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Improved photoelectric properties of BiOBr
nanoplates by co-modifying SnO2 and Ag to promote
photoelectrons trapped by adsorbed O2
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ABSTRACT It is highly desired to improve the photoelectric
property of nanosized BiOBr by promoting the photogener-
ated charge transfer and separation. Herein, SnO2 and Ag co-
modified BiOBr nanocomposites (Ag-SO-BOB) have been
prepared through a simple one-pot hydrothermal method.
Surface photovoltage response of BiOBr nanoplates has 4.1-
time enhancement after being modified with SnO2 nanopar-
ticles. Transient-state surface photovoltage (TS-SPV) and the
atmosphere-controlled steady-state surface photovoltage spec-
troscopy (AC-SPS) confirmed that this exceptional enhance-
ment of the photovoltage response can be ascribed to the
coupled SnO2 acting as platform for accepting the photoelec-
trons from BiOBr so as to prolong the lifetime and enhance
charge separation. Remarkably, the surface photovoltage
response can be further enhanced by synchronously introdu-
cing Ag nanoparticles, which is up to 15.4-times enhancement
compared with bulk BiOBr nanoplates. The enhancement can
be attributed to the improved O2 adsorption by introducing
Ag to further enhance charge separation. Finally, the
synergistic effect of SnO2 and Ag co-modification enhances
the surface photovoltage response due to the enhanced charge
separation and promoted O2 adsorption, which is also
confirmed through photoelectrochemistry and photocatalytic
experiment.

Keywords: Ag-SnO2-BiOBr, photoelectron trapping, O2 ad-
sorption, charge separation, surface photovoltage response

INTRODUCTION
During the rapid development of information technology,
optoelectronic devices play significant roles in aerospace,
military industry, nuclear energy and other important
fields [1,2]. Surface photovoltage (SPV) response is the

most important property for photoelectric materials on
fabricating photoelectric devices. Generally, surface
photovoltage spectra (SPS) is used to monitor the surface
potential of a semiconductor while generating electron-
hole pairs with a light source [3,4]. SPS signals are driven
by the build-in electric field and the carrier diffusion,
respectively. For nanoscaled materials, the build-in
electric field can be ignored due to the nano-size effect.
It is acceptable that the SPS signals are based on the
diffused photoelectrons trapped by the adsorbed O2 for
nanomaterials in aerobic environment [5]. Thus, improv-
ing the trapping of photoelectrons by adsorbed O2 is
effective to enhance the SPV responses, which involves
the effective modulating of the thermodynamic energy
and lifetime of photoelectrons, and the promoted
adsorption of O2.
Bismuth based materials are potential semiconductors

for photoelectric response owing to the visible light
response, abundant resource, environmental friendliness
and controllable structures [6–8]. Interestingly, the
special Bi 6s orbital contributes to both the conduction
band (CB) and valence band (VB) for most bismuth
based materials, resulting in the broken symmetry to
drive the charge separation [9]. BiOBr (BOB) is a typical
bismuth-contained oxide with the advantages of narrow
band gap, simple preparation, controllable structure and
so on [10,11]. In particular, its unique two-dimensional
layered structure of [Bi2O2] ion unit and double halogen
ions arrange alternately, which is beneficial to the
separation and transfer of the photogenerated electrons
and holes [12]. However, the positive CB bottom
potential of BOB leads to the fast electron-hole
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recombination, due to the short lifetime and low
thermodynamic energy of photoelectrons to be trapped
by O2. The fast charge recombination is adverse to SPV
response. Therefore, it is crucial to prolong the lifetime,
and maintain the thermodynamic energy of photoelec-
trons to improve the photoelectric property of BOB.
In our previous work, the lifetime and thermodynamic

energy of photoelectrons of narrow bandgap semiconduc-
tors such as Bi2O3, BiFeO3 and BiVO4 can be effectively
improved by modification with wide bandgap semiconduc-
tors like TiO2 and SnO2 for accepting the photoelectrons to
prolong the lifetime and enhance the charge separation
[13,14]. In addition, the wide bandgap electron acceptors
often possess more negative CB potential with enough
energy of photoelectrons for thermodynamically trapping
by O2. Hence, it is expected to enhance the charge
separation, prolong the carrier lifetime and maintain the
thermodynamic energy of photoelectrons of BOB by
modifying with wide bandgap semiconductor. As it is
confirmed previously, SnO2 with suitable CB potential and
high mobility is suitable for modifying bismuth based oxides
[15]. However, photocatalytic system of SnO2/BOB is
hindered by interfacial charge transfer between the
mismatched SnO2 and BOB and O2 adsorption.
Noble metals like Ag are excellent electron transporters

with large dielectric constant and strong electronic
conductivity [16]. Quan et al. [17] demonstrated that
Ag can effectively promote the photoinduced charge
transfer and enhance the electron-hole pair separation of
C3N4. Besides, Ag modification is beneficial to O2
adsorption [18–20]. Introducing Ag in SnO2-BOB system
may be effective to enhance the SPV responses.
Herein, Ag-SnO2-BOB nanocomposites have been

synthesized by a simple one-pot hydrothermal method.
SnO2 nanoparticles are well dispersed on the BiOBr
nanoplates, forming close nanojunctions favoring the
charge transfer and separation to prolong the lifetime.
Consequently, Ag is introduced to further enhance the
photoelectrons separation and improve the O2 adsorp-
tion, which results in the obviously enhanced photo-
electric responses for 15.4- and 3.8-time higher than those
of BOB and SnO2-BOB, respectively. This work, with
fundamental study for enhancing the photoelectric
property of BiOBr based materials, is significant to the
design of high activity photoelectric response devices.

