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a b s t r a c t
Under UV irradiation, self-doped Bi5+ is evidenced to be generated on the surface of BiOBr nanosheets, but
with well-preserved crystal structure and morphology compared with pure counterpart. Bi5+ self-doping
BiOBr (BiOBr-4) exhibits distinct photocatalytic mode for dyes degradation, as compared with pure BiOBr
nanosheets. These photodegradation distinctions are mainly due to the simultaneous occurrence of two
photoinduced hole (h+ ) mediated oxidation processes on the BiOBr surfaces: (1) a portion of photoexcited h+ participates in the photocatalytic oxidation of dyes, and (2) partial h+ involves the oxidation
of Bi3+ to Bi5+ . Notably, BiOBr-4 nanosheets comparatively show superior photocatalytic activity for the
phenol decomposition as well as the bacterial inactivation. Besides Bi5+ induced narrowed bandgap and
enhanced light adsorption capacity, signiﬁcantly, the oxidative Bi5+ acts as electron traps to promote the
photoexcited electron-hole separation and accelerate h+ migration, resulting in the considerable photocatalytic enhancement of BiOBr-4 nanosheets. These novel ﬁndings will not only give new insights
into the photocatalytic mechanism but also explore new route to enhance photocatalytic performance
of Bi-based materials.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Increasing concerns about the environmental pollutants and
human health risks associated with a wide range of aquatic
contaminants, such as dyes, phenols, heavy metal ions and infectious microbes, have promoted intense interest in effective and
efﬁcient water-treatment technologies. Over the last decades,
semiconductor photocatalysis supplies a promising approach for
environmental remediation owing to its prominent potential in
solar energy utilization [1–3]. Nevertheless, the relatively low
photocatalytic efﬁciency of the photocatalysts severely hinders
their practical applications. In order to improve the photocatalytic performance, considerable efforts have been devoted to
the morphology engineering of the photocatalyst, due to the
synergistic textural and morphological inﬂuences on the overall
photocatalytic behavior [2,4]. Particularly, two-dimensional (2D)
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nanostructures have attracted increasing interest, because of their
limited thickness and high speciﬁc surface area to produce more
active sites in the photocatalysis. The reduced dimensionality of
the 2D photocatalyst is favourable to shorten the migration distance of photogenerated charge carriers from bulk to the surface,
thus accelerating their separation and transportation [2]. Additionally, 2D nanostructures with anisotropic feature usually possess a
large portion of dangling surface atoms, which can be easily disordered, causing different surface chemical and physical properties
of the photocatalyst [2,5]. Consequently, several kinds of 2D semiconductors have been attempted to achieve their full potential in
photocatalysis.
Recently, a novel layered V–VI–VII ternary oxide semiconductor,
bismuth oxybromide (BiOBr), has been attracted great attention for
the outstanding optical and electrical properties originated from
its unique structure [6–8]. The layered structure of BiOBr comprises alternate [Bi2 O2 ] slabs interleaved with double slabs of Br
atoms. This typical stacking characteristic enables BiOBr to easily
form 2D nanosheets based on its inner crystallographic orientation
[9,10]. However, most of the previous studies are mainly focused
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on the BiOBr 2D nanosheet photocatalyst itself, whereas what happens on its surface is usually ignored. In principle, photocatalysis
is manipulated by a surface chemical process, including a series
of photogenerated hole (h+ ) oxidation and photogenerated electron (e− ) reduction reactions. Therefore, the surface reactivity of
the photocatalysts plays a signiﬁcant role in the photocatalytic
efﬁciency. In this respect, self-doping surface tuning approaches
have been successfully employed to alter superﬁcial structure and
properties of the photocatalysts, which are very different from the
heteroatom or exogenous functional groups introduction [11,12].
Actually, BiOX (X = Cl, Br and I) 2D nanosheets with vacancy defects
were well documented to exhibit excellent photocatalytic activity
for bacteria inactivation [13,14], nitrogen ﬁxation [15], CO2 reduction [16] as well as dye degradation [17,18]. However, vacancy
defects are usually difﬁcult to achieve and become unstable during the normal photocatalytic process due to the disturbance of
absorbed oxygen species [16,17]. Another fantastic alternative is
to introduce intermediate electronic states of metal in the photocatalysts. Fan et al. reported that introduction of Sn2+ in the lattice
of SnO2 could modify its band structure and light adsorption ability, leading to the improvement of photodegradation performance
[19]. Li and Li reported that mixed valence states of Au/Au3+ decorated TiO2 showed higher photocatalytic activity compared with Au
decorated TiO2 [20]. In particular, introduction of Ti3+ in the most
widely used photocatalyst TiO2 , is reported as an effective way to
enhance its light absorption capacity and photocatalytic activity
[21–23]. Notably, due to the long bond length and low bond energy
of Bi O bond, charge redistribution and surface reconstruction
readily occur on the surface of BiOBr nanosheets. Hence, comprehensive understanding the evolution of Bi-based self-doping and
the corresponding impacts on the photocatalytic effectiveness of
BiOBr nanosheets is highly desirable.
In this work, the photoinduced surface state referred to Bi on
the BiOBr nanosheets was in-depth investigated and the formation of the surface phase was proposed accordingly. The effect of
the Bi-related self-doping on the photocatalytic performance of
BiOBr nanosheets was thoroughly assessed by the photocatalytic
degradation of organic dyes, Rhodamine B (RhB), Methylene Blue
(MB) and Methyl Orange (MO), as well as decomposition of toxic
phenol and inactivation of bacteria. The mechanism of enhanced
photocatalytic activity is proposed.
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2.2. Characterizations of photocatalysts
The X-ray diffraction (XRD) patterns of the samples were
recorded with a SmartLab X-ray diffractometer with Cu K␣ radiation (Rigaku, Japan). Morphology observations and chemical
components were performed on a FEI Quanta 400F ﬁeld-emission
scanning electron microscope (SEM) (Hillsboro, OR, USA), a FEI Tecnai G2 Spirit transmission electron microscope (TEM) (Hillsboro,
USA) and a FEI Tecnai F20 high resolution TEM (HRTEM) (Hillsboro, USA). A Varian Cary 500 UV–vis spectrophotometer (Palo
Alto, USA) was used to measure the UV–vis diffuse reﬂectance
spectra (DRS) of the samples. X-ray photoelectron spectroscopy
(XPS) spectra were obtained on an AXIS-ULTRA DLD–600 W spectrometer (Shimadzu–Kratos, Japan). Raman spectra of the samples
were recorded with a LabRAM HR800 Raman spectrometer (Horiba
JobinYvon, France) using a Nd-YAG laser excitation of 532 nm. The
Brunauer–Emmett–Teller (BET) speciﬁc surface area of the samples
was measured by a Micromeritics ASAP 2020 volumetric adsorption
analyzer (Norcross, USA).
2.3. Photocatalytic activity of photocatalysts
Photocatalytic activities of BiOBr and BiOBr-4 nanosheet photocatalyst were evaluated by the degradation of organic pollutants
and inactivation of bacteria. RhB (10 mg/L), MB (5 mg/L), MO
(10 mg/L) and phenol (20 mg/L) were employed as degradation
targets. The photocatalytic disinfection was conducted by the inactivation of a model Gram-negative bacterium, Escherichia coli K-12.
50 mL of the suspension containing the photocatalytic target and
the photocatalyst (50 mg) was put in the dark under stirring for
0.5 h to establish the adsorption equilibrium before the photocatalytic experiments. UV LED with the light intensity of 3.2 mW/cm2
was used as the light source. In a typical measurement, at given time
interval, 1 mL of the suspension was collected and centrifuged to
remove the photocatalysts. The concentration of the organic pollutants was evaluated through the peak absorbance measured by
Bluestar A UV–vis spectrophotometer (LabTech, Tianjin, China). The
maximum peak absorbance of RhB, MB, MO and phenol is at the
wavelength of 553, 660, 463 and 269 nm, respectively. For the bacterial inactivation experiment, 0.1 mL sample was collected, serially
diluted with sterilized saline (0.9% NaCl) solution, spread on Nutrient Agar (NA, Lab M, Lancashire, UK) plates and ﬁnally incubated
at 37 ◦ C for 24 h to determine the number of survival cells.

