
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

0/
22

/2
02

5 
6:

52
:1

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Room temperatu
Key Laboratory for Micro-Nano Energy Stor

Province, College of Chemical and Materia

and Nano Materials, Xuchang University

jhmxcu2015@163.com

Cite this: RSC Adv., 2020, 10, 41755

Received 25th September 2020
Accepted 7th November 2020

DOI: 10.1039/d0ra08211b

rsc.li/rsc-advances

This journal is © The Royal Society o
re synthesis of BiOBr1�xIx thin
films with tunable structure and conductivity type
for enhanced photoelectric performance

Huimin Jia, * Yuxing Li, Yuanyang Mao, Dufei Yu, Weiwei He * and Zhi Zheng

The surface states of semiconductors determine the semiconductor type. Although BiOCI, BiOBr and BiOI

all belong to the bismuth oxyhalide semiconductor family and have similar crystal structures and electronic

structures, they exhibit different conductivity types due to their respective surface states. In this paper,

a modified successive ionic layer adsorption and reaction (SILAR) method was developed to fabricate I-

doped BiOBr1�xIx nanosheet array films on FTO substrates at room temperature for the first time.

Interestingly, the properties of p-type BiOBr were changed by doping an appropriate amount of iodine

into a BiOBr film to form an n-type BiOBr1�xIx thin film. The I-doped BiOBr1�xIx (x ¼ 0.2, 0.4, 0.5)

nanosheet arrays had a perfect single-crystal structure, and the dominant growth plane was (110). A

higher doping amount of I led to a darker colour of the BiOBr1�xIx film and a redshift of the absorption

wavelength; consequently, the bandgap value changed from 2.80 eV to 1.85 eV. The highest short-

circuit current and open-circuit voltage of the solar cell based on BiOBr0.5I0.5 film could reach 1.73 mA

cm�2 and 0.55 V, which was considered to be attributed to the effective light absorbance, long

photogenerated charge lifetime and sufficient charge separation in the BiOBr0.5I0.5 film.
Introduction

Bismuth oxyhalides (BiOX, X ¼ Cl, Br, I) are bismuth-based
ternary compounds that have recently attracted attention
because of their layered growth structure and high stability,1–5

which provide interesting potential applications in electronics,
catalysis and energy storage.6–8 The BiOX materials exhibit
a tetragonal matlockite structure consisting of [Bi2O2] layers
sandwiched between double halide [X] layers to form [X–Bi–O–
Bi–X] layers, held together by van der Waals interactions
through the halogen atom along the [001] direction.9,10 The
arrangement of these layers provides a large space for polari-
zation of the atoms favourable for forming a built-in static
electric eld, which can promote the separation and transport
of photoinduced electron–hole pairs.11 Among the bismuth
oxyhalide family (BiOCl, BiOBr and BiOI), BiOCl exhibits no
visible light activity owing to its wide bandgap energy (Eg ¼ 3.5
eV).12 BiOBr and BiOI can respond to visible light, indicating the
efficient conversion of solar energy, but BiOI exhibits a faster
photocarrier recombination rate than BiOBr.13 To improve the
BiOBr visible light absorption, some strategies have been
applied, including controlling the synthesis of BiOBr with
specic morphology and structure,14,15 constructing BiOBr-
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based composites with other semiconductors,16–18 doping with
metal atoms and so on.19,20 In addition, within ion doping, self-
doping of halogens (Cl, Br, I) is an effective method to
strengthen the visible light utilization and overcome the draw-
back of the high recombination rate of electron–hole pairs. In
particular, BiOMxR1�x (M, R¼ Cl, Br, I) composite systems have
been recently synthesized, such as BiOClxI1�x,21 BiOBrxI1�x,22

