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ABSTRACT: Polyaniline (PANI)-decorated {001} facets of Bi2O2CO3 nanosheets
were synthesized by a low-temperature chemical method. We demonstrate that the
strong interfacial interactions between Bi2O2CO3 {001} facets and PANI could promote
in situ formation of oxygen vacancy at the interface confirmed by both density
functional theory calculations and electron spin resonance experiments, which is due to
the high oxygen density characteristic of Bi2O2CO3 {001} facets. In addition, such
interfacial interaction also leads to a 0.38 eV positive shifting of the valence band of
Bi2O2CO3. Importantly, the decorated PANI can stabilize these interfacial oxygen
vacancies. Therefore, the migration and separation of photogenerated carriers have been
improved significantly evidenced by electrochemical impedance spectroscopy, photo-
luminescence, and nanosecond time-resolved fluorescence-decay spectra, resulting in a
4.5 times higher activity toward photodegradation of Rhodamine B and a 6 times higher
photocurrent density compared to their corresponding bare Bi2O2CO3. The finding of
the in situ oxygen vacancy formation at the interface could provide some hints for the deep understanding of the interactions
between PANI and crystal facets of semiconductors to develop highly efficient photocatalysts.
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1. INTRODUCTION

Semiconductor-based photocatalysis has attracted considerable
attention as a potential solution for dealing with global energy
crisis and environmental pollution.1,2 Yet, until now, the overall
photocatalytic efficiency is still very low and is limited by the
low sunlight harvesting and the slow electron transfer and fast
charge recombination, which require further promotion for
photocatalytic applications. Among the investigated photo-
catalysts, materials with layered structure attract increasing
interest due to their anisotropic crystal structure and internal
static electric field effect, which favors the photoinduced charge
separation and transfer.3,4 Silleń-type Bi2O2CO3 with alternat-
ing Bi2O2

2+ and CO3
2− layers (cf. Supporting Information,

Figure S1) bears close resemblance to the Aurivillius-type
oxides, and it was first applied by Zheng et al. as a photocatalyst
for the degradation of Rhodamine B (RhB) in aqueous
solution.5 This was followed by the development of various
synthetic routes to nanostructured Bi2O2CO3 photocatalysts

6−9

as illustrated by some selected examples: sponge-, rose-, and
plate-shaped Bi2O2CO3 were hydrothermally prepared by Zhao
et al.,10 and its combination with polyacrylamide as morphology
mediator led to persimmon-like Bi2O2CO3 particles.11

Furthermore, coupling Bi2O2CO3 with other semiconductors
including C3N4,

12 Ag2O,
13 Bi2WO6,

14 Bi2MoO6,
15 Bi2O3,

16 and

BiOI17 has been clearly demonstrated to improve their
photocatalytic activities. In particular, the Bi2O2CO3 {001}
facets possess a higher oxygen atom density than {010} and
{110} counterparts (Supporting Information, Figure S1), which
not only contribute to the high efficiency of photocatalysts5 but
also provide a noteworthy model material to investigate the
interfacial interaction between Bi2O2CO3 and other materials.
On the other hand, the conducting polymers with extending

π-conjugated electron systems, such as polyaniline (PANI),
polypyrrole (PPy), and polythiophene (PT), have shown great
potential applications due to their high absorption coefficient in
the visible-light range, high mobility of charge carriers, and
excellent stability.18 Recently, some studies have clearly
demonstrated that the combination of PANI with semi-
conductor photocatalysts including TiO2,

19 ZnO,20 C3N4,
21

BiOCl,22 Bi12TiO20,
23 and Bi2WO6

24 can improve their
photocatalytic performances. Nevertheless, the photocatalytic
applications of Bi2O2CO3/PANI have never been explored to
the best of our knowledge. More importantly, although the
synergic effect between PANI and semiconductors, which can
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enhance light absorption and improve separation and transfer
of photogenerated carriers at their interfaces, is usually deemed
responsible for the enhanced photocatalytic activity in
general,19−24 the in-depth and comprehensive understanding
of the interfacial interactions between PANI and semi-
conductors has seldom been explored, especially on the basis
of certain crystal facets of semiconductors.25−27