2. Experimental
3. Results and discussion
2.1. Synthesis of photocatalysts
3.1. Characterizations of photocatalysts
BiOBr nanosheets were prepared via a hydrothermal method.
Brieﬂy, 4 mmol of Bi(NO3 )3 ·5H2 O was dissolved in 15 mL of diluted
HNO3 solution (0.3 M) with stirring. 50 mL of KBr aqueous solution
(80 mM) was added into the above solution followed by stirring at
25 ◦ C for another 0.5 h. Subsequently, the mixture was transferred
into an 80 mL Teﬂon sealed autoclave and kept at 160 ◦ C for 12 h.
The product was centrifuged, washed with deionized (DI) water
several times, and ﬁnally dried at 60 ◦ C for 15 h to obtain BiOBr
nanosheets. The above prepared BiOBr nanosheets (30 mg) were
then dispersed in 50 mL DI water and irradiated for 4 h under an
ultraviolet light-emitting-diode (UV LED) (LAMPLIC Co. Ltd., Shenzhen, China) with continuous stirring. The light intensity of UV
LED was ﬁxed at 3.2 mW/cm2 . The suspension was collected and
washed with DI water several times and dried at 50 ◦ C for 15 h.
The obtained sample was denoted as BiOBr-4. For comparison, the
BiOBr nanosheets were prepared with the same procedure except
different irradiation time (0.5 and 8 h), and the resulting samples
were respectively denoted as BiOBr-0.5 and BiOBr-8.

