Bi2O2CO3, (B) FL-Bi4O5I2, and (C) NF-Bi4O5I2; TEM and the corresponding elemental mapping and EDS elemental distribution (D), HR- 
TEM images with side view (E) and top view (F), and the side and top view of {1 0− 1} facets (G) of FL-Bi4O5I2; the solid ESR signal for OVs (H) on different samples. 
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increasing iodine concentration. The Fourier-transform infrared (FTIR) 
spectra in Fig. 1B showed the characteristic bands of CO3

2- with the 
out-of-plane bending mode at 847 cm− 1 and the anti-symmetric vibra-
tion at 1392 and 1460 cm− 1 (Zhang et al., 2017) gradually weakened at 
higher iodine content. Correspondingly, the X-ray photoelectron spec-
trometer (XPS) peaks for I 3d (Fig. 4) were gradually enhanced. The 
mass concentration of Bi4O5I2 was determined by X-ray fluorescence 
spectrometer (XRF) and shown in Table S1. The SEM and TEM elemental 
mapping results showed Bi, O, and I were uniformly distributed in all the 
FL-Bi4O5I2-x wt% materials (Fig. S5 and Fig. 2D). These results indicated 
Bi4O5I2 was formed by intergrowth with Bi2O2CO3 at room temperature. 

The field emission scanning electron microscope (FESEM) images 
showed that Bi2O2CO3 was composed of thin sheets with parallel 
arrangement in different sizes (Fig. 2A). The longitudinal nanosheets 
appeared with the introduction of iodine, while excessive iodine would 
result in aggregation of thin sheets (Fig. S2). As shown in Fig. 3A, all the 
samples exhibited type IV isotherms. Except for the difference that the 
isotherms of Bi2O2CO3 and FL-Bi4O5I2-36 wt% were with a H2 hysteresis 
loop corresponding to pores with narrow necks and wider bodies (Gar-
cía-Benjume et al., 2012), while those of FL-Bi4O5I2-51, 57, 60 wt% 
presented a H3 hysteresis loop associated with narrow slit porous shapes 
from sheets accumulation (García-Benjume et al., 2012; Zhang et al., 
2016). Consistently, the pore size distributions (Fig. 3A inset) showed 
that the pore structure of Bi2O2CO3 and FL-Bi4O5I2-36 wt% was pri-
marily mesoporous with a narrow pore size distribution centered at 
about 25 nm due to the pores existed in Bi2O2CO3, while more large 
pores formed in FL-Bi4O5I2-51, 57, 60 wt% owing to the discretely 
accumulation of the Bi4O5I2 nanosheets, which agreed well with the 
SEM observation. 

Among FL-Bi4O5I2-x wt%, FL-Bi4O5I2-57 wt% exhibited the highest 
photoactivity and thus was denoted as FL-Bi4O5I2 to be further studied 
unless otherwise specified (Fig. S3). The SEM image of FL-Bi4O5I2 
showed the existence of many ultrathin nanosheets (Fig. 2B). The 
thickness of these nanosheets was around 4 – 7 nm as confirmed by the 
atomic force microscope (AFM) image (Fig. S4A). In contrast, NF- 
Bi4O5I2 exhibited the morphology of nanoflakes with thickness of about 
30 nm (Fig. 2C and S4B). The transmission electron microscope (TEM) 
image of FL-Bi4O5I2 exhibited the presence of a large amount of stick 
patterns and transparent sheet structures (Fig. 2D). The transparent 
structure further indicated its ultrathin characteristics (Zhang et al., 
2018). The selected-area electron diffraction (SAED) pattern of 
FL-Bi4O5I2 revealed the existence of (− 4 − 1 1) and (4 2 2) diffraction 
spots of monoclinic Bi4O5I2 (the inset of Fig. 2D). A deeper inspection of 
the stick patterns using high-resolution transmission electron micro-
scopy (HRTEM) (Fig. 2E) showed the fringe spaces of about 0.9 nm 
indexed to the {1 0− 1} facets of Bi4O5I2 viewed from the side surface 

(Zhang et al., 2021). The Bi4O5I2 ultrathin nanosheets was consisted of 5 
– 8 layers (Xia et al., 2016). In addition, the lattice fringes at 0.28 and 
0.30 nm could be attributed to the (0 2 0) and (4 1 − 1) planes of Bi4O5I2 
viewed from the top surface of two different ultrathin nanosheets 
(Fig. 2F). Therefore, the Bi4O5I2 ultrathin nanosheets were enclosed by 
{1 0 − 1} facets with thickness of about 4 – 7 nm consisted of 5 – 8 
layers. 