Herein, we synthesized PANI-decorated {001} facets of
Bi2O2CO3 nanosheets through a facile low-temperature
chemical approach. The Bi2O2CO3 {001} facets with high
density of oxygen atoms not only lead to intimate contact
between PANI and Bi2O2CO3 but also promote in situ
formation of oxygen vacancies at the interface during coupling
with PANI process evidenced by both experiments and
theoretical calculations. The strong interfacial interactions
between PANI and Bi2O2CO3 {001} facets have significant
influence on their band structures as well as charge separation
and migration processes, which finally resulted in a notably
enhanced visible light driven photocatalytic activity. The finding
of the in situ oxygen vacancy formation at the interface
undoubtedly provides a new strategy to develop photocatalysts
with high activity.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Bi2O2CO3 Nanosheets and Bi2O2CO3/PANI

Composites. PANI was synthesized according to the reported
method.19 Bi2O2CO3 nanosheets with exposed {001} facets were
prepared via a low-temperature chemical method modified from a
previous work.7 Typically, 48.5 g (0.1 mol) of Bi(NO3)3·5H2O was
first dissolved in 100 mL of 1 M HNO3 (denoted as solution A).
Meanwhile, 84.5 g (0.8 mol) of Na2CO3 and 10 g of
cetyltrimethylammonium bromide (CTAB) were added into 900 mL
of distilled water (denoted as solution B). Then, solution B was added
into solution A under stirring at 30 °C for 30 min. After that the final
products were washed several times with isopropyl alcohol and
distilled water and dried at 60 °C for 12 h. The Bi2O2CO3/PANI
composites were prepared as follows: 400 mg of the obtained
Bi2O2CO3 was added into 0.45 g/L PANI/tetrahydrofura (THF)
solution with different volume (25, 50, 90, and 110 mL), subjected to
ultrasound for 1 h, and then stirred for 24 h at room temperature.
Finally, the suspension was centrifuged and washed by distilled water
and ethanol and dried at 60 °C for 12 h.
2.2. Characterization. Powder X-ray diffraction (PXRD) was

recorded on a PANalytical X’pert diffractometer operated at 40 kV and
40 mA using Cu Kα radiation. The morphology of the prepared
samples was examined using a scanning electron microscopy (SEM)
(Hitachi S-4800). Transmission electron microscopy (TEM) and high-

resolution TEM (HRTEM) images were obtained on FEI Tecnai G2
20 microscopy operated at 200 kV. The Fourier transform infrared
(FT-IR) spectra were performed on a Nicolet 6700 spectrometer on
samples embedded in KBr pellets. X-ray photoelectron spectroscopy
(XPS) measurements were investigated on a Thermo ESCALAB
250Xi with Al Kα emission at 1486.6 eV, and all of the binding
energies were referenced to the C 1s at 284.8 eV. UV−vis spectra were
performed on a Shimadzu 2600 UV−vis spectrophotometer. A JES
FA200 spectrometer was used to detect the electron spin resonance
(ESR) signals of the samples at room temperature. Steady-state and
transient fluorescence spectra were both measured using FLSP-920
(Edinburgh Instruments). A Xe light was used as the light source for
steady-state spectra with excitation wavelength of 375 nm, while a 375
wavelength pulse laser (pulse width 70 ps) was used for transient
spectra. The detection wavelength for time-resolved emission decay is
440 nm.

2.3. Density Functional Theory Calculations. The first-
principle calculations were performed by the CASTEP package28

with the Vanderbilt-type ultrasoft pseudopotential and a plane-wave
expansion of the wave functions. The generalized gradient
approximation (GGA) of Perdew−Burke−Ernzerh (PBE) was applied
to account for the exchange correlation function. The cutoff energy
was set to 380 eV, and the self-consistent field interaction was 2.0 ×
10−6 eV. Brillouin zone intergrations were approximated by using the
Monkhorst−Pack grid of 1 × 2 × 1 k-points. The BOC (001) slab was
separated by a vacuum spacing of 20 Å to avoid the interactions
between periodic images. A 2 × 1 (001) slab composed of four atomic
layers was used with two bottom layers fixed at the bulk position.