The crystal structures of BiOBr samples before and after phototreatment were characterized by XRD. As shown in Fig. S1, the two
sets of XRD patterns can be well indexed to the tetragonal phase
of BiOBr (PDF 00-078-0348). No obvious peak shift is found in the
patterns of two samples, indicating that BiOBr still maintains good
crystallization after light irradiation. SEM images of as-prepared
samples display the same nanosheet-shaped structures (Fig. S2),
revealing that the integral morphology of BiOBr and BiOBr-4 is also
identical to each other upon irradiation. In addition, the squarelike nanostructures are conﬁrmed by TEM images (Fig. 1a and d).
As shown in Fig. 1b, the clear lattice fringes with an inter-planar
lattice spacing of 0.278 nm along with an angle of 90◦ accord to the
(110) planes of BiOBr nanosheets. The labeled angle in the selected
area electron diffraction (SAED) pattern (Fig. 1c) is 45◦ , which is
in good accordance with the theoretical angle between the (110)
and (200) planes. Besides, the diffraction spots can be indexed to
the [001] orientation. Consequently, the prepared BiOBr exhibits
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Fig. 1. (a) TEM image, (b) HRTEM image and (c) corresponding SAED pattern of BiOBr nanosheet; (d) TEM image, (e) HRTEM image and (f) corresponding SAED pattern of
BiOBr-4 nanosheet.