BiOClxBr1�x,23,24 BiOIxBr(1�x)
25 and BiO(ClBr)(1�x)/2Ix,26 which

showed higher photocatalytic activities than the corresponding
single components. For instance, Jia et al. synthesized a solid
solution of BiOBrxI1�x and demonstrated its visible-light-
induced photocatalytic properties.27 Ren et al. reported that
the optimized solid solutions exhibited higher visible-light
photocatalytic activities towards rhodamine-B (RhB) degrada-
tion than BiOM (M ¼ Cl, Br, I) because of the wider visible-light
absorption range and the improved separation efficiency of the
photocatalytic carriers.28 Bi et al. prepared I�-doped BiOBr with
tuneable photocatalytic properties by regulating the pH values
of the reaction solution.29 Although successful, these reports
mainly focused on the preparation and photocatalytic proper-
ties of BiOMxR1�x (M, R ¼ Cl, Br, I) powder materials. To our
best knowledge, studies regarding low-temperature synthesis of
BiOMxR1�x (M, R¼ Cl, Br, I) lms are very limited. In particular,
the photoelectric properties and photogenerated charge
dynamics (lifetime and separation efficiency) of BiOMxR1�x

lms have not been investigated. Recently, we synthesized
ordered 2D BiOX (X ¼ CI, Br, I) nanosheet array lms at room
temperature through a modied SILAR method,30 which is
RSC Adv., 2020, 10, 41755–41763 | 41755
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Fig. 1 Schematic for the preparation of BiOBr1�xIx films by the SILAR process.

Fig. 2 The XPS spectra of BiOBr1�xIx films (a) survey, (b) Bi 4f, (c) Br 3d, (d) I 3d, (e) O 1s.

41756 | RSC Adv., 2020, 10, 41755–41763 This journal is © The Royal Society of Chemistry 2020
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Fig. 3 XRD patterns of BiOBr, BiOBr0.5I0.5, BiOBr0.6I0.4, BiOBr0.8I0.2 and
BiOI films.
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a facile, low-temperature and low-cost strategy compared to
physical deposition methods.9,31

In view of the above study, we attempted to employ the SILAR
method to prepare BiOBr1�xIx nanosheet array lms. By
changing the molar ratio of bromine and iodine, the bandgap
and conductivity type of the BiOBr1�xIx lms can be ne-tuned.
The band edge positions of the BiOBr1�xIx lms were estab-
lished by UV-vis diffuse reectance spectra and Mott–Schottky
plots. The separation, transfer behaviour and lifetime of
photoinduced electron–hole pairs at the surface/interface of
BiOBr1�xIx lms were systematically investigated by time-
resolved PL (TRPL) decay spectra and transient photovoltage
(TPV) techniques. The current density–voltage (J–V) character-
istic curves of solar cell devices based on BiOBr1�xIx were
measured using a Keithley 2400 source meter under illumina-
tion (simulated AM 1.5 sunlight), and the charge transfer
mechanism in the solar cell was discussed. This work may
provide a good reference for the design and synthesis of
bismuth oxyhalides photoelectric lms and new insights into
the photoelectric mechanisms of bismuth oxyhalide
heterostructures.
Results and discussion

XPS was employed to characterize the surface chemical
composition and valence state of the BiOBr1�xIx thin lms. The
XPS survey spectrum shows that Bi, O, Br and I elements coexist
in all samples (Fig. 2a). Fig. 2b displays two characteristic XPS
peaks located at 159.2 and 164.5 eV, which are attributed to Bi
4f7/2 and Bi 4f5/2, respectively.33,34 Thus, the chemical state of Bi
was conrmed to be of +3 valency.35 Fig. 2c displays the typical
Br 3d XPS spectrum. The two peaks observed at 68.2 and 69.3 eV
are attributed to Br d5/2 and Br 3d3/2, corresponding to Br� in
the BiOBr1�xIx lms. From the high-resolution I 3d spectrum
(Fig. 2d), it can be concluded that the doped I element was of�1
valency because the binding energies were located at 618.9 eV (I
3d5/2) and 630.5 eV (I 3d3/2). In the high-resolution XPS spec-
trum of O 1s (Fig. 2e), the main peak at 529.9 eV is attributed to
Bi–O bonds in [Bi2O2]