The internal electric field of Bi4O5I2 was along the [1 0 − 1] direc-
tion due to the higher charge density surrounding [Bi-O] layer than that 
of double iodine slabs (Jin et al., 2017). The formation of ultrathin 
FL-Bi4O5I2 nanosheets enclosed by {1 0 − 1} facets was thus helpful for 
the photoinduced charge separation. The side and top view of {1 0 − 1} 
facets for Bi4O5I2 were exhibited in Fig. 2G. The {1 0− 1} facets con-
tained high density of oxygen atoms which tended to lose and leave 
vacancies on surface (Jin et al., 2018). The ultrathin characteristics 
could also render a large fraction of coordinated-unsaturated surface 
atoms (Di et al., 2015). Electron spin resonance (ESR) measurement can 
provide the most convincing evidence to identify oxygen vacancies 
(OVs) (Jin et al., 2018; Wang et al., 2017; Li et al., 2020). Here, 
low-temperature solid ESR spectra were taken for the detection of OVs. 
As shown in Fig. 2H, no signals were found for Bi2O2CO3 and 
NF-Bi4O5I2. In contrast, the solid ESR signal of OVs at g = 2.001 was 
obviously observed for FL-Bi4O5I2 (Jin et al., 2018; Wang et al., 2017; Li 
et al., 2020), indicating the formation of OVs on ultrathin FL-Bi4O5I2 
nanosheets. 

The interfacial interaction between Bi4O5I2 and Bi2O2CO3 was 
studied by Raman and XPS spectra. As shown in Fig. 3B, the Raman 
spectra of Bi2O2CO3 showed the symmetric stretching mode of CO3

2- at 
1068 cm− 1 and the vibrational modes of Bi––O bond at 160 and 
310 cm− 1 (Zhu et al., 2019; Huang et al., 2016). After introducing 
iodine, the Raman peaks at 143 cm− 1 assigned to the Eg internal Bi-I 
stretching mode appeared due to the formation of Bi4O5I2 (Ji et al., 
2018), while the symmetric stretching mode of CO3

2- at 1068 cm− 1 

gradually disappeared with the increase of iodine content. In particular, 
the up-shifts in the Bi––O band around 310 cm− 1 after introducing 
iodine with respect to Bi2O2CO3 suggested the existence of an 
inter-linkage between Bi4O5I2 and Bi2O2CO3 (Rameshbabu et al., 2020). 

For the XPS spectra in Fig. 4, the two characteristic peaks for Bi 4 f in 
Bi2O2CO3 located at 158.8 and 164.1 eV were attributed to Bi 4f7/2 and 
Bi 4f5/2 of Bi3+ (Yu et al., 2018). After introducing iodine, these peaks 
were shifted up by 0.3 eV. The peaks of O 1s at 529.7 and 530.8 eV, 
which can be assigned to Bi-O and carbonate in Bi2O2CO3 (Zhang et al., 
2017; Yu et al., 2018), respectively, were also shifted up by about 0.2 – 
0.3 eV. Moreover, the C 1 s peak at 288.5 eV associated to carbonate in 
Bi2O2CO3 was shifted up to 289.0 eV after introducing iodine, while the 
peaks at 284.8 eV for adventitious carbon kept unchanged for all the 