EXPERIMENTAL SECTION

Material synthesis
All the reagents were of analytical grade and used as-

received without further purification. Deionized water
was used throughout the reaction.

Synthesis of BiOBr nanoplate
BOB nanoplate was synthesized through a one-pot
hydrothermal method. In a typical synthesis, 1 mmol of
Bi(NO3)3·5H2O was dissolved in 25 mL of distilled water
to prepare solution A. 1 mmol of KBr was dissolved in
50 mL of distilled water to prepare solution B. Then,
solution A was slowly added into solution B under
continuous stirring at room temperature (~25°C) to form
a suspended solution. The solution was stirred for 30 min.
Then the solution was divided into three equal parts and
transferred to a 50 mL of Teflon-lined stainless autoclave,
respectively. After cooling down to room temperature,
the precipitate was collected and washed using deionized
water and ethanol several times and then transferred to a
vacuum drying oven at 80°C for 12 h. The samples are
denoted as BOB-T/H (T=140, 160 and 180°C; H=10, 12
and 14 h).

Synthesis of SnO2/BiOBr nanocomposites
Similarly, Bi(NO3)3·5H2O (1 mmol) and different molar
ratio (1.0, 1.5 and 2.0%) of Na2SnO3·3H2O was dissolved
in 25 mL of distilled water to prepare solution A. 1 mmol
of KBr was dissolved in 50 mL of distilled water to
prepare solution B. Then, solution A was slowly added
into solution B under continuous stirring at room
temperature (~25°C) to form a suspended solution. The
solution was stirred for 30 min. Then it was divided into
three equal parts and transferred to a 50 mL Teflon-lined
stainless autoclave, respectively. The autoclave was
hydrothermally treated at 160°C for 12 h under auto-
genous pressure. After cooling down to room tempera-
ture, the precipitate was collected and washed using
deionized water and ethanol several times and then
transferred to a vacuum drying oven to dry at 80°C for
12 h. Thus, XSO-BOB-160/12 nanocomposites were
obtained, in which X is the theoretical molar percentage
of SO to BOB (SO=SnO2; X=1, 1.5 and 2). For
comparison, 0.5SO/BOB-160/12 was prepared by using
the previous reported wet chemical method, including the
preparation of SO nanoparticles [21].

Synthesis of Ag-SnO2-BiOBr nanocomposites
In a typical synthesis, 1 mmol of Bi(NO3)3·5H2O and
0.0015 mmol of Na2SnO3·3H2O were dissolved in 25 mL
of distilled water to prepare solution A. 1 mmol of KBr
were dissolved in 50 mL of distilled water to prepare
solution B. Then, solution A was slowly added into
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solution B under continuous stirring at room temperature
(~25°C) to form a suspended solution. The mixed
solution was stirred for 10 min, and then different molar
percentage (0.1%, 0.5% and 1.0%) of AgNO3 was added
into the solution with continuous stirring for 20 min.
Then the solution was divided into three equal parts and
transferred to a 50 mL of Teflon-lined stainless autoclave,
respectively. The autoclave was hydrothermally treated at
160°C for 12 h under autogenous pressure. After cooling
to room temperature, the precipitate was collected and
washed using deionized water and ethanol several times
and then transferred to a vacuum drying oven at 80°C for
12 h to obtain YAg-XSnO-BOB-T/H (Y=0.1, 0.5 and 1;
X=1.5; T=160°C; H=12 h).

Characterizations
The crystal structure was analyzed by a X-ray powder
diffraction (XRD) diffractometer (Bruker D8 Advance) by
using Cu Kα radiation (λ=1.5406 Å, 40 kV, 40 mA). The
size and morphology of the final products were
investigated by scanning electron microscopy (SEM,
Hitachi, S-4800) and transmission electron microscopy
(TEM, JEOL, JEM-2100). UV-vis absorption spectra were
determined by a UV-vis spectrophotometer (Shimadzu
UV-2550, Tokyo, Japan). X-ray photoelectron spectro-
scopy (XPS) were tested using a Kratos-AXIS ULTRA
DLD apparatus with Al(Mono) X-ray source, and the
binding energies were calibrated with respect to the signal
for adventitious carbon (binding energy=284.6 eV).
Photochemical cell measurements were performed in a

sealed quartz cell, by using three-electrode configuration
including a saturated KCl Ag/AgCl reference electrode, a
working electrode and a Pt foil counter electrode, and the
electrolyte using 0.5 mol L−1 NaClO4 ethanol solution.
The samples were illuminated with a 150W Xenon lamp
and the whole process bubbles through oxygen-free
nitrogen gas in the dark. The preparation of sample
films was described in detail elsewhere [22].
To evaluate the amount of hydroxyl radicals, firstly,