2.4. Photoelectrochemical and Photocatalytic Activity Tests.
Photoelectrochemical (PEC) measurements were conducted in a
conventional three-electrode system with 0.5 M Na2SO4 electrolyte on
a CHI 660 electrochemical workstation. The obtained samples were
deposited on fluorine-doped tin oxide (FTO) conducting glass
electrodes as the working electrodes, while the saturated calomel
electrode (SCE) and platinum wire were the reference electrode and
the counter electrodes, respectively. The photocurrent−time depend-
ent experiments at open circuit potential (OCV) were under chopped
illumination with a MVL-210 (Mejiro Genossen Inc.) visible light
source (λ > 378 nm). The photocatalytic activity of these samples was
evaluated by the photodegradation of RhB under visible light
irradiation using 300 W Xe lamp (λ > 420 nm) as the light source.
Prior to illumination, 100 mg of the photocatalyst powders were
suspended in 150 mL of RhB solution (3 × 10−5 mol/L) and stirred
for 60 min to reach an adsorption−desorption equilibrium. The initial
pH value of RhB solution is 4.4. Aliquots (2.5 mL) of suspension were
taken after selected time intervals. Residual catalyst was removed by
centrifugation (10 000 r/min for 10 min), and the concentration of
RhB was monitored on a UV-5100 (Anhui Wanyi) spectrophotometer.
Photocatalytic oxidation of NO was measured at ppb levels in a

Figure 1. (a) Photodegradation of RhB over different photocatalysts under visible light irradiation (λ > 420 nm). (b) Comparison of the
corresponding kinetic constants. (inset) Photocurrent of these photocatalysts.
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continuous flow reactor at the ambient temperature. Details of the
reactor setup can be referred to our previous work.29

3. RESULTS AND DISCUSSION

3.1. Photocatalytic Activity and Photocurrent Test.
PANI hybridized Bi2O2CO3 (BOC) samples with different
mass ratios from 2.8 to 12.4% were prepared, which are
denoted BOC/PANI (2.8%), BOC/PANI (5.6%), BOC/PANI
(10.1%), and BOC/PANI (12.4%). Photocatalytic activity of
the prepared samples was evaluated by photodegradation of
RhB in aqueous solution under visible light irradiation (λ > 420
nm), which is a commonly used method to evaluate the activity
of photocatalysts.30,31 Figure 1a displays the temporal evolution
of RhB concentration in the presence of the prepared samples.
The photolysis of RhB in the absences of photocatalysts is
negligible within the test period. As expected, all of the
Bi2O2CO3/PANI composites exhibited higher activities than
the pristine Bi2O2CO3. Furthermore, the photocatalytic
activities of Bi2O2CO3/PANI samples are a function of the
mass ratios between PANI and BOC. The photocatalytic
performance of BOC/PANI (5.6%) exceeded all other samples
by far: the main absorption of RhB at 554 nm disappeared
almost entirely after only 15 min of visible light irradiation. The
corresponding rate constant k was calculated to be ∼0.286
min−1 (as shown in Figure 1b), which is ∼4.5 times faster than
that of BOC (0.063 min−1). Supporting Information, Figure S2
shows the adsorption of RhB over BOC and BOC/PANI with
different mass ratios in the dark. All of the BOC/PANI samples
exhibited higher adsorption of RhB in the dark compared to the
pure BOC. The BET surface area of BOC and BOC/PANI
(5.6%) was determined as 14.3 and 17.4 m2/g, respectively.
After normalizing the k to the specific surface area, BOC/PANI
(5.6%) still exhibited ∼4 times higher activity than that of BOC
(Supporting Information, Figure S3), indicating that the
enhanced photocatalytic activities were not ascribed to the
surface area. In addition, the photocatalytic activities of BOC
and BOC/PANI (5.6%) were further evaluated for the
photooxidation of NO at the indoor air level. Under visible
light irradiation, the photodegradation of NO over BOC is
quite low, whereas the removal ratio of NO over BOC/PANI
(5.6%) can reach as high as 54% within 5 min (Supporting
Information, Figure S4). All of these results clearly confirm that
the photocatalytic activity of BOC can be significantly
enhanced through coupling with PANI. The reusability of
BOC/PANI (5.6%) was evaluated based on the recycling
experiments. After the first run, the activity of BOC/PANI
(5.6%) decreased slightly due to surface contamination, and
then it kept stable (Supporting Information, Figure S5). In
addition, the activity of BOC/PANI (5.6%) can be as high as
the fresh sample even after exposing in air for four months
(Supporting Information, Figure S6). Moreover, it is worth
noting that the photocurrent tests of these samples displayed
the same trend as the degradation performance (inset, Figure
1b). The photocurrent of BOC/PANI (5.6%) is 8.1 × 10−8 A/
cm2, which is 6 times higher than that of BOC (1.3 × 10−8 A/
cm2). Therefore, BOC/PANI (5.6%) is recommended to be
the optimal composite among the series prepared samples on
the basis of photodegradation and photocurrent measurements.
3.2. Morphology and Microstructures. Supporting