Fig. 3. The N2 adsorption-desorption isotherms (A) with pore size distribution in the inset, and Raman spectra (B) of FL-Bi4O5I2-x wt%: (a) 0 wt%, (b) 36 wt%, (c) 
51 wt%, (d) 57 wt%, (e) 60 wt%, and (f) NF-Bi4O5I2. 
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samples. The results indicated the electronic distribution of Bi, O and C 
atoms was significantly influenced by the introduction of iodine (Zhang 
et al., 2017). With the increase of iodine content, the Bi 4f and O 1s 
peaks for Bi-O obviously moved towards lower binding energy, while the 
I 3d5/2 and I 3d3/2 peaks at 619.0 and 630.5 eV for I– species were first 
shifted to higher binding energy and then shifted down. These peak 
shifts confirmed the in situ intergrowth of Bi4O5I2 with Bi2O2CO3 altered 
their charge distribution, and chemical bond was formed at the interface 
of Bi4O5I2 and Bi2O2CO3 (Zhang et al., 2017). The ultrathin Bi4O5I2 

nanosheets as active components strongly fixed on Bi2O2CO3 sheets 
could preserve their good dispersion to expose active sites well and 
decrease charge recombination. 

3.2. Photoabsorption and photoelectrochemical properties 

The photoabsorption properties of different samples were shown in  
Fig. 5A. The white Bi2O2CO3 nanosheets performed a 390 nm absorption 
band-edge in the UV region. The Tauc plot indicated that it had an 

Fig. 4. The high-resolution XPS spectra for Bi 4 f, O 1 s, C 1 s, and I 3d of FL-Bi4O5I2-x wt%: (a) 0 wt%, (b) 36 wt%, (c) 51 wt%, (d) 57 wt%, (e) 60 wt%, and (f) 
NF-Bi4O5I2. 

Fig. 5. (A) UV–visible absorption spectra with Tauc plot in the inset, and (B) photoluminescence spectra of FL-Bi4O5I2-x wt%: (a) 0 wt%, (b) 36 wt%, (c) 51 wt%, (d) 
57 wt%, (e) 60 wt%, and (f) NF-Bi4O5I2. 
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indirect band gap of 3.23 eV. After introducing iodine to form few- 
layered Bi4O5I2 (FL-Bi4O5I2), the light absorption had a significant 
red-shift to about 500 nm, with the color changed to yellow. Since the 
Bi4O5I2 nanoflakes (NF-Bi4O5I2) has a small band gap of 2.17 eV, it is 
reasonable that the formation of Bi4O5I2 can shift the absorption edge to 
such an extent. 

The properties of photo-generated charge separation, immigration 
and reaction were investigated by electrochemical measurements and 
photoluminescence spectra. As shown in Fig. 5B, the intensity of pho-
toluminescence spectra overwhelmingly weakened after introducing 
iodine, indicating the obviously reduced recombination of photo-
generated electrons and holes for Bi4O5I2 compared to Bi2O2CO3. As 
shown in Fig. 6A, the photocurrent density of FL-Bi4O5I2 and NF-Bi4O5I2 
was about 16 μA cm− 2 and 10 μA cm− 2, respectively, while no photo-
current response was detected for Bi2O2CO3. The higher photocurrent in 
FL-Bi4O5I2 indicated more electrons were excited and separated over FL- 
Bi4O5I2 under visible light for higher photoactivity (Zhang et al., 2020). 
The photoconversion efficiency (η) of light energy to chemical energy in 
the presence of an external applied potential (Eapp) can be calculated as: 
η (%) = jp (E0

rev - |Eapp|) × 100 / I0 (Khan et al., 2002), where jp is the 
photocurrent density (mA cm− 2), I0 is the power density of incident light 
(mW cm− 2), E0