0.05 g simple was dispersed into 50 mL coumarin
aqueous solution (0.01 mol L−1) in a breaker. Prior to
irradiation, the reactor was magnetically stirred for
10 min to achieve an adsorption-desorption equilibrium.
After irradiation for 1 h, the sample was centrifuged and a
certain amount was transferred into a Pyrex glass cell for
the fluorescence measurement of 7-hydroxycoumarin at
390 nm excitation wavelength through a spectrofluorom-
eter (Perkin-Elmer LS 55).
The surface photovoltage (SPV) responses of different

samples were measured by a home-built surface photo-

voltage spectroscope with an atmosphere controlling system
equipped with a lock-in amplifier (SR830) synchronized
with a light chopper (SR540). The powder sample was
sandwiched between two indium-tin-oxide (ITO) glass
electrodes kept in an atmosphere-controlled sealed contain-
er. A monochromatic light was obtained from 500 W
Xenon lamp (CHF XQ500W, Global Xenon lamp power)
through a double prism monochromator (SBP300).
The transient-state surface photovoltage (TS-SPV) can

obtain the dynamic information of lifetime and attenua-
tion of carriers. Pulse time can be controlled to
nanoseconds level. Different from SS-SPS, a layer of mica
was put between ITO and the sample, with thickness
about 10 μm. The samples were excited by the laser
source with a radiation pulse of 355 nm with 10 ns width
from a second harmonic Nd:YAG laser (Lab-130-10H,
Newport, Co.). The intensity of pulsed laser was
measured by a high energy pyroelectric sensor (PE50BF-
DIF-C, Ophir Photonics Group). The photovoltage
signals generated by the sample were amplified with a
preamplifier and collected by a 1 GHz digital phosphor
oscilloscope (DPO 4104B, Tektronix).
Temperature-programmed desorption (TPD) for deso-

rption O2 was performed in a conventional apparatus by
Chemisorption Analyzer, tp 5080 Chemisorb equipped
with a thermal conductivity detector (TCD). About 50 mg
samples were preheated to 300°C to remove the moisture
for 1 h and then cooled down to room temperature under
an ultra-high-pure He flow of 30 mL min−1. The highly
pure O2 gas was introduced in a constant temperature of
30°C under flow rate of 30 mL min−1 for 60 min. The
excess weakly physically adsorbed O2 was removed by
exposure to ultra-high-pure He flow at 30°C for 60 min.
Then the temperature was increased to 550°C with the
heating rate of 10°C min−1 under pure He. The desorbed
O2 was analyzed by Chemisorption Analyzer, tp 5080
Chemisorb.
In typical CO oxidation experiment, 0.1 g sample was

put into a Pyrex glass cylindrical reactor with a diameter
of 7.0 cm and effective volume of 670 mL. The initial gas
contained 1,000 ppm of CO, 20% O2, and 80% N2. The
samples were irradiated by a 300 W Xenon arc lamp for
4 h, and then measured with a gas chromatograph (GC-
7920, AuLight, Beijing) equipped with a TCD detector.

RESULTS AND DISCUSSION

Effect of SnO2 introduction
In this work, BOB nanoplates were prepared via the one-
step hydrothermal method. Fig. S1a shows the UV-vis
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diffuse reflectance spectra (UV-DRS) of different samples.
The optical properties are unchanged for the BOB-T/H
samples prepared in different conditions. The steady-state
surface photovoltage spectra (SS-SPS) in Fig. S1b show
that BOB-160/12 has the highest SPS response. Thus,
BOB-160/12 is chosen as the fundamental sample for the
following study. In addition, SEM images in Fig. S1c show
the plate-like structure of BOB-160/12 with the size of
about 2–6 μm. TEM and HRTEM images in Fig. S2
indicate that the obtained BOB-160/12 is plate-like in
accordance with the SEM images. The lattice fringes of
(001) plane with the inter-planar distance of 0.26 nm are
attributed to tetragonal BiOBr. This is further proved by
XRD analysis in Fig. S3a, from which we can see that the
typical diffraction peaks at 2θ=10–60° can be well indexed
to the tetragonal PbFCl-type BOB (JCPDS File No.09-
0393) [23]. The intensity of (001) plane is significantly
higher than other crystal surfaces, indicating the crystal is
dominated by (001) surface. No peaks of any other phases
or impurities are found in the XRD pattern.
SnO2 (SO) with different amounts is coupled with