Information, Figure S7 shows the PXRD patterns of the
pristine BOC and BOC/PANI (5.6%) composite. The
observed peaks of BOC can be well-indexed to tetragonal
Bi2O2CO3 (JCPDS card No. 41−1448). Notably, the

diffraction ratio (0.85) of (110)/(013) planes for BOC is
much higher than the standard value (0.38), indicating a bias of
orientations long {110} crystallographic plane.6−9 After
coupling with PANI, all of the diffraction peaks of BOC/
PANI (5.6%) are nearly identical to those of BOC. Generally,
PANI exhibits a broad peak at approximately 20−25°.20 No
such characteristic peak of PANI is detected, revealing a very
low loading amount of PANI and high dispersion of PANI on
the surface of BOC.18 FT-IR spectra of BOC, PANI, and BOC/
PANI (5.6%) are shown in Supporting Information, Figure S8.
The peaks at 1390, 1068, and 846 cm−1 are assigned to the
CO3

2− group,32 while those at 1133 and 1566 cm−1 are
assigned to the C−H bending in-plane bending of quinonoid
units and the CN stretching modes of vibration for
quinonoid units of PANI.33 BOC/PANI (5.6%) shows the
characteristic bands of both BOC and PANI, confirming the
existence of PANI in the composite.
SEM observations revealed that the BOC consisted of large

scale sheet-shaped morphologies with width from 30 to 300 nm
and thickness from 7 to 16 nm (Figure 2a). These two-

dimensional (2D) nanosheets were formed due to the internal
layered crystal structure of Bi2O2CO3 with weak van der Waals
interactions along the [001] direction (Figure S1).6−9 After
coupling with PANI, the morphology and size of BOC/PANI
(5.6%) kept almost unchanged and had a smooth surface (as
shown in Figure 2b). These indicated that PANI could disperse
uniformly on the surface of BOC. In addition, Supporting
Information, Figure S9 and S10 show the PXRD pattern and
SEM image of BOC/PANI (5.6%) after cycling tests. No
significant structural and morphological changes were observed.
TEM images of BOC/PANI (5.6%) further confirmed the

2D sheet-shaped morphology (Figure 2c). Especially, these
nanosheets are very thin and are mostly transparent under
electron beam (Figure 2c). The HRTEM image (Figure 2d)
exhibits the highly crystalline nature of BOC/PANI (5.6%).
The fringe spacing of 0.276 nm and an angle of 90° match well
with the (110) atomic planes of tetragonal Bi2O2CO3, which
are consistent with the results from PXRD patterns (Figure
S7). On the basis of these results, the wide surface of BOC/
PANI (5.6%) can be unambiguously identified as {001} facets,
which is characterized by the high density of oxygen atoms

Figure 2. SEM images of (a) BOC and (b) BOC/PANI (5.6%). (c)
TEM and (d) HRTEM images of BOC/PANI (5.6%).
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(Figure S1). These oxygen atoms exposed on the surface could
provide active sites to bond with PANI. Furthermore, the
HRTEM image (Supporting Information, Figure S11) of BOC/
PANI (5.6%) displays a distinct PANI noncrystal edge with a
thickness from 0.6−3 nm, revealing a tight contact between
BOC and PANI.
3.3. The Interfacial Interactions. The interactions

between BOC nanosheets and PANI are further investigated
by XPS. The two characteristic peaks for Bi 4f located at 164.4
and 159.1 eV in Figure 3a are attributed to Bi 4f5/2 and Bi 4f7/2
in BOC.34 After loading the PANI, these peaks in BOC/PANI
(5.6%) were shifted up by 0.4 eV. Besides, the peaks of O 1s at
529.5, 530.3, and 531.0 eV were shifted to 530.3, 530.8, and
531.4 eV, respectively (Figure 3b). Consequently, compared to