rev is the standard state-reversible potential (which is 
1.23 V vs. NHE). Eapp is the applied potential obtained as Eapp = Emeas - 
Eaoc, where Emeas is the working electrode potential at which jp was 
measured, and Eaoc is the electrode potential at open circuit under 
similar conditions. Eaoc of FL-Bi4O5I2 and NF-Bi4O5I2 under visible light 
was 0.19 and 0.21 V vs SCE, respectively. Without adding the bias 
voltage, the photoconversion efficiency of FL-Bi4O5I2 was calculated as 
0.55%, which was 1.62 times higher than that of NF-Bi4O5I2 (0.34%) 
under the same conditions. Moreover, the arc radius on the electro-
chemical impedance spectroscopy (EIS) Nyquist plot of FL-Bi4O5I2 was 
smaller than that of NF-Bi4O5I2 (Fig. 6B), indicating the faster interfacial 
charge transfer and reaction rate occurring at the catalyst surface. These 
results confirmed that the charge separation, photoconversion effi-
ciency, interfacial charge transfer and reaction were greatly promoted 
on the ultrathin FL-Bi4O5I2 nanosheets enclosed by {1 0− 1} facets with 
surface oxygen vacancies. 

3.3. Photocatalytic performance 

The photocatalytic performance of the catalysts was evaluated under 
weak visible light irradiation (λ > 420 nm, 1.0 mW cm− 2). As shown in 
Fig. S3, nearly no photodegradation of 2-CP was observed in Bi2O2CO3 
suspension due to its large band gap of 3.23 eV. After introducing 
iodine, the degradation rate of 2-CP was significantly increased, indi-
cating that the formation of Bi4O5I2 was critical to the enhancement of 
the photoactivity. The degradation rate of 2-CP was further increased 

with the increasing Bi4O5I2 content, and the catalyst with 57 wt% of FL- 
Bi4O5I2 exhibited the highest activity. The slight photoactivity decline of 
FL-Bi4O5I2-60 wt% was probably due to the aggregation of thin sheets as 
confirmed by FESEM. 

The optimal FL-Bi4O5I2 was further compared with solvent- 
thermally synthesized Bi4O5I2 nanoflakes (NF-Bi4O5I2), standard 
visible-light-responsive N-TiO2 and commercial P25 in Fig. 7A and B. No 
2-CP degradation could be observed in P25 suspension since it don’t 
absorb light with wavelength longer than 420 nm. The rate of 2-CP 
degradation on FL-Bi4O5I2 was estimated to be 0.0152 min− 1, which 
was 2.5 times that of NF-Bi4O5I2 (0.0061 min− 1) and 9.5 times that of N- 
TiO2 (0.0016 min− 1). Consistently, the TOC removal rate of 2-CP on FL- 
Bi4O5I2 was up to 80 %, higher than that on NF-Bi4O5I2 (43 %) and N- 
TiO2 (5.4 %). FL-Bi4O5I2 was also more efficient for pollutants removal 
under visible light than other related catalysts in previous studies as 
listed in Table S2. 

Different light sources were generally used to evaluate the photo-
activity. As shown in Fig. 7C, 2-CP can be completely degraded in FL- 
Bi4O5I2 suspension within 30 min under 300 W Xe arc lamp (> 420 nm, 
100 mW cm− 2), and within 60 min under visible LED (> 420 nm, 
80 mW cm− 2) and 150 W Xe arc lamp (> 400 nm, 3.0 mW cm− 2), 
indicating the key role of light intensity and light wavelength on pol-
lutants degradation in photocatalytic reaction. As shown in Fig. 7D, the 
degradation rate of 2-CP reduced with the increase of light wavelength 
under monochromatic light from LED lamp bead due to the attenuation 
of light absorption. Fig. 7E showed the influence of pHs on 2-CP 
degradation in FL-Bi4O5I2 suspension. The photoactivity of FL-Bi4O5I2 
was similar at the pH range of 5.0 – 9.0, decreased slightly at pH 3.0 and 
10.0, and obviously reduced at extreme pH conditions (11.0 – 12.0). As 
reported in previous studies (Bai et al., 2019), the extreme alkaline 
conditions would increase Coulomb repulsion between the photo-
catalyst surface and organics anion, leading to the decrease of the 
photodegradation efficiency. The results indicated that FL-Bi4O5I2 was 
suitable for visible-light-driven catalytic reaction at the pH range of 3.0 
– 10.0. Additionally, FL-Bi4O5I2 was used to remove 2-CP from practical 
water (pH 7.8，TOC 12.69 mg L− 1). As shown in Fig. S6, the degrada-
tion of 2-CP in practical water was restrained to a certain extent due to 
the presence of natural organic matters, however, still reached up to 
about 65 %. In addition, the 2-CP removal efficiency was similar from 
the first to the fifth recycling reaction in FL-Bi4O5I2 system (Figs. 7F and 
S7A). Moreover, the similar FTIR spectra were found for the fresh and 
five-cycle-used FL-Bi4O5I2 (Fig. S7B). These results indicated that 
FL-Bi4O5I2 had high photoactivity at a wide pH range and excellent 
stability under visible light. 