2D nanosheet structure exposed with a high percentage of {001}
facets at top and bottom surfaces. Coincidentally, almost the same
crystal characteristics can be observed in the lattice fringes and
SAED pattern for BiOBr-4 nanosheets (Fig. 1e and f), revealing that
the predominately exposed {001} facets are also well preserved for
BiOBr-4 nanosheets. Based on the above results, the UV irradiation
has no obvious inﬂuence on the crystal structure, macroscopic and
microscopic morphology of BiOBr nanosheets. However, different
color between the two samples is clearly observed (Fig. S3). Since
the 2D nanosheets possess a high percentage of exposed facets, it is
highly speculated that the changes trigged by the photo-treatment
take place on the surface of BiOBr nanosheets.
The element valence state and chemical compositions on the
surface of BiOBr and BiOBr-4 nanosheets were compared by XPS
analysis. The survey spectra in Fig. 2a conﬁrm the only presence
of Bi, O and Br elements in the two samples. The Bi 4f spectrum of BiOBr nanosheets shows two peaks located at 164.7 and
159.4 eV (Fig. 2b), corresponding to Bi 4f5/2 and Bi 4f7/2 , respectively. Additionally, the spin–orbit splitting energy between these
two peaks is 5.3 eV, referring to a normal Bi3+ in the surface of BiOBr
nanosheets [16,24]. However, for the BiOBr-4 sample, the overall
spectral proﬁle is shifted to higher binding energies, suggesting a
higher oxidative valence state of Bi. According to previous studies [18], the additional newly appeared peaks at higher binding
energies (BE) of 165.1 and 159.8 eV are attributed to the higher
valence state of Bi5+ . It is worth noting that Bi 4f doublet peaks
of metallic Bi were reported to center at lower BE of about 156.8
and 162.2 eV [25–27]. The absence of these characteristic peaks
excludes the presence of metallic Bi. As shown in Fig. 2c, the proﬁles of O 1 s spectra of BiOBr and BiOBr-4 samples are wide and
asymmetric, which can be ﬁtted into two peaks. The deconvoluted

peak appearing at the higher BE (531.9 and 531.7 eV, respectively) is
assigned to the surface absorbed oxygen components [26,28], while
the peak appearing at the lower BE (530.2 and 530.4 eV, respectively) is attributed to the lattice oxygen in the samples. Notably,
the lattice oxygen proﬁle for BiOBr-4 nanosheet shifts to the higher
BE compared with that of BiOBr nanosheet. This is because the existence of surface Bi3+ −O−Bi5+ bonds leads to the decrease of the
electronegativity around O in BiOBr-4 nanosheets. Meanwhile, the
0.2 eV shift towards higher BE is also observed in Br 3d spectra
of BiOBr-4 samples, mainly owing to the chemical environmental
change of Br induced by Bi5+ .
The surface structure difference of BiOBr and BiOBr-4
nanosheets was further elucidated by Raman spectra. As shown in
Fig. 3a, the Raman spectra of BiOBr sample displays distinguished
peaks at about 58, 113 and 163 cm−1 , corresponding to the external
A1g , internal A1g , and E1g internal Bi–Br stretching modes, respectively [11,13]. Normally, a pair of peaks appearing at about 70
and 95 cm−1 is reported to be associated with metallic Bi [29,30].
However, the peak at around 70 cm−1 is not observed for the two
samples. Thus, the peak at 92 cm−1 is assumed to be the Bi-Br
stretching mode [31]. In addition, the broad unnoticeable peak at
around 400 cm−1 is assigned to the motion of the oxygen atoms
[11,32]. Comparatively, for BiOBr-4 sample, the peak about Bi–Br
stretching modes is slightly red-shifted to 59, 94, 115 and 165 cm−1 ,
respectively, further conﬁrming the chemical changes presumably
owing to the reconstruction of Bi on the surface of BiOBr. Fig. 3b
displays the TGA spectra of BiOBr and BiOBr-4 nanosheets. Before
measurement, the samples were heated at 50 ◦ C for 1 h in order to
expulse the physically absorbed water. For the BiOBr sample, there
is almost no weight loss before 550 ◦ C, implying that the physically
absorbed water is easily removed. The subsequent 27.9% weight
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Fig. 2. XPS spectra of (a) survey, (b) Bi 4f, (c) O 1s and (d) Br 3d for BiOBr and BiOBr-4 nanosheets.