BOC, the binding energies of both O and Bi atoms in BOC/
PANI (5.6%) shifted positively, indicating the presence of
strong interactions between BOC and PANI, which led to
alternate the distribution of the electric charge of Bi and O
atoms in the composite. Figure 3c shows the C 1s spectra of
BOC and BOC/PANI (5.6%). The peaks at 284.8 and 286.7
eV can be assigned to adventitious carbon species from XPS
measurements,8 which keep unchanged, while the peak at 288.7
eV ascribing to carbonate ion in BOC were shifted up to 289.3
eV after coupling with PANI. Therefore, the strong interaction
between BOC and PANI could influence the electronic
distribution of C in the CO3

2− layers as well. Obviously, the
decoration of PANI on the surface of BOC altered the charge

Figure 3. (a) Bi 4f, (b) O 1s, and (c) C 1s XPS spectra of BOC and BOC/PANI (5.6%); (d) valence band XPS spectra of BOC and BOC/PANI
(5.6%).

Figure 4. (1) Computational model of the PANI/Bi2O2CO3 (001) interface and (2) optimized interface structure (a) and (b) represent the top view
the PANI/Bi2O2CO3 (001) interface for the computational and optimized geometries, respectively.
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distribution of the BOC {001} facets, and chemical bond could
be formed at the interface of BOC and PANI.
To shed light on the PANI/BOC (001) interfacial

interaction, we further carried out periodic calculations using
the first-principle theory. Figure 4 illustrates the computational
model and optimized geometries of PANI/BOC (001)
interface, and Table 1 lists the lengths of Bi−O and hydrogen
bonds at the interface, respectively. For the simulated system,
PANI is first assigned nearly vertical to the BOC surface
exhibiting H1···O1 distance of 2.8 Å with the principal idea that
the H1 atom on NH group of the isolated PANI possesses
more positive charge (0.41 e) compared to other H atoms on
the benzene ring (about 0.3 e on average), and therefore it
tends to form intermolecular hydrogen bond with the O atom
on the BOC (001) surface. Whereas after optimization, the H1
atom moves to the top of Bi atom and forms two hydrogen
bonds (∼2.6 Å) with the adjacent O3 and O4 atoms, as listed
in Table1. This gives rise to strong interfacial hydrogen
bonding interactions and facilitates charge transfer across the
interface. An analysis of Mulliken charge partition scheme
indicates a strong 0.24 electron transfer from BOC surface to
PANI at the ground electronic state, which consequently results
in substantial holes accumulation in BOC (001) slab. Another
striking point is that the BOC (001) surface has significant
distortions after bridging with PANI via hydrogen bonds as
illustrated in Figure 4. The Bi and O atoms are arranged orderly
in the BOC (001) surface in Figure 4a, and one O atom bonds
with four Bi atoms with the characteristic covalent bond lengths
of ∼2.3 Å, whereas the atomic arrangement has changed after
being modified by PANI, with obvious shifts of the O atoms on
the surface due to the interactions with the H atoms on PANI.
This strong interfacial interaction leads to the electron
redistribution on the BOC (001) surface, and the chemical
bonding of Bi−O bonds has changed as a result; in particular,
the Bi−O bonds such as Bi3−O2, Bi5−O5, and Bi7−O8 are
stretched to more than 3.2 Å, which are almost considered to
be broken. This facilities the release of O atoms from the
surface of BOC and generates oxygen vacancies. In turn, the

BOC surface tends to be more electropositive as observed from
XPS results (Figure 3) and benefits in enhancing the
photocatalytic activity.35 To confirm the formation of oxygen
vacancy, ESR spectra, which is a common technique to detect
defect of materials,36 were performed on BOC and BOC/PANI
(5.6%) samples in the darkness and under visible light
irradiation as shown in Figure 5. No ESR signal for BOC
sample was observed whether the sample was in the darkness or
under light irradiation. Contrarily, there is a remarkable ESR
signal from BOC/PANI (5.6%) at g = 1.998, which is typical of
oxygen vacancy.35 In general, the oxygen vacancy is metastable
and especially the vacancy located at surface is very easily
repaired. Nevertheless, the formed oxygen vacancies in BOC/
PANI (5.6%) keep stable even under light irradiation (Figure
5b). Up to the present, the formation of oxygen vacancies is still
a challenging task requiring difficult processes such as doping or
annealing in a reducing atmosphere.36 Our current work not
only provides a new facile strategy to form oxygen vacancy on
the basis of strong interfacial interaction but also demonstrates
that the decorated PANI could stabilize oxygen vacancies at the
interface of BOC {001} facets and PANI, which is of
significance for photocatalytic applications.