BOB-160/12 with one-pot hydrothermal method. UV-
DRS (Fig. S3b) shows that the optical properties are
unchanged after SO coupling. It can be found that SO
coupling does not influence the phase of BOB-160/12.
HRTEM image in Fig. 1a shows that SO nanoparticle
grows on the BOB to form a close heterogeneous
junction. The lattice fringes of (001) plane with the
inter-planar distance of 0.26 nm and the spacing of the
(110) lattice plane with 0.35 nm are observed which can
be attributed to the tetragonal PbFCl-type BOB and the
rutile SnO2, respectively. The high resolution XPS spectra
in Fig. 1b further prove the successfully coupling of SO,
by observing the two symmetric peaks located at 486.9
and 495.3 eV which are respectively attributed to the 3d3/2
and 3d5/2 of Sn4+ [24]. Therefore, SO coupled BOB

nanoplates have been successfully prepared and 1.5SO-
BOB-160/12 are the optimized one.
SPS technique, with its very high sensitivity, is an

established contactless and nondestructive technique for
semiconductor by means of measuring the surface
photovoltage response through SPS which investigates
the photophysics of excited states generated by adsorp-
tion in the aggregate state like O2 [25,26]. SPS signal is
produced by the capture of photoelectrons by adsorbed
O2. However, SPS signal will also be produced when it is
driven by the interfacial electric field in a heterogeneous
junction. Thus, it is very hard to judge the real attribution
of the SPS signal for heterojunctions. In order to reveal
the bulk SPS responses, atmosphere controlled surface
photovoltage spectroscopy (AC-SPS) was usually utilized
because there is no photoelectron capture in N2
atmosphere. As the AC-SPS shown in Fig. S1d, the
BOB-160/12 displays SPV responses in O2, air and N2
atmosphere. This indicates two different SPS mechanism
in BOB-160/12. One is the photoelectrons trapped by the
adsorbed O2 on BOB and the other is the photogenerated
holes trapped by Br in BOB due to the lone pair electrons
in Br [27]. However, the enhanced SPV response in O2
demonstrates that O2 trapping dominates the SPS signal.
Thus, to effectively enhance the separation of photoelec-
trons and to promote the surface O2 adsorption are
advisable strategies to enhance the photoelectric proper-
ties of BOB.
SPS responses of different samples are obviously

enhanced, since SO can act as appropriate platform for
accepting the photoelectrons from BOB to prolong their
lifetime and enhance the charge separation. To verify this,
SO coupled BOB-160/12 (1.5SO/BOB-160/12) was pre-
pared by a two-step wet chemical method. The SPS
response (Fig. S4) indicates that the SPS signal intensity
of 1.5SO/BOB-160/12 sample is about 1.5-time higher

Figure 1 HRTEM image (a) of 1.5SO-BOB-160/12 and fine XPS of Sn element (b) of BOB-160/12 and 1.5SO-BOB-160/12.
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after SO coupling than BOB-160/12, demonstrating the
positive effect of SO coupling to the SPV response.
However, the poor interfacial quality of SO and BOB
leads to the weak charge separation and little SPS
enhancement for 1.5SO-BOB-160/12. A one-pot hydro-
thermal method is available to in-situ prepare close
junction of SO and BOB. The SPS signal intensity of
optimized 1.5SO-BOB-160/12 sample is 4.1-time higher
than that of BOB-160/12. After coupling with the SO
platform, the lifetime of the photoelectrons is prolonged,
as it is shown from the time-resolved surface photo-
voltage (TR-SPV) (inset of Fig. 2a). This is also confirmed
by the produced hydroxyl radicals (·OH) in Fig. 2b,
consistent with SPS response in Fig. 2a.

Effect of Ag modification
In order to further promote the SS-SPS response of the
prepared XSO-BOB-160/12 nanocomposites, Ag is
introduced into such system. As shown in Fig. S5a, the
XRD pattern of 0.5Ag-1.5SO-BOB-160/12, 0.5Ag-BOB-
160/12 and 1.5SO-BOB-160/12 are consistent with BOB-
160/12 without any obvious changes. No characteristic
diffraction peak of Ag in the composite can be observed,
due to the tiny amount. From the UV-DRS in Fig. S5b,
there is almost no change of the optical absorption after
different amounts of Ag modification for both BOB-160/
12 and XSO-BOB-160/12. The results showed that Ag
modification does not change the structure and optical
absorption of the BOB. The metallic Ag (0) has been
confirmed by XPS as shown in Fig. S5c. XPS in Fig. S6
indicates the successful preparation of Ag-SnO2-BiOBr
composite without any impurities. TEM and HRTEM
images in Fig. S7 display that Ag nanoparticles are well
dispersed on BOB nanoplate with size about 2–10 nm.