2+ slabs of the BiOBr1�xIx layered struc-
ture,36 and the peak at 532.0 eV is assigned to hydroxyl groups
on the surface and other components such as OH� and H2O.
According to the atomic concentrations of each element in
Table 1, we calculated the actual composition ratios of Br to I in
the BiOBr1�xIx lms. Fig. 3 depicts the X-ray diffraction (XRD)
patterns of pure BiOBr, BiOI and BiOBr1�xIx lms. All the
diffraction peaks for the BiOBr and BiOI lms can be indexed to
the tetragonal phase of BiOBr (JCPDS card no. 09-0393, a ¼ b ¼
3.926 �A, c ¼ 8.103 �A) and the tetragonal phase of BiOI (JCPDS
Table 1 Atomic concentration table of as-prepared BiOBr1�xIx films

Samples Br 3d I 3d BiOBr1�xIx

BRI-1 3.67 3.67 BiOBr0.5I0.5
BRI-2 5.01 3.47 BiOBr0.6I0.4
BRI-3 5.23 1.32 BiOBr0.8I0.2

This journal is © The Royal Society of Chemistry 2020
card no. 10-445, a ¼ b ¼ 3.994 �A, c ¼ 9.149 �A). The remaining
diffraction peaks (labelled by asterisks) were derived from the
FTO substrate (JCPDS 41-1445), and no impurity diffraction
peaks were detected. In addition, the (001), (101), (102) and
(110) characteristic peaks of the BiOBr1�xIx lms gradually
shied to lower angles with increasing x compared to those for
the pure BiOBr lm. This suggests that some of the Br� ions
were efficiently replaced by small amounts of I� ions,37 as the
ionic radius of the I� ion is greater than that of the Br� ion (2.16
�A vs. 1.96�A). This gradual shi in the peak positions in the XRD
patterns as a function of x indicates that the BiOBr1�xIx lms
are solid solutions. Perceptibly, the intensity of the (101)
diffraction peak weakened with increasing x, which was
consistent with the decrease in the bromine content.

The size andmorphology of the as-prepared BiOBr1�xIx lms
generated by SILAR at room temperature were investigated via
eld-emission scanning electron microscopy (FESEM), as
shown in Fig. 4. Fig. 4a shows that the BiOBr0.8I0.2 lm is
composed of numerous nanosheets with an individual thick-
ness of approximately 15 to 25 nm. These nanosheets are
arranged in a staggered manner, forming a nanosheet array
structure vertically on the FTO surface. As x increases in the
BiOBr1�xIx lms (0.2 to 0.5), the nanosheets in the BiOBr0.5I0.5
lm become thicker and denser than those in the BiOBr0.8I0.2
lm (Fig. 4a and c). This observation can be attributed to the
radii of I� (2.16�A) being larger than that of Br� (1.95�A), and the
growth of BiOBr1�xIx lms may be accelerated by the I� ions. In
addition, the composition of the BiOBr0.5I0.5 lm was analysed
by energy dispersive X-ray spectroscopy (EDS) (Fig. 4d), and the
results conrmed the existence of Bi, O, Br and I. To further
obtain information on the as-prepared BiOBr1�xIx lm on
a small scale, two-dimensional (2D) AFM surface height
morphologies of BiOBr1�xIx lms on FTO substrates were ob-
tained with a scanning area of 2 mm� 2 mm, as shown in Fig. 4e
and f.
RSC Adv., 2020, 10, 41755–41763 | 41757
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Fig. 4 SEM images of the as-prepared BiOBr1�xIx films, (a) BiOBr0.8I0.2 film, (b) BiOBr0.6I0.4 film, and (c) BiOBr0.5I0.5 films. (d) EDS pattern, (e and f)
AFM height images of BiOBr0.5I0.5 film.
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To further investigate the morphology and structure of the
BiOBr1�xIx lms, TEM and HRTEM analyses were performed.
TEM and HRTEM images further proved that the BiOBr0.5I0.5
lm obtained at room temperature has high crystallinity, indi-
cating single-crystalline characteristics (Fig. 5a and c). From
Fig. 5b, it can be seen that the spacing of the adjacent lattice
planes is 0.281 nm, which corresponds well to the (110) facet. It
is well known that the distance between the adjacent (110)
planes of BiOI is 0.282 nm, and the value for that of BiOBr is
0.278 nm. The above result is consistent with Vegard's law38 and
indicates that the I� ion has been successfully inserted into the
crystal lattice of BiOBr and replaced the Br� ion. As depicted in
Fig. 5c, the corresponding SAED pattern exhibits a clear spot
pattern, indicating the excellent single-crystalline character of
BiOBr0.5I0.5. The angle between adjacent spots labelled in the
SAED pattern is 45�, which is identical to the theoretical value of
the angle between the (110) and (200) planes of tetragonal
BiOBr0.5I0.5. This means that the set of diffraction spots can be
indexed as the [001] zone axis. The elemental composition and
41758 | RSC Adv., 2020, 10, 41755–41763
distribution of the BiOBr0.5I0.5 nanosheet lms were detected by
EDS mapping of elements. As shown in Fig. 5d, the EDS
mapping of BiOBr0.5I0.5 nanosheets shows that Bi, O, Br, and I
elements are homogeneously distributed in the BiOBr0.5I0.5
nanosheets. This indicates that I was homogeneously doped in
the BiOBr0.5I0.5 sample.