To verify the general applicability of FL-Bi4O5I2, pollutants con-
taining hydroxyl groups (BPA, phenol), carboxyl groups (CIP, 2,4-D), 
sulfanilamide groups (SMX), and nitrogenous group (DP) were 

Fig. 6. (A) Transient photocurrent responses and (B) EIS Nyquist plots for Bi2O2CO3, FL-Bi4O5I2 and NF-Bi4O5I2.  
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selected as the target pollutants (Table S3). As shown in Fig. S8, the 
interfacial interaction between pollutants and FL-Bi4O5I2 were clearly 
related to their functional groups. After adsorption equilibrium, less 
than 10 % of BPA, 2-CP and phenol was adsorbed on FL-Bi4O5I2. SMX 
and DP can be adsorbed by about 30%. In contrast, over 80 % of CIP and 
2,4-D can be adsorbed on the catalyst surface. Under weak visible light 
irradiation, the pollutants with hydroxyl groups were more easily 
degraded. Nearly complete degradation of BPA was obtained within 
30 min under weak visible light, and more than 90 % of TOC was 
removed. SMX with sulfanilamide groups and DP with nitrogenous 
groups were more difficult to degrade. The adsorbed CIP and 2,4-D with 
carboxyl groups could be further degraded as confirmed in Section 3.5 
and over 70 % of solution TOC could be removed from water. The 
degradation efficiency of pollutants was reported to be directly related 
to their oxidation potentials (OPs) (Ren et al., 2019). Here, the OPs of 

different pollutants were measured and shown in Fig. S9 and Table S3. 
The degradation sequence highly consisted with the OPs order for the 
tested pollutants. For example, the lower OP of BPA resulted in its higher 
degradation efficiency. Therefore, FL-Bi4O5I2 was suitable for the 
removal of pollutants containing hydroxyl groups and carboxyl groups. 

3.4. The involved active species and charge transfer mechanism 

The associated active species for pollutants degradation in FL- 
Bi4O5I2 system were confirmed by quenching experiments and ESR 
spectra. As shown in Fig. 8A, the addition of EDTA-2Na (h+ scavenger), 
p-BQ (HO2

•/O2
•– scavenger), and K2S2O8 (e– scavenger) showed signifi-

cant inhibition for 2-CP degradation. However, no influence was found 
after adding TBA, and only the HO2

•/O2
•– signals were found after visible 

light irradiation in the BMPO spin-trapping ESR spectra (Fig. 8B). These 

Fig. 7. 2-CP degradation plots (A), kinetics (B), and TOC removal efficiency (the inset of B) in different suspensions. (C) Effect of light sources. (D) 2-CP degradation 
by FL-Bi4O5I2 under monochromatic light along with its light absorption spectra. (E) Effect of solution pH. (F) Reusability of FL-Bi4O5I2. 
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results indicated that h+, HO2
•/O2

•– and e– were involved in the photo-
catalytic reaction. The enhanced OV signal shown in Fig. 8C after visible 
light irradiation indicated that the number of single electrons increased 
due to the capture of photogenerated electrons by oxygen vacancies 
(Wang et al., 2018). These electrons would reduce surface adsorbed O2 
to form HO2

•/O2
•–, leaving more h+ to oxidize organic pollutants. To 

further confirm the key role of oxygen vacancies, the photoactivity of 
FL-Bi4O5I2 in the O2-saturated system was investigated. As shown in 
Fig. S10, the degradation of 2-CP was significantly enhanced when 
bubbled with pure O2 over FL-Bi4O5I2. The results proved that oxygen 
vacancies can promote the adsorption and activation of O2 into active 
radicals, resulting in the highly efficient degradation of organic 
pollutants. 