TEM and HRTEM images of 0.5Ag-1.5SO-BOB-160/12
in Fig. 3 show a close triple heterojunction of SnO2, Ag
and BiOBr, where the small Ag nanoparticles with size ca.
2–10 nm lies on SnO2 and BOB. The lattice fringes of
(001) plane of BOB with the inter-planar distance of
0.26 nm, the spacing of the (110) lattice plane of SnO2
with 0.35 nm and the (111) lattice plane of Ag with
0.24 nm, are respectively observed in the HRTEM image,
further verifying the successful preparation of Ag-SnO2-
BOB heterojunctions. UV-DRS in Fig. S8a further
displays that there is almost no change of the optical
absorption after different amounts of Ag modification to
the XSO-BOB-160/12.
As shown in Fig. S8b, it is clear that appropriate

amount of Ag modification can effectively enhance the
SS-SPS response of the 1.5SO-BOB-160/12. The opti-
mized 0.5Ag-1.5SO-BOB-160/12 displays the highest SPS
response which can be attributed to the enhanced charge
separation, confirmed by the produced ·OH radical and

Figure 2 SS-SPS (a) and FS spectra related to the amount of produced ·OH (b) of BOB-160/12, XSO-BOB-160/12 samples. Inset of (a) is TS-SPV
responses of BOB-160/12 and 1.5SO-BOB-160/12 samples.

Figure 3 TEM (a, b) and HRTEM (c) image of 0.5Ag-1.5SO-BOB-160/
12 sample.
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AC-SPS in Fig. S8c and d, respectively. The photoelectric
properties of BOB-160/12 can be gradually improved by
co-modifying with SO and Ag due to the synergistic effect
of them. As shown in Fig. S9, the SPS signal of 0.5Ag-
1.5SO-BOB-160/12 has about 1.3, 3.8 and 15.4-time
enhancement compared with 0.5Ag/BOB, 1.5SO/BOB,
and bulk BOB, respectively. From TS-SPV responses in
Fig. 4a and Fig. S10, the positive signal indicates the
capture of photoelectrons by O2 and the lifetime of
photoelectrons is obviously prolonged after introducing
Ag. The prolonged lifetime of photoelectrons results in
the enhanced charge separation due to the increased
concentration of ·OH radicals in Fig. 4b.
The photoelectric property of BOB is greatly enhanced

via co-modifying with SO and Ag due to their synergistic
effect for prolonging the lifetime of photoelectrons,
enhancing the charge separation and improving O2
adsorption. This is confirmed by electrochemical im-
pedance spectra (EIS) in Fig. 5a (light) and Fig. S11a
(dark). Generally speaking, the smaller radius is, the
lower is the interfacial resistances [28,29]. The smaller

radius of 0.5Ag-1.5SO BOB-160/12 suggests the positive
effect for improving the interfacial change separation
through Ag modification. This is further demonstrated by
the photocurrents of different samples (Fig. 5b and Fig.
S11b). As shown in Fig. S12, the 0.5Ag-1.5SO-BOB-160/
12 shows the smallest slope of the Mott–Schottky plots,
which suggests the most enhanced charge separation. In
addition, the time-dependent transient photocurrent
densities indicate that all the BOB based samples are
stable (Fig. S13).
The improved O2 adsorption after Ag modification is

confirmed by O2-TPD (Fig. S14a). Chemical adsorption
of O2 at about 400°C becomes stronger after modifying
with SO and Ag, in particular Ag. The improved O2
adsorption favors the trapping of photoelectrons, leading
to the enhanced SPS signals and charge separation. This is
further confirmed by using a model reaction of
photocatalytic CO oxidation [30]. In Fig. S14b, the
photocatalytic activity of BOB-160/12 for CO oxidation
is greatly enhanced after modifying with SO and Ag,
especially, the co-modified one. This experiment demon-

Figure 4 TS-SPV responses (a), FS spectra related to the amount of produced ·OH (b) of BOB-160/12, 1.5SO-BOB-160/12, 0.5Ag-BOB-160/12 and
0.5Ag-1.5SO-BOB-160/12 samples.

Figure 5 EIS Nyquist plots (a), J–V curves (b) of BOB-160/12, 1.5SO-BOB-160/12, 0.5Ag-BOB-160/12 and 0.5Ag-1.5SO-BOB-160/12 samples.
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strates the improved O2 adsorption and charge separa-
tion.

Mechanism
The introduction of SO and Ag synergistically promotes
the separation of photogenerated charges of BOB, leading
to the highly improved SPV response. It is assumed that
the SPV enhancement is attributed to the prolonged
lifetime of photoelectrons and then enhanced charge
separation of BOB through transferring photoelectrons to
SO platform. To clarify this assumption, the photocurrent
action spectra of BOB-160/12, 1.5SO-BOB-160/12, 0.5Ag-
BOB-160/12 and 0.5Ag-1.5SO-BOB-160/12 with different
wavelength have been obtained (Fig. S15).
A weak photocurrent is observed at 440 nm, resulting