The UV-vis diffuse reectance spectra (DRS) of the as-
prepared lms are shown in Fig. 6a. It is found that the
optical absorption edges have a clear redshi with increasing
iodine content (x from 0.2 to 0.5). Accordingly, the colour of the
samples varies gradually from white to brick red. The corre-
sponding maximum absorption wavelength of the pure BiOBr
lm is 410 nm. The absorption band edge of the BiOBr0.5I0.5
lm was broadened compared to that of pure BiOBr to 596 nm
due to the signicant doping effect of I� ions. The as-prepared
BiOBr1�xIx lms show strong absorption in the visible light
region, illustrating the practicability of the utilization of visible
light. It is well known that the relationship between the band
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) TEM image, (b) HRTEM image, (c) SAED pattern and (d) EDS mapping images of the as-prepared BiOBr0.5I0.5 nanosheets.

Fig. 6 (a) UV-vis DRS spectra (inset image is photograph), (b) energy gap calculated by plotting (ahn)1/2 versus hn, (c) Mott–Schottky plots and (d)
band structures of BiOBr, BiOBr1�xIx and BiOI films.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 41755–41763 | 41759
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Fig. 7 (a) TRPL spectra, TPV spectra of BiOBr, BiOBr1�xIx and BiOI films with front side illumination by 355 nm laser (b) and 532 nm laser (c),
respectively. (d) I–V curves of based-on BiOBr, BiOBr1�xIx and BiOI solar cells. (e) Schematic illustration of photogenerated charge transfer in the
BiOBr1�xIx based-on solar cells.
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edge and optical absorption of a crystalline semiconductor
follows the equation:39

ahn ¼ A(hn � Eg)
n/2 (1)

where a, hn, A and Eg represent the optical absorption coeffi-
cient, photon energy, proportionality constant and bandgap,
respectively. For BiOBr1�xIx lms, the value of n is 4 for an
indirect bandgap semiconductor.40 Therefore, the bandgap
energy could be estimated from a plot of (ahn)1/2 versus photon
energy (hn), which is given in Fig. 6b. The bandgap energies of
the BiOBr, BiOBr0.8I0.2, BiOBr0.6I0.4, BiOBr0.5I0.5 and BiOI lms
are 2.80, 2.11, 2.04, 1.93 and 1.85 eV, respectively. It can be
deduced that the bandgap energies and band structures for
BiOBr1�xIx lms can be tuned by controlling the molar ratio of
bromine and iodine.

To conrm the type of semiconductor and at-band poten-
tials of the BiOBr1�xIx lms, Mott–Schottky (M–S) curves of the
41760 | RSC Adv., 2020, 10, 41755–41763
as-prepared lms were produced, as shown in Fig. 6c. According
to the positive slopes of the straight lines found in themeasured
plots, the BiOBr0.8I0.2, BiOBr0.6I0.4 and BiOBr0.5I0.5 lms were
identied as n-type semiconductors.30,41 The at-band potential
(V) was determined by the equation:8