The band structures of pure materials or solid solutions rather than 
composite can be analyzed as a whole. According to the XRF results, 
pure FL-Bi4O5I2 was difficult to be obtained by the method developed in 
this work. For this reason, the accurate band gap of Bi4O5I2 in this work 
was not calculated by UV–visible absorption spectra (Fig. 5A). However, 
the obtained FL-Bi4O5I2 nanosheets by the co-crystallization process 
were not a simple mixture of Bi4O5I2 and Bi2O2CO3. The element I was 
uniformly distributed in FL-Bi4O5I2 (Fig. 2D), and chemical bond was 
formed at the interface of Bi4O5I2 and Bi2O2CO3 as confirmed by the XPS 
and Raman analysis results. In addition, the obtained FL-Bi4O5I2 nano-
sheets showed the nearly same XRD patterns and FTIR spectra as NF- 
Bi4O5I2 (Fig. 1). And, Bi2O2CO3 with a wide bandgap doesn’t absorb 
visible light which is the irradiation condition in this work. Therefore, to 
some extent, FL-Bi4O5I2 can be considered as a whole to approximate its 

band changes compared to pure Bi2O2CO3 and NF-Bi4O5I2 by the 
valence band XPS spectra and Mott-Schottky plots. The valence band 
XPS spectra and Mott-Schottky plots of FL-Bi4O5I2-x wt% were shown in  
Fig. 9A and B. The intercept with X-axis in the valence band XPS spectra 
revealed the energy gap between the valence band (EVB) and Fermi level 
(Evf), while the flat potentials (Efb) of n-type semiconductors in Mott- 
Schottky plots equal the Fermi level (Setvin et al., 2014). Thus, the 
EVB of FL-Bi4O5I2 was roughly determined to be 0.39 V lower than that 
of Bi2O2CO3, and almost the same as NF-Bi4O5I2. Considering that the 
photoabsorption of FL-Bi4O5I2 is obviously blue shifted compared to 
NF-Bi4O5I2, the ECB of FL-Bi4O5I2 would be lower than that of 
NF-Bi4O5I2. The more negative CB potential would facilitate surface 
adsorbed O2 to gain electrons to be reduced. The band structure align-
ment of Bi2O2CO3, FL-Bi4O5I2 and NF-Bi4O5I2 was shown in Fig. 9C. 
Bi2O2CO3 cannot be photoexcited under visible light irradiation due to 
its large band gap of 3.23 eV. The photogenerated electrons of the CB of 
Bi4O5I2 would be trapped on surface OVs to reduce the surface chem-
isorbed O2 into O2

•–, promoting the generation of more h+ to oxidize 
organic pollutants (Fig. 9D). This process would be accelerated by the 
more negative CB potential of FL-Bi4O5I2. Meanwhile, the internal 
electric field along the [1 0− 1] direction for the ultrathin FL-Bi4O5I2 
nanosheets would promote the charge separation (Jin et al., 2017), and 
the photogenerated charge carriers in few-layered nanosheets would 
migrate to the surface faster due to the shortened transport distance (Di 
et al., 2018). As a result, the FL-Bi4O5I2 nanosheets enclosed by {1 0− 1} 
facets with OVs were highly efficient to remove water pollutants. 