Fig. 3. (a) Raman spectra and (b) TGA spectra of BiOBr and BiOBr-4 nanosheets.
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Fig. 4. (a) UV–vis spectra and (b) valence band XPS spectra of BiOBr and BiOBr-4
nanosheets.

loss at 650 ◦ C is mainly attributed to the decomposition of BiOX
materials [33]. Nevertheless, different decomposition behavior of
BiOBr-4 sample is observed. A rapid weight loss of 4.8% is found
up to 150 ◦ C, mainly due to the desorption of chemically absorbed
water [34]. An additional slight weight loss (1.4%) occurs in the
second stage in the range of 150–550 ◦ C, which is ascribed to the
reduction of Bi5+ to Bi3+ by the release of oxygen [35,36]. Because
the mixed valence state Bi3+ /Bi5+ only exists on the surface of BiOBr4 nanosheets, its corresponding weight ratio in the whole sample
is extreme low, thus only 1.4% weight loss is observed. After the
slow weight reduction being completed upon 550 ◦ C, similar drastic
weight loss (27.6%) is also thereafter found compared to BiOBr. As
a result, Bi5+ self-doping is achieved on the surface of BiOBr without altering its crystal structure, morphology and predominately
exposed {001} facets.
The as-synthesized BiOBr and BiOBr-4 nanosheets exhibit
respectively light yellow and dim white in appearance (Fig. S3),
suggesting that they possess different optical properties, further
referring to different electronic properties. Fig. 4a shows the UV–vis
spectra of two samples. Compared with BiOBr, BiOBr-4 nanosheets

display obvious enhancement in light absorption capacity within
the visible light region and its adsorption edge is red-shifted to
454 nm. The bandgap values of these two samples are calculated
from the onsets of the adsorption edges as 2.83 and 2.73 eV for
BiOBr and BiOBr-4 nanosheets, respectively. Obviously, the narrowed band gap of BiOBr-4 is attributed to Bi5+ induced surface
electronic status.
The electronic feature of a semiconductor photocatalyst is one
of the critical factors affecting its photocatalytic performance. In
order to understand the change of band structure after self-doping,
valence band XPS was also applied to determine the position of
valence band maximum (VBM). As shown in Fig. 4b, the overall spectral proﬁle of BiOBr-4 is nearly identical to that of BiOBr,
suggesting that no impurity electronic states occur in the VB of
BiOBr-4 [37]. The VBM value of the two samples is both estimated
to be 2.26 eV, demonstrating that BiOBr-4 photocatalysts possess
the approximately the same oxidative power of photogenerated
h+ with BiOBr. In conjunction with the calculated bandgap values,
the conduction band minimum (CBM) BiOBr and BiOBr-4 is calculated to be −0.57 and −0.47 eV, respectively. The different CBM
positions illustrate that the photoinduced Bi5+ self-doping greatly
affects the conduction band of the BiOBr. Furthermore, the computational total and partial density of states (DOS) for BiOBr is
displayed in Fig. S4. The VBM of BiOBr mainly consists of O 2p and
Br 4p orbitals, while the CBM is mainly composed of Bi 6p and O 2p
orbitals. As discussed above, upon irradiation, self-doping happens
on the surface of BiOBr sample with formation of additional O Bi5+
bonds. Although more efforts are required, it is on an assumption
that compared with VB, the interaction of Bi3+ /Bi5+ with O could
have signiﬁcant inﬂuence on the CB owing to the electronic valence
conﬁguration [38,39].
As for BiOX (X = Cl, Br and I) materials, the highly oxidative
species, superoxide radicals (• O2 − ) and photoexcited h+ are generally reported as the major species responsible for their excellent
photocatalytic activity in previous studies [11,13,27,29,40,41]. Considering that the redox potential of Bi5+ /Bi3+ (1.59 eV vs NHE) is
more negative than that of • OH/OH− (1.99 eV vs NHE) [40], the photogenerated h+ is incapable to generate hydroxyl radicals (• OH).
However, it can act as the initiator of subsequent oxidation reactions, with high redox potential (+2.26 eV vs NHE) leading to the
generation of speciﬁc more oxidative state of Bi5+ on the surface of
BiOBr nanosheets. Furthermore, it is well-known that the normal
valence state of Bi element in the Bi-based oxide materials is Bi5+ or
Bi3+ . These Bi5+ /Bi3+ mixed valence states can stably co-exist in the
Bi-based oxide materials [35,36]. Thus, the appearance of Bi5+ is due
to the h+ mediated Bi3+ oxidation process. Simultaneously, the photogenerated e− are soon captured by absorbed oxygen species to
inhibit the reduction of Bi3+ to Bi0 , which is also in accordance with
the absence of metallic Bi in XPS and Raman results. Considering
that the photocatalytic process takes place on the photocatalyst,
this Bi5+ self-doping would conceivably affect the photocatalytic
performances of as-prepared samples.
3.2. Photocatalytic activity
The photocatalytic properties of obtained samples were initially
assessed by RhB degradation in aqueous solution under UV LED
illumination. The light control experiments without photocatalysts
illustrate that RhB dye is stable under light irradiation (Fig. S5),
thus the photolysis of RhB is ignorable. The degradation efﬁciency
is expressed as (C0 − C)/C0 , where C0 and C is the concentration of
dye after adsorption and at different irradiation time, respectively.
The C0 and C values are based on the absorbance at the wavelength of 553 nm (Fig. S6). As shown in Fig. 5a, within the initial
30 min, pure BiOBr nanosheets undergo a relative slow degradation process. This is because partial photoexcited h+ of BiOBr is
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Fig. 6. Recycle test of photocatalytic degradation of RhB over BiOBr and BiOBr-4
nanosheets.