1

C2
¼ 2

303reNA

�
V � Vfb � kBT

e

�
(2)

here, 30, 3r, NA and V represent the permittivity in vacuum,
relative permittivity, carrier density and applied potential,
respectively. kB is the Boltzmann constant, T is the absolute
temperature, and e corresponds to the electronic charge. Hence,
a plot of 1/C2 vs. potential (V) will yield a line that, when
extrapolated to the x-axis, corresponds to the at-band potential
of the semiconductor.9,41 The at-band position (V) values of
the BiOBr0.8I0.2, BiOBr0.6I0.4 and BiOBr0.5I0.5 lms were thus
calculated to be �0.06, �0.12 and �0.03 V vs. the Ag/AgCl
electrode, equivalent to 0.15, 0.09 and 0.18 V vs. the normal
This journal is © The Royal Society of Chemistry 2020
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hydrogen electrode (NHE), respectively.17 Based on the results of
the Mott–Schottky plots and UV-vis DRS spectra, a schematic
diagram of the band structures for BiOBr, BiOI, BiOBr0.8I0.2,
BiOBr0.6I0.4 and BiOBr0.5I0.5 lms is drawn in Fig. 6d. Interest-
ingly, the BiOBr lm exhibits a predominant location of the
conduction band (CB) and valence band (VB) due to its wide
bandgap. In addition, both the CB and VB positions of BRI-1,
BRI-2 and BRI-3 signicantly shi up with the decrease in the
I/Br molar ratio compared to the CB and VB positions of the
BiOI lm.

To reveal the effective transfer of photoelectrons intuitively,
time-resolved photoluminescence (TRPL) decay spectra were
obtained. As clearly seen from Fig. 7a, all of the TRPL spectra
display a monoexponential decay process. In addition, their
decay dynamics can be obtained through tting to a mono-
exponential function:42

I ¼ I0 exp(�t/s) (3)

where I0 is the PL intensity and s is the corresponding lifetime.
The tted TRPL spectra indicate that the average lifetimes of the
carriers (savg) are 1.22, 1.11 and 1.08 ns for the BiOBr0.5I0.5,
BiOBr0.6I0.4 and BiOBr0.8I0.2 lms, respectively. The increased
savg of the BiOBr0.5I0.5 lm implies that the existence of shallow
surface states could prolong the photogenerated charge
lifetime.

Transient photovoltaic (TPV) measurements were carried out
to reveal the kinetics of photoinduced charge carrier separation
and transfer at the surface and interface. Fig. 7b and c shows the
TPV spectra of BiOBr1�xIx lms under front illumination by
355 nm and 532 nm laser pulses, respectively. For a single BiOBr
lm, a negative photovoltage implies that photoinduced elec-
trons accumulate on the surface, driven by a surface electric
eld directed from the surface to the interior of BiOBr. However,
the TPV signals of the BiOBr1�xIx and BiOI lms are positive,
indicating accumulation of photoinduced holes on the surface.
According to the TPV results (Fig. 7b and c), the TPV signal of
the BiOBr1�xIx lm is stronger with increasing iodine doping
amount, and the BiOBr0.5I0.5 lm has the strongest TPV signal
under irradiation with 355 nm or 532 nm laser pulses. However,
the single BiOBr lm cannot be excited by the 532 nm laser to
generate a surface photovoltage signal (Fig. 7c). The photoin-
duced carrier concentration reached its maximum at 7.5 �
10�7 s on the surface of the BiOBr0.5I0.5 lm under 355 nm light
illumination as a result of the dri of photogenerated carriers
Table 2 Summary of device performance for the cells based on the
BiOBr, BiOBr1�xIx and BiOI solar cells

Samples Voc (V) Jsc (mA cm�2) FF (%) h (%)

BiOBr 0.49 0.30 32.3 0.079
BiOBr0.8I0.2 0.52 0.65 35.0 0.20
BiOBr0.6I0.4 0.52 1.28 28.7 0.32
BiOBr0.5I0.5 0.55 1.73 33.7 0.53
BiOI 0.57 1.44 19.8 0.27