from the photo-excited BOB (2.8 eV) to Ag with low
Fermi level. Noticeably, the photocurrents for all the three
catalysts are obviously increased below 440 nm, which
corresponds to the minimum energy difference between
the VBM of BOB and CBM of SO (~410 nm), and the
interfacial electrons transferring between BOB and Ag.
Due to the synergistic effect of photoelectrons transfer-
ring and separation, the 0.5Ag-1.5SO-BOB-160/12
sample exhibits the largest photocurrent density, also
due to the superior O2 adsorption of Ag.
A possible mechanism is depicted in Fig. 6. Fig. 6a

shows that the electron-hole pairs of BOB are separated
under excitation. However, most of them are recombined
due to the poor O2 adsorption and sluggish charge
separation. When only SO is coupled, the photoelectrons
with high level energy will transfer to the CB of SO from
the CB of BOB. In particular, the coupled SO acts as an
appropriate platform to maintain the enough thermo-
dynamic energy and prolong the lifetime of the
photoelectrons. However, the O2 adsorption of SO is
weak, as shown in Fig. 6b. Although the O2 adsorption
capacity is promoted, the thermodynamic energy and
lifetime of photoelectrons are insufficiently utilized when
only Ag is coupled as shown in Fig. 6c. Therefore, the
synergistic effect of SO and Ag enhances the SPV
response. As is shown in Fig. 6d and e, in such a triple
junction of Ag-SO-BOB, SO acts as a platform to prolong
the lifetime, enhance the charge separation and maintain
the thermodynamic energy of photoelectrons, and mean-
while Ag as O2 adsorber to improve the O2 adsorption to
trap the photoelectrons leads to the high SPV response.

CONCLUSIONS
In summary, Ag-SnO2-BOB nanocomposites were pre-
pared via the one-pot hydrothermal method which

displays superior photoelectric properties with high SPV
response about 15.4, 3.8, 1.3-time higher than that of bulk
BOB-160/12, 1.5SO-BOB-160/12 and 0.5Ag-BOB-160/12,
respectively. The exceptional SPV response is attributed
to the synergistic effect of SnO2 and Ag co-modification.
According to SPS, TS-SPV and other characterizations,
SO coupling leads to long lifetime and maintains the
thermodynamic energy of the photoelectrons owing to its
suitable CB. On the other hand, Ag coupling promotes
the O2 adsorption to trap photoelectrons. This work
shows an effective approach to improve the photoelectric
properties of BOB by modulating the lifetime, thermo-
dynamic energy of photoelectrons and promoting O2
adsorption, which will pave a new way to obtain high
performance materials for photoelectric devices.

Received 29 August 2018; accepted 2 October 2018;
published online 14 November 2018

1 Koppens FHL, Mueller T, Avouris P, et al. Photodetectors based
on graphene, other two-dimensional materials and hybrid systems.
Nat Nanotechnol, 2014, 9: 780–793

2 Wang QH, Kalantar-Zadeh K, Kis A, et al. Electronics and
optoelectronics of two-dimensional transition metal dichalcogen-
ides. Nat Nanotechnol, 2012, 7: 699–712

3 Zhang X, Zhang L, Xie T, et al. Low-temperature synthesis and
high visible-light-induced photocatalytic activity of BiOI/TiO2

heterostructures. J Phys Chem C, 2009, 113: 7371–7378
4 Guo Z, Wan Y, Yang M, et al. Long-range hot-carrier transport in

hybrid perovskites visualized by ultrafast microscopy. Science,
2017, 356: 59–62

5 Li J, Cai L, Shang J, et al. Giant enhancement of internal electric
field boosting bulk charge separation for photocatalysis. Adv
Mater, 2016, 28: 4059–4064

6 Zhang L, Wang W, Chen Z, et al. Fabrication of flower-like
Bi2WO6 superstructures as high performance visible-light driven

Figure 6 The mechanism of charge diffusion and trapping by adsorbed
O2 in different samples (a–d) and charge transfer and separation (e).

SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .ARTICLES

May 2019 | Vol. 62 No.5 659© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018

https://doi.org/10.1038/NNANO.2014.215
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1021/jp900812d
https://doi.org/10.1126/science.aam7744
https://doi.org/10.1002/adma.201600301
https://doi.org/10.1002/adma.201600301


photocatalysts. J Mater Chem, 2007, 17: 2526–2532
7 Li J, Zhan G, Yu Y, et al. Superior visible light hydrogen evolution

of Janus bilayer junctions via atomic-level charge flow steering. Nat
Commun, 2016, 7: 11480

8 Dong F, Li Q, Sun Y, et al. Noble metal-like behavior of plasmonic
Bi particles as a cocatalyst deposited on (BiO)2CO3 microspheres
for efficient visible light photocatalysis. ACS Catal, 2014, 4: 4341–
4350

9 Kunioku H, Higashi M, Tomita O, et al. Strong hybridization
between Bi-6s and O-2p orbitals in Sillén–Aurivillius perovskite
Bi4MO8X (M = Nb, Ta; X = Cl, Br), visible light photocatalysts
enabling stable water oxidation. J Mater Chem A, 2018, 6: 3100–
3107