Fig. 5. (a) Photocatalytic degradation of RhB and (b) corresponding coefﬁcient R2
ﬁtted to pseudo-ﬁrst-order model in the presence of photocatalysts.

consumed in the formation of Bi5+ at the surface, thus prohibiting
RhB being degraded. After that, an increased degradation process
is observed and reaches 100% degradation within 60 min. This can
be interpreted by assuming that the reactive species • O2 − and h+
are dominantly contribute to the RhB degradation. In contrast, selfdoping samples of BiOBr-0.5 and BiOBr-4 present a very high RhB
removal rate in the ﬁrst 30 min and achieve almost 100% degradation at 40 min. Notably, BiOBr-8 nanosheets show a slower removal
efﬁciency than those of BiOBr-0.5 and BiOBr-4, with only about 70%
degradation within 40 min. This result suggests that the amount of
Bi5+ plays an important role on the photocatalytic activity of BiOBr
nanosheets. In fact, it also veriﬁes that photoinduced Bi5+ selfdoping are mainly at the surface of BiOBr nanosheets. Generally,
the photocatalytic decomposition of dyes over the semiconductor
photocatalysts obeys the pseudo-ﬁrst-order kinetics. Therefore, the
pseudo-ﬁrst-order model was applied to ﬁt the obtained data. As
shown in Fig. 5b, the correlation coefﬁcient (R2 ) is about 0.83 for
BiOBr, whereas, higher R2 is found for BiOBr-0.5 (0.96), BiOBr-4
(0.96) and BiOBr-8 (0.97) self-doping samples. These results can be
reasonably elucidated by two simultaneously involved oxidation
reactions mediated via h+ . The ﬁrst one is deﬁnitely the photodecomposition of RhB and the second one is the surface Bi3+ oxidation.
That is to say, partial photoexcited h+ is consumed in the formation