This journal is © The Royal Society of Chemistry 2020
under an electric eld. Moreover, recombination of photo-
generated electrons and holes occurred at 5.0 � 10�4 s, and
the recombination time of 4.8 � 10�3 s for the BiOBr0.5I0.5 lm
was slower than that of the other BiOBr1�xIx lms. Fig. 7d shows
the current density–voltage (J–V) characteristic curves of the
solar cells under illumination (simulated AM 1.5 sunlight), and
the main photovoltaic parameters are listed in Table 2. On the
basis of these results, a single BiOBr lm electrode has a rela-
tively poor photovoltaic performance. However, the BiOBr1�xIx-
based solar cells showed a marked increase in the conversion of
light to electric current compared with the single BiOBr-based
or BiOI-based solar cells. The BiOBr0.5I0.5-based solar cell can
achieve the highest short-circuit current of 1.73 mA cm�2, an
open-circuit voltage of 0.55 V, a PCE (h) of 0.53, and a ll factor
(FF) of 0.34. The improved photovoltaic performance was
attributed to the effective light absorbance and sufficient charge
separation in the BiOBr0.5I0.5 lm. Fig. 7e gives a charge transfer
mechanism in the solar cell, different from that in traditional
TiO2-based dye sensitized solar cells (DSSCs). First, the incident
photons are absorbed by the BiOBr1�xIx lm, and electron–hole
pairs are generated. The photogenerated electrons transfer to
the conduction band and move to the FTO substrate. Mean-
while, the holes are trapped by the donor surface state formed
by iodine doping, and the localized holes can react with the
electrons in the electrolyte. Based on the above inference, it is
easily demonstrated that iodine doping in BiOBr lm is bene-
cial to the separation and transmission of photogenerated
charge carriers and improves the photoelectric conversion
performance.
Conclusion

In summary, I-doped BiOBr1�xIx (x ¼ 0.2, 0.4, 0.5) nanosheet
array lms with perfect single-crystal structures were prepared
by a simple and low-energy SILAR method at room temperature
for the rst time. The as-obtained BiOBr1�xIx lms were con-
structed by numerous nanosheets, which exhibited a thickness
of 15–25 nm. The modication of the energy band structure for
the BiOBr1�xIx lms was determined, and the bandgap could be
tuned from 2.80 to 1.85 eV by varying the Br/I molar ratio. The
Mott–Schottky curves and surface photovoltage results
demonstrate that the BiOBr1�xIx lms have the characteristics
of an n-type conductor, indicating that the doping of I� ions
changes the conductivity type of the p-type BiOBr lm semi-
conductor. Due to the existence of a donor surface state formed
by iodine doping, the BiOBr0.5I0.5 lm has a long photo-
generated charge lifetime, a better and wider surface photo-
voltage response and signicantly improved photoelectric
conversion performance. In recent years, we have constructed
a series of bismuth oxyhalide lms at room temperature and
systematically studied the separation and transfer behaviour of
photoinduced electron–hole pairs in bismuth oxyhalide lms.
Our study provides a new idea for the design and synthesis of
bismuth oxyhalide photoelectric lms and new insights into the
photoelectric mechanisms of bismuth oxyhalide
heterostructures.
RSC Adv., 2020, 10, 41755–41763 | 41761

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08211b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

0/
22

/2
02

5 
6:

52
:1

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Experimental section
Materials

All of the reagents used for preparing the samples were of
analytical grade, obtained from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China) and used without further purica-
tion. Fluorine-doped tin oxide (FTO) glass was purchased from
Nippon Sheet Glass Co., Ltd. Deionized (DI) water was used in
all experiments.