10 Li H, Shang J, Ai Z, et al. Efficient visible light nitrogen fixation
with BiOBr nanosheets of oxygen vacancies on the exposed {001}
facets. J Am Chem Soc, 2015, 137: 6393–6399

11 Guan M, Xiao C, Zhang J, et al. Vacancy associates promoting
solar-driven photocatalytic activity of ultrathin bismuth oxychlor-
ide nanosheets. J Am Chem Soc, 2013, 135: 10411–10417

12 Ganose AM, Cuff M, Butler KT, et al. Interplay of orbital and
relativistic effects in bismuth oxyhalides: BiOF, BiOCl, BiOBr, and
BiOI. Chem Mater, 2016, 28: 1980–1984

13 Humayun M, Zada A, Li Z, et al. Enhanced visible-light activities
of porous BiFeO3 by coupling with nanocrystalline TiO2 and
mechanism. Appl Catal B-Environ, 2016, 180: 219–226

14 Bian J, Qu Y, Zhang X, et al. Dimension-matched plasmonic Au/
TiO2/BiVO4 nanocomposites as efficient wide-visible-light photo-
catalysts to convert CO2 and mechanistic insights. J Mater Chem
A, 2018, 6: 11838–11845

15 Sun N, Qu Y, Chen S, et al. Efficient photodecomposition of 2,4-
dichlorophenol on recyclable phase-mixed hierarchically struc-
tured Bi2O3 coupled with phosphate-bridged nano-SnO2. Environ
Sci-Nano, 2017, 4: 1147–1154

16 Takai A, Kamat PV. Capture, store, and discharge. shuttling
photogenerated electrons across TiO2–silver interface. ACS Nano,
2011, 5: 7369–7376

17 Li H, Yu H, Quan X, et al. Uncovering the key role of the Fermi
level of the electron mediator in a Z-scheme photocatalyst by
detecting the charge transfer process of WO3-metal-g-C3 N4 (metal
= Cu, Ag, Au). ACS Appl Mater Interfaces, 2016, 8: 2111–2119

18 Hirakawa T, Kamat PV. Charge separation and catalytic activity of
Ag@TiO2 core−shell composite clusters under UV−irradiation. J
Am Chem Soc, 2005, 127: 3928–3934

19 Kim SM, Jo YG, Lee MH, et al. The plasma-assisted formation of
Ag@Co3O4 core-shell hybrid nanocrystals for oxygen reduction
reaction. Electrochim Acta, 2017, 233: 123–133

20 Kochuveedu ST, Jang YH, Kim DH. A study on the mechanism for
the interaction of light with noble metal-metal oxide semiconduc-
tor nanostructures for various photophysical applications. Chem
Soc Rev, 2013, 42: 8467–8493

21 Raziq F, Qu Y, Humayun M, et al. Synthesis of SnO2/B-P codoped

g-C3N4 nanocomposites as efficient cocatalyst-free visible-light
photocatalysts for CO2 conversion and pollutant degradation. Appl
Catal B-Environ, 2017, 201: 486–494

22 Li Z, Qu Y, Hu K, et al. Improved photoelectrocatalytic activities of
BiOCl with high stability for water oxidation and MO degradation
by coupling RGO and modifying phosphate groups to prolong
carrier lifetime. Appl Catal B-Environ, 2017, 203: 355–362

23 Zhang D, Li J, Wang Q, et al. High {001} facets dominated BiOBr
lamellas: facile hydrolysis preparation and selective visible-light
photocatalytic activity. J Mater Chem A, 2013, 1: 8622–8629

24 Zhao J, Wei L, Liu J, et al. A sintering-free, nanocrystalline tin
oxide electron selective layer for organometal perovskite solar cells.
Sci China Mater, 2017, 60: 208–216

25 Xie M, Fu X, Jing L, et al. Long-lived, visible-light-excited charge
carriers of TiO2/BiVO4 nanocomposites and their unexpected
photoactivity for water splitting. Adv Energy Mater, 2014, 4:
1300995

26 Xu D, Bu Q, Wang D, et al. Enhanced photoelectrochemical water
oxidation performance by altering the interfacial charge transfer
path. Inorg Chem Front, 2017, 4: 1296–1303

27 Li J, Zhang X, Raziq F, et al. Improved photocatalytic activities of
g-C3N4 nanosheets by effectively trapping holes with halogen-
induced surface polarization and 2,4-dichlorophenol decomposi-
tion mechanism. Appl Catal B-Environ, 2017, 218: 60–67

28 Yu M, Qu Y, Pan K, et al. Enhanced photoelectric conversion
efficiency of dye-sensitized solar cells by the synergetic effect of
NaYF4:Er

3+/Yb3+ and g-C3N4. Sci China Mater, 2017, 60: 228–238
29 Liu L, Qi Y, Lu J, et al. A stable Ag3PO4@g-C3N4 hybrid core@shell

composite with enhanced visible light photocatalytic degradation.
Appl Catal B-Environ, 2016, 183: 133–141

30 Dai W, Chen X, Zheng X, et al. Photocatalytic oxidation of CO on
TiO2: Chemisorption of O2, CO, and H2. ChemPhysChem, 2009,
10: 411–419

Acknowledgements The authors are grateful for financial support
from the National Natural Science Foundation of China (U1401245,
21501052 and 91622119), the Program for Innovative Research Team in
Chinese Universities (IRT1237), China Postdoctoral Science Foundation
(2015M570304), the Special Funding for Postdoctoral of Heilongjiang
Province (LBH-TZ06019) and UNPYSCT-2016173.