of Bi5+ and partial h+ for photocatalytic oxidation. As for the selfdoping samples, the generation of Bi5+ is gradually completed in
the photocatalyst preparation procedure. Therefore, all the reactive
species are for RhB degradation rather than consumption of h+ for
Bi5+ generation. This result is also consistent with the degradation
proﬁle in Fig. 5a.
The stability is one of important criterions to evaluate the photocatalyst for long-term photocatalytic applications. Especially in our
cases, BiOBr nanosheet surface is evidenced to experience two different h+ oxidation reactions under light illumination. To examine
the stability, recycling tests were carried out for the photocatalytic
degradation of RhB over BiOBr and BiOBr-4 nanosheets. As can be
seen in Fig. 6, no noticeable decrease in the photocatalytic activity
is found for the recycled photocatalysts after three runs, suggesting that both BiOBr and BiOBr-4 photocatalysts are stable and quite
effective for the environmental remediation applications. Furthermore, the difference gap in the degradation process between these
two samples is gradually diminished along with the recycle times.
This is also a convictive proof for our assumption for two simultaneous oxidation reactions.
Two more dyes, MB and MO were further used to explore the
effect of Bi5+ self-doping on the photocatalytic activities of BiOBr
and BiOBr-4 nanosheets. The photolysis of MB and MO is also negligible (Fig. S5). The degradation efﬁciency also calculated based on
the maximum absorbance of MO and MB at 463 and 660 nm, respectively (Fig. S7). As shown in Fig. S8, BiOBr only degrades 60% MO
within 40 min and more than 20% MO remains even at 60 min irradiation. In contrast, 100% MO can be degraded by BiOBr-4 within
40 min. Unfortunately, no noticeable difference for MB degradation
is found for BiOBr and BiOBr-4 within 2 h.
In addition, the BET speciﬁc surface area of BiOBr and BiOBr4 nanosheets is highly similar to each other, which is measured
to be 0.22 and 0.24 m2 /g, respectively, revealing that the surface
area is not the signiﬁcant inﬂuencing factor for the photocatalytic
behavior of BiOBr and BiOBr-4 nanosheets. Therefore, despite the
complex dye degradation mechanism which highly depends on the
intrinsic property of the individual dye, our ﬁndings suggest that
the photoinduced Bi5+ self-doping on the BiOBr nanosheets results
in the utterly different photocatalytic behavior in dye degradation.
Aforementioned, light irradiation to excite BiOBr to produce highly
oxidative h+ is the prerequisite in the present study. The sample
employed BiOBr nanosheets under red LED irradiation for 12 h was
also prepared. The red LED possesses the light spectra in the range
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BiOBr-4 nanosheets can efﬁciently degrade phenol with superior
activity compared to pure BiOBr. As shown in Fig. 7b, the control
experiments demonstrate that the photolysis of bacterial cells can
be ignored and photocatalysts also have no toxicity towards bacteria. Within 80 min irradiation time, BiOBr-4 nanosheets can almost
completely inactivate the bacteria, whereas more than 2-log bacteria are left for pure BiOBr inactivation, implying that BiOBr-4
also exhibits superior photocatalytic inactivation activity for the
microbial disinfection.

3.3. Proposed photocatalytic enhancement mechanism

Fig. 7. Photocatalytic (a) degradation of phenol and (b) inactivation of bacteria for
BiOBr and BiOBr-4 nanosheets.

of 565–700 nm (Fig. S9a), so that it cannot excite BiOBr (about
438 nm) to produce h+ for the subsequent surface oxidation process. As expected, two as-prepared samples show the same yellow
color in appearance and identical photocatalytic activity to degrade
MO under UV irradiation (Fig. S9b). Signiﬁcantly, our ﬁndings also
can explain the observations reported in the previous studies that
the dye degradation process over the BiOX (X = I, Br and Cl) photocatalysts somehow cannot well ﬁt to the pseudo-ﬁrst-order model
(R2 ≥ 0.99) [17,42–45].
In order to examine the universality of the above observation
on the inﬂuence of photoinduced Bi5+ self-doping on the photocatalytic process, the degradation of phenol and inactivation of E. coli
K-12 were also carried out. The spectral proﬁle changes of phenol
with the maximum absorbance at 269 nm over BiOBr and BiOBr-4
nanosheets are displayed in Fig. S10. Accordingly, the photocatalytic degradation efﬁciencies are compared in Fig. 7a, a remarkable
increase within the ﬁrst 20 min and a slow stage thereafter are
observed and the degradation efﬁciency reaches 44% at 120 min
for BiOBr-4, whereas, BiOBr nanosheets only have 18% degradation
within 120 min. Since phenol is a highly toxic and difﬁcult degradable organic colorless contamination, the result demonstrates that