3.4. Band Structure and Photogenerated Carrier
Behaviors. These strong interfacial interactions between
BOC {001} facets and PANI could have a significant influence
on their band structures. UV−vis absorption spectra (Support-
ing Information, Figure S12) reveal that the loading of PANI
enhances the absorption of BOC in the visible light range due
to the high absorption coefficient of PANI. However, despite
the strong interaction and the formation of oxygen vacancy, the
band gap of BOC/PANI (5.6%) has no obvious change, which
is determined to be 3.32 eV, slightly smaller than that of BOC
(3.39 eV). In addition, the valence band (VB) of BOC and
BOC/PANI (5.6%) is studied by XPS valence spectra as shown
in Figure 3d. The VB maximum of BOC/PANI (5.6%) is 2.37
eV, which is 0.38 eV higher than that of BOC (1.99 eV).
Combined with the optical absorption spectra (Figure S12), the
conduction band (CB) minimum of BOC/PANI (5.6%) and

Table 1. Length of Hydrogen Bonds and Bi−O Bonds (in Å) in BOC and BOC/PANI

Bi1−O1 Bi2−O1 Bi2−O2 Bi3−O2 Bi4−O3 Bi4−O4 Bi5−O5 Bi7−O6 Bi7−O8

PANI/BOC 2.394 3.065 2.627 3.258 2.448 2.692 3.236 3.064 3.257
BOC (001) 2.316 2.316 2.316 2.316 2.214 2.214 2.214 2.316 2.316
H···O contact (before) H1−O1 H1−O3 H1−O4

2.800 3.100 2.796
H···O contact (after) 4.187 2.634 2.676

Figure 5. ESR spectra of (a) BOC and (b) BOC/PANI (5.6%) in the darkness and under light irradiation.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am507089x
ACS Appl. Mater. Interfaces 2015, 7, 730−737

734

http://dx.doi.org/10.1021/am507089x


BOC is determined to be −0.95 and −1.40 eV, respectively.
Therefore, the interfacial interactions between PANI and BOC
resulted in a 0.38 eV down-shifting of VB, indicting a stronger
oxidative power of photogenerated holes in the composites.37,38

In addition to the optical absorption, charge separation and
migration also play a very important role on the photocatalytic
reaction process. Hence, electrochemical impedance spectros-
copy (EIS) was performed to investigate the photogenerated
charge carrier behaviors, as shown in Figure 6. In general, the

arc radius on the EIS Nynquist plot reveals reaction rate
occurring at the surface of the electrodes.39 The diameter of the
arc radius of both BOC and BOC/PANI (5.6%) is decreased
under light irradiation, confirming the generation of photo-
excited carriers. Moreover, the radius of the arc of BOC/PANI
(5.6%) is smaller than that of BOC no matter whether the
sample is in the darkness or under light irradiation. These
results indicate an effective separation of photogenerated
carriers and fast interfacial charge transfer to the electron
acceptor or donor over BOC/PANI (5.6%),40 agreeing well
with the photocurrent measurements (inset, Figure 1b). In
addition, inset of Figure 6 shows the equivalent circuit model
fitted by the measured data. Here, R1 and R2 represent the
resistance of the solution and counter electrode. They keep
almost unchanged regardless of loading PANI or under light
irradiation (cf. Supporting Information, Table S1). Notably, the
resistances of work electrode (R3) decrease 1 order of
magnitude after coupling with PANI (Table S1). Therefore,
PANI could also improve the conductivity of BOC, which
favors the kinetic charge transfer.41 The lower electron−hole
recombination degree over BOC/PANI (5.6%) is reflected
from the photoluminescence (PL) spectra (Supporting
Information, Figure S13). After the introduction of PANI, the
emission intensity of BOC was obviously decreased, suggesting
that the radiative recombination of electron−hole pairs on
BOC/PANI (5.6%) is suppressed. Furthermore, nanosecond
time-resolved emission of BOC/PANI (5.6%) shows faster
decay than that of BOC (Figure 7), which is similar to a recent
report on BOC/graphene42 and TiO2/graphene composites.43