Author contributions Wang H synthesized the samples and measured
the photoelectric properties; Zhang X, Zhang X and Yang F tested the
TS-SPV responses; Xu Z gave many helps to perform the experiments
about photoelectric properties; Qu Y wrote the paper with support from
Jing L. All authors contributed to the general discussion.

Conflict of interest The authors declare no conflict of interest.

Supplementary information Supplementary data are available in the
online version of the paper.

ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials

660 May 2019 | Vol. 62 No.5© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018

https://doi.org/10.1039/b616460a
https://doi.org/10.1038/ncomms11480
https://doi.org/10.1038/ncomms11480
https://doi.org/10.1021/cs501038q
https://doi.org/10.1039/C7TA08619A
https://doi.org/10.1021/jacs.5b03105
https://doi.org/10.1021/ja402956f
https://doi.org/10.1021/acs.chemmater.6b00349
https://doi.org/10.1016/j.apcatb.2015.06.035
https://doi.org/10.1039/c8ta02889c
https://doi.org/10.1039/c8ta02889c
https://doi.org/10.1039/c7en00188f
https://doi.org/10.1039/c7en00188f
https://doi.org/10.1021/nn202294b
https://doi.org/10.1021/acsami.5b10613
https://doi.org/10.1021/ja042925a
https://doi.org/10.1021/ja042925a
https://doi.org/10.1016/j.electacta.2017.03.049
https://doi.org/10.1039/c3cs60043b
https://doi.org/10.1039/c3cs60043b
https://doi.org/10.1016/j.apcatb.2016.08.057
https://doi.org/10.1016/j.apcatb.2016.08.057
https://doi.org/10.1016/j.apcatb.2016.10.045
https://doi.org/10.1039/c3ta11390f
https://doi.org/10.1007/s40843-016-5159-x
https://doi.org/10.1002/aenm.201300995
https://doi.org/10.1039/C7QI00211D
https://doi.org/10.1016/j.apcatb.2017.06.038
https://doi.org/10.1007/s40843-016-9006-4
https://doi.org/10.1016/j.apcatb.2015.10.035
https://doi.org/10.1002/cphc.200800465


Hao Wang obtained her BSc degree from Bohai University in 2016. She then moved to the College of Physics in
Heilongjiang University for her Master degree. She is interested in developing photoelectric properties of bismuth-
containing materials.

Yang Qu obtained his BSc and MSc degree from Heilongjiang University in 2008, and his PhD degree from Jilin
University in 2014. At present, he works in Heilongjiang University. His current research concentrates on the synthesis of
Bi-contained multi-metal oxides and their applications in the fields of environment remediation and solar fuel pro-
duction.

Liqiang Jing is a full professor in Heilongjiang University. He received a PhD degree in environmental chemistry from
Harbin Institute of Technology in 2003, and completed a postdoctoral programme in physical chemistry at Jilin Uni-
versity from 2004 to 2006. From 2009 to 2010, Professor Jing worked in professor Durrant’s group as an visiting scholar in
the department of Chemistry at Imperial College London, UK. His research fields include semiconductor photocatalysis
and photogenerated charge properties.

通过SnO2和Ag共修饰促进光生电子捕获氧气改善BiOBr纳米盘的光电特性
王皓1, 曲阳1*, 徐志堃2, 张旭良1, 张鑫鑫1, 杨帆1, 井立强1*

摘要 针对BiOBr纳米材料导带位置偏正导致的可见光生电子寿命短、电荷分离差和氧气捕获能力差等关键科学问题, 本文通过简单的
一步水热法合成高光伏响应的Ag-SnO2-BiOBr复合纳米材料. 通过气氛控制表面光电压、瞬态光电压技术和光电化学实验等深入揭示了
Ag-SnO2-BiOBr复合纳米材料的电荷转移和分离机制. 结果表明, SnO2可作为适当能量水平的可见光生电子接收平台, 有效延长光生电子
的寿命, 提高其利用率并促进光生电荷分离. 共修饰Ag有效改善了SnO2和BiOBr的表面氧吸附能力, 进一步促进了BiOBr可见光生电子的
有效分离, 因此表现出高的光伏响应, 分别是SnO2/BiOBr、Ag/BiOBr和BiOBr的3.8、1.3和15.4倍. 本工作对深入研究含铋半导体材料的光
电特性和电荷分离机理具有重要的意义, 为后续设计光伏传感等光电器件提供实验和理论依据.
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