Based on the above results, BiOBr-4 nanosheets with respect
to Bi5+ self-doping clearly show enhanced photocatalytic performance for bacterial inactivation, MO degradation and phenol
removal compared with BiOBr. Photogenerated • O2 − and h+ is
widely evidenced to be the dominant reactive species responsible
for the photocatalysis of BiOBr. As shown in Fig. 8a, the amount of
photogenerated • O2 − for BiOBr-4 is even slightly smaller than that
of BiOBr, resulting from the CBM down-shift of BiOBr-4. This suggests that • O2 − is not the vital reactive species accounting for the
enhancement. Moreover, no resonance signals of oxygen vacancy
are observed by the sensitive EPR measurement (Fig. 8b) of two
samples, which excludes the impact of oxygen vacancies on the
differences of photocatalytic activities between BiOBr and BiOBr4. Additionally, no measurable of another highly oxidative species,
hydroxyl radicals (• OH), is detected for both the BiOBr and BiOBr-4
nanosheets system (Fig. S11). Photoluminescence (PL) spectrum is
used to investigate the recombination rate of photoexcited e− /h+
pairs. As shown in Fig. 8c, BiOBr-4 exhibits much weaker PL intensity, implying a lower e− /h+ combination probability. Consistently,
more efﬁcient charge carrier separation of BiOBr-4 is also veriﬁed by the higher photocurrent in Fig. 8d. Although it is hard to
substantiate, the photogenerated h+ is predominately responsible
for the photocatalytic enhancement. Therefore, it is supposed that
Bi5+ on the surface acts as electron traps to accelerate the separation of photoexcited e− /h+ pairs and migration of h+ , leading to
the superior photocatalytic activity of self-doping BiOBr-4 sample.
However, excess h+ may also serves as the recombination center,
which is disadvantageous for the photocatalytic performance. This
also can explain the decrease of RhB degradation efﬁciency for
BiOBr-8, since new peaks associated with the defects for recombination appear in the PL spectra of BiOBr-8 sample (Fig. S12).

4. Conclusions
Self-doping BiOBr (BiOBr-4) was obtained via pretreating under
UV irradiation. Compared with pure BiOBr, BiOBr-4 nanosheets
retain the pure phase, morphology and structure, but possess
narrowing bandgap and enhanced light adsorption capability.
Notably, self-doped Bi5+ is evidenced due to the oxidation of
surface Bi3+ by the photogenerated h+ of BiOBr under light irradiation. Interestingly, Bi5+ self-doping shows different inﬂuences
on the photocatalytic dyes degradation process. This distinction is
attributed to the simultaneous photocatalytic oxidation of organic
dyes and oxidation of surface Bi3+ to Bi5+ . Both BiOBr and BiOBr4 nanosheets maintain excellent stability in the recycling test.
Furthermore, BiOBr-4 nanosheets show superior photocatalytic
activity for phenol decomposition and E. coli inactivation. The photocatalytic enhancement is assigned to the electron trapping effect
of Bi5+ , resulting in enhanced photoexcited e− /h+ separation and
h+ migration efﬁciency.
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Fig. 8. (a) The amount of photocatalytically produced • O2 − , (b) powder EPR spectra (at 77 K), (c) PL spectra and (d) transient photocurrent response of BiOBr and BiOBr-4
nanosheets.
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