Synthesis of BiOBr1�xIx lms

BiOBr1�xIx nanosheet lms were deposited directly onto FTO
substrates through a modied successive ionic layer adsorption
and reaction (SILAR) method. In a typical experiment, 5 mmol
KBr, 5 mmol KI and 5 mmol Bi(NO3)3$5H2O were dissolved in
40 mL deionized water under continuous stirring at room
temperature, respectively. In each cycle, the pretreated FTO
substrates were successively immersed into the KBr and KI
solutions for 10 s to absorb Br� and I� ions. Subsequently, the
FTO substrates were impregnated by the Bi(NO3)3 solution for
10 s to generate BiOBr1�xIx nanosheets on the FTO through
reaction with Bi3+ ions, followed by rinsing with deionized
water. The above single SILAR cycle was denoted one X cycle.
Aer thirty X cycles, the obtained lms were vacuum-dried at
60 �C for 2 h. The resulting BiOBr1�xIx lm sample was denoted
BRI-1. To obtain BiOBr1�xIx lm samples with different atomic
ratios of bromine and iodine, the following parallel experiments
were carried out. (1) In odd number cycles, the FTO substrate
was successively immersed into the KBr, KI and Bi(NO3)3 solu-
tions for 10 s. Then, the substrate was rinsed with deionized
water to remove excess ions. One X cycle was completed.
Subsequently, the above resulting FTO substrate was immersed
only into the KBr and Bi(NO3)3 solutions for 10 s in even
number cycles, in which one Y cycle was performed. Aer een
(XY) cycles, the obtained BiOBr1�xIx lm samples were vacuum-
dried at 60 �C and denoted BRI-2. (2) The FTO substrate was
immersed into the KBr, KI and Bi(NO3)3 solutions for one X
cycle. In the second and third cycles, the resulting FTO
substrate was only immersed into the KBr and Bi(NO3)3 solu-
tions for two Y cycles. Aer ten (XYY) cycles, the obtained
BiOBr1�xIx lm samples were vacuum-dried at 60 �C and
denoted BRI-3. A schematic for the preparation of BiOBr1�xIx
lms by the SILAR process is depicted in Fig. 1.

Characterization

The morphologies and microstructures of the resulting thin
lms were characterized by eld-emission scanning electron
microscopy (FESEM, S-4800) and eld-emission transmission
electron microscopy (FETEM, JEM-2100F). Prior to TEM anal-
ysis, the samples were scraped from the lms on the FTO
substrates, dispersed in ethanol using an ultrasonication
process, and deposited onto carbon-copper grids. Energy
dispersive X-ray spectroscopy (EDS) images and selected area
electron diffraction (SAED) patterns were measured using
a JEM-2100F. The purity and crystallinity of the as-prepared
lms were recorded by X-ray diffraction (XRD, Bruker D8
41762 | RSC Adv., 2020, 10, 41755–41763
Advance diffractometer) with nickel-ltered CuKa radiation (l
¼ 1.5418 �A). The UV-vis absorption spectra of the as-prepared
lms were recorded on a Varian Cary 5000 UV-vis-NIR spectro-
photometer. X-ray photoelectron spectroscopy (XPS) was
employed to analyse the chemical composition and atomic
valence states of the samples (XPS, Thermo Scientic Escalab
250 Xi). In the experiments, Al Ka was used as the excitation
source, with CIs ¼ 284.6 eV as the energy reference. Time-
resolved PL (TRPL) decay spectra were obtained on an FLS 920
uorescence spectrometer (Edinburgh).
Photoelectrochemical measurements

The Mott–Schottky curves were evaluated using an electro-
chemical system (CHI-760E) in a three-electrode assembly with
0.5 M Na2SO4 (pH ¼ 5.8) as the electrolyte. A Pt plate and a Ag/
AgCl electrode were used as the counter and reference elec-
trodes, respectively. The Mott–Schottky measurements were
recorded using an AC voltage amplitude of 5 mV and
a frequency of 1 kHz. Time-resolved photovoltage (TPV)
measurements were carried out with the device described in our
previous paper.32 The sandwich-like structure was constructed
using the sample, mica, and ITO substrate for all TPV tests. The
samples were excited with different laser radiation pulses
(wavelengths of 355 nm and 532 nm, pulse width of 4 ns) from
a third harmonic Nd:YAG laser (Quantel Brilliant Eazy: BRILEZ/
IR-10). The transient surface photovoltage data were recorded
using a 500 MHz digital oscilloscope (TDS 3054C, Tektronix).
The J–V curves of solar cell devices based on BiOBr1�xIx (using
as-prepared samples as the working electrode, sputtered Pt/FTO
as the counter electrode and a redox electrolyte composed of
0.05 M I2, 0.5 M LiI, 0.3 M DMPII and 0.5 M 4-TBP in 3-methoxy
acrylonitrile) were measured using a Keithley 2400 source meter
under simulated solar light illumination (Newport 91192STS
simulator equipped with an AM 1.5 G lter).
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