Using triexponential fitting process, average lifetime of emission
decay for BOC and BOC/PANI (5.6%) is calculated to be 5.5
and 3.5 ns, respectively. This decrease of lifetime demonstrates

that some new nonradiative process for charge carriers indeed
occurs in BOC after the introduction of PANI. Hence, on the
basis of density functional theory (DFT) calculation and ESR
results, this new process could be attributed to the combination
of excited electrons with the oxygen vacancies, which are
generated at the interface of BOC and PANI.
On the basis of the above results, the photoreaction process

of BOC and BOC/PANI is proposed as follows. According to
the absorption spectra (Figure S12), BOC cannot be excited by
light with λ > 420 nm. Hence, the observed photodegradation
of RhB over BOC under visible light is due to the indirect RhB
photosensitization.44 The calculated CB minimum of BOC is
−0.76 V versus NHE (Figure 8a), which is more negative than
the standard redox potential of O2/O2

− (−0.28 V vs NHE),
while the redox potentials of RhB and RhB* are 0.95 and −1.42
V versus NHE,44 respectively. Therefore, under visible light
irradiation, the RhB adsorbed on the surface of BOC was
excited to generate electrons, which were injected from the
excited RhB to the CB of BOC. Then, the electrons were
further scavenged by molecular oxygen to yield O2

•− radicals,
which finally oxidized RhB molecules (Figure 8a). After
coupling with PANI, BOC/PANI can absorb the visible light
(Figure S12) due to the excitation of PANI. The π*- and π-
orbital edge potentials are located at −2.14 and 0.62 V versus
NHE, respectively.21 Under visible light irradiation, both RhB
and PANI can be excited (Figure 8b). The formed oxygen
vacancies at the interfaces could be the center to capture
photogenerated electrons during photoreaction process.
Consequently, the accumulated electrons on CB of BOC
preferably transfer to oxygen vacancy states, which can improve
the charge transfer and separation efficiency confirmed by EIS,
PL, and time-resolved fluorescence spectra (cf. Figures 6 and
7). The main active species is O2

•− radicals, which have been
demonstrated by the comparison experiments under N2-purged
condition.45 The photodegradation efficiency over both BOC
and BOC/PANI (5.6%) decreased sharply with N2 bubbling
into the solution (Supporting Information, Figure S14). BOC
exhibited almost no photocatalytic activities in the presence of
N2 bubbling, whereas BOC/PANI (5.6%) showed a reasonable
activity. These results indicated after coupling with PANI, the

Figure 6. EIS spectra of BOC and BOC/PANI (5.6%) in the darkness
and under light irradiation. (inset) Equivalent circuit constructed from
BOC and BOC/PANI (5.6%) electrodes.

Figure 7. Nanosecond time-resolved emission decay of BOC and
BOC/PANI (5.6%). ■ and ▲ represent the original data for BOC and
BOC/PANI (5.6%), respectively, and the solid lines are the
corresponding fitting results. ★ are the instruments response (IRF).
A triexponential fitting process is used to obtain the results.
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active species is not only O2
•− radicals but also contains hole or

OH•−, which is due to the activation of PANI and defects.

4. CONCLUSION

In summary, PANI/BOC nanosheets were prepared by a facile
chemical method. The high oxygen density and 2D
morphology of BOC {001} facets promote intimate and
large-area contact between PANI and Bi2O2CO3. The strong
interaction between PANI and BOC {001} facets not only
results in a 0.38 eV downshift of the VB maximum but also
promotes in situ oxygen vacancy formation at the interface
confirmed by both DFT calculation and ESR analysis. The
PANI layer on the BOC can effectively stabilize the formed
oxygen vacancies at the interface and increase the conductivity
of BOC by 1 order of magnitude, which favors the kinetic
charge transfer as well as effective charge separation. Therefore,
the resulting BOC/PANI (5.6%) composite exhibited a 4.5
times higher activity toward photodegradation of RhB and a 6
times higher photocurrent density than that of pristine BOC
under visible light irradiation. These findings could shed light
on the deep understanding of the interactions between PANI
and crystal facets of semiconductors to develop highly efficient
photocatalysts.
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