Fig. 8. (A) Effect of scavengers on photodegradation of 2-CP in FL-Bi4O5I2 suspension. (B) ESR spectra of FL-Bi4O5I2 in aqueous dispersion for BMPO-•OH and in 
methanol dispersion for BMPO-O2

•− , and (C) the solid ESR signal for OVs on FL-Bi4O5I2 under different conditions. 
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3.5. The degradation paths of 2-CP and CIP at solid-liquid interface 

To clarify the degradation process of pollutants at the solid-liquid 
micro-interface of FL-Bi4O5I2, the main degradation intermediates of 
2-CP and CIP on catalyst surface and in reaction solution were analyzed. 
The degradation intermediates of 2-CP were detected by gas 
chromatograph-mass spectrometer (GC-MS). As shown in Table S4, 
acetic acid, ethylene glycol and glycerol were found on catalyst surface, 
while lactic acid, 1,2,3-butanetriol and glycerol were found in the re-
action solution. Therefore, 2-CP was mainly degraded into short-chain 
organic acids, low molecular weight diols and triols, and eventually 
mineralized into carbon dioxide and water. Due to the high adsorption 
of CIP on FL-Bi4O5I2 surface, its degradation process was also studied by 
ultra-high performance liquid chromatography & quadrupole time-of- 
flight mass spectrometer (HPLC-Q-TOF-MS). As shown in Table S5, the 
identified intermediates in reaction solution were similar to those on 
catalyst surface. After adsorption for 30 min (marked as 0 min), only CIP 
(m/z 332) was found on catalyst surface and in reaction solution. The 
HPLC-QTOF-MS spectra at different reaction times (Fig. S11) showed 
that CIP on catalyst surface gradually decreased. After reaction for 
60 min and 180 min, the dominant products with molecular ions of m/z 
360, 362, 334, 306 and 263 were detected, suggesting the main degra-
dation pathway of CIP was the step-by-step oxidation of the piperazine 
moiety on FL-Bi4O5I2 under light irradiation (Zhang et al., 2016). The 
CIP degradation pathway was proposed in Fig. S12. The piperazine in 
CIP (m/z 332) was firstly oxidized into P1 (m/z 360), and C-C bond was 
broken into P2 (m/z 362). Subsequently, P3 (m/z 334) and P4 (m/z 306) 
were formed by formaldehyde loss. The further oxidation of the amine 
side chain resulted in the production of P5 (m/z 263). These results 
confirmed that CIP was adsorbed on the surface of FL-Bi4O5I2 and 

oxidized at solid-liquid interface under light irradiation. 

4. Conclusions 

Few layered Bi4O5I2 (FL-Bi4O5I2, 4 – 7 nm, 5 – 8 layers) was suc-
cessfully synthesized by in situ intergrowth with Bi2O2CO3 nanosheets 
under room temperature. FL-Bi4O5I2 had high photoactivity and excel-
lent photostability at a wide pH range (3.0 – 10.0). The photocatalytic 
rate of FL-Bi4O5I2 was 2.5 and 9.5 times higher than that of the reported 
highly active NF-Bi4O5I2 and a standard visible-light responsive N-TiO2, 
respectively. Surface oxygen vacancies were proved to be formed on FL- 
Bi4O5I2 enclosed {1 0 − 1} facets along the internal electric field. The 
photogenerated electrons were captured by surface oxygen vacancies to 
effectively reduce surface adsorbed O2 to form HO2

•/O2
•–, leaving more 

h+ to oxidize organic pollutants. The more negative CB potential of FL- 
Bi4O5I2 were confirmed to further promote the charge transfer process at 
the interface. In addition, the degradation process of 2-CP and CIP was 
clarified at the solid-liquid interface of FL-Bi4O5I2. This work presents an 
important advance in the facile preparation of ultrathin photocatalysts 
and micro-interfacial reaction mechanism for environmental 
remediation. 
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Environmental implication 

Surface reaction is crucial to the heterogeneous catalytic removal of 
refractory organics from water. In this work, few-layered Bi4O5I2 ul-
trathin nanosheets enclosed by {1 0 − 1} facets with surface oxygen 
vacancies (OVs) were obtained by in situ intergrowth with Bi2O2CO3 
nanosheets under room temperature. The catalyst showed high photo-
activity and photostability at a wide pH range of 3.0 – 10.0. The inter-
facial charge transfer process and pollutants degradation in the solid- 
liquid micro-interface were clarified. This work presents an important 
advance in the facile surface construction and micro-interfacial reaction 
mechanism for environmental remediation. 
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