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A BiOCI-Bi,WOg heterojunction with a chemically bonded interface was synthesized via a facile one-
step solvothermal method. A series of characterization techniques (XRD, XPS, TEM, SEM, EDS etc.) confirmed
the existence of a BiOCBi,WOQs interface. The heterojunction yielded a higher photodegradation rate of
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Rhodamine B under visible light irradiation compared to its individual components. Theoretical studies based
on density functional theory calculations indicated that the enhanced photosensitized degradation activity
could be attributed to the favorable band offsets across the Bi—O-Bi; bonded interface, leading to efficient

interfacial charge carrier transfer. Our results reveal the photosensitized mechanism of BiOCI-Bi,WOg hetero-
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1. Introduction

Semiconductor photocatalysis has been put forward as an
effective strategy for organic pollutant remediation and water
splitting. The critical obstacle that limits its industrialization
arises from the lack of low-cost and high efficient semiconductor
photocatalytic materials and photoelectrodes."” Bismuth-based
photocatalytic materials such as BiOCL,*® Bi,WQg, ! BiVO,,">"?
BiNbO,'* etc. have recently aroused great interest in the scientific
community due to their intriguing electronic structures.> Among
these compounds, bismuth oxyhalides with layered structures
show great promise owing to their mechanical robustness,
outstanding photocatalytic activities and chemical stability. In
particular, BiOCl,*® which has a layered structure consisting of
[Bi,O,]** layers sandwiched between two sheets of Cl ions with
an internal electric field along the [001] direction, has been
demonstrated to show superior photocatalytic performance
under ultraviolet light irradiation.>'” However, due to its large
indirect band gap of about 3.40 eV, the pure phase of intrinsic
BiOCl has limited photocatalytic activity under visible light.
Photosensitization caused by dye, permitting expansion of the
wavelength response of BiOCl, has been proved to be one of the
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junctions and demonstrate their practical use as visible-light-driven photocatalytic materials.

promising ways for the visible photodegradation and miner-
alization of dye pollutants."®'® While a few groups reported
relatively high quantum efficiencies in certain photosensitiza-
tion reactions,?”*" its quantum efficiency and conversion ratio
generally remain low. Therefore, it is expected that forming
heterojunction structures may be an effective appropriate
solution to the problem.”**° Huang et al.*® successfully fabricated
a Bi,S;-BiOCI heterojunction by a controlled anion exchange
approach to display highly efficient visible light photoactivities.
The heterojunction may promote the interfacial charge transfer
(IFCT), which can minimize electron-hole recombination, thus
significantly enhancing energy transfer efficiency. Among
bismuth-based materials, Bi,WO¢ is chosen as a promising
candidate to form a BiOCI-Bi,WOg heterojunction owing to the
following advantages: (I) the crystal lattice of Bi,WOs matches
well with that of BiOCl, implying the epitaxial growth of one
phase over the other with little strain at the interface.*" (II) The
Bi,WOj catalyst (band gap of 2.7 eV)® can absorb visible light,
extending the light-absorbance capability of the composite
catalyst. (III) The Bi,WOs catalyst as a direct band gap semi-
conductor could generate electron-hole pairs efficiently. While
many recent works focused on the photocatalytic behavior of
individual components separately,®*° there are few detailed
reports on the fabrication method, optical properties or photo-
sensitized degradation activity (PSDA) of dye for the BiOCI-
Bi,WO¢ heterojunction. What is more, the charge transfer
mechanism at the interface still remains unknown. These
questions deserve further investigation.

In this study, we report the fabrication of the BiOCI-Bi,WOs
heterojunction via a facile solvothermal method. The structural
features of the heterojunction were confirmed using XRD, XPS,
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TEM, SEM, EDS efc. characterization techniques. A nanostructured
BiOCI-Bi,WOs heterojunction showed superior photosensitized
degradation activity of RhB and photoelectrochemical (PEC)
properties to those of pure phases. The results are in contrast
to our former theoretical predictions®' that band offsets (BOs) of
a BiOCI-Bi,WOs heterojunction might not be favorable for the
electron-hole separation. However, further investigation reveals
that the discrepancy can be attributed to the difference in the
interface atom species which greatly affects the stability and
photocatalytic performance.’* By taking account of the surface
energy stability analysis that was neglected in the previous
theoretical model, the more likely formed interface during the
growth of heterojunctions is determined to be Bi-O-Biy. The
BOs of this stable heterojunction show a favorable alignment for
chemically bonded interfacial charge transfer (CB-IFCT), which
agrees with our experimental results of the enhanced PSDA
of RhB.

2. Experimental and simulation details
2.1. Sample preparations

All chemicals used were the analytical-grade reagents without
any further purification. The BiOCl-Bi,WO, composite was
synthesized via a solvothermal process, using ethylene glycol
(EG) without water as solution. Firstly, 0.001 mol WCl,s and
0.002 mol Bi(NO;);-5H,0 were dissolved in 50 ml EG by
ultrasonication for about 10 minutes and stirred at the room
temperature until all reactants were dissolved. Then 0.020 mol
urea was added to the solution by stirring until it dissolved
fully. When the solution became colorless and clear, the
solution was transferred into 80 ml Teflon-lined stainless steel
autoclaves. The autoclaves were sealed and maintained at a
constant temperature of 120 °C, 150 °C, 180 °C, respectively.
The samples were subsequently cooled to ambient temperature
naturally in the oven. The reaction conditions and corres-
ponding sample species could be found in Table 1. All gener-
ated samples were obtained by filtering and washing with
ethanol and deionized water for 3-5 times to remove EG and
impurity ions. Finally, the products were dried at 90 °C for 10 h
in the oven.

2.2. Characterization

The crystal structures of the as-synthesized powders were
characterized by X-ray diffraction, recorded on an analytical

Table 1 Reaction conditions, photosensitized degradation parameters of RhB,
photocurrent density and impedance parameters (after fitting) of the cells based
on BiOdCI, Bi;WOsg, BiOCI-Bi; WO samples

Temperature Time PDP* PDR® PCD*

Sample (°C) (h) (%) (min™") (A ecm™?) Ry (Q)
BiOCl 120 15 74.3 0.029 0.18 30653
BiOCI-Bi,WO, 150 25 84.6 0.059 0.30 9133
Bi,WOg 180 15 72.0 0.041 0.20 13986

“ PDP, PDR and PCD are abbreviations for photodegradation percentage
of RhB, photodegradation rates and photocurrent density, respectively.
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X’pert PRO diffractometer, using Cu Ko radiation with 4 =
1.5406 A in the 20 ranging from 10° to 80°. The surface
compositions and chemical states were examined by XPS
performed on an ESCALAB 250 photoelectron spectroscope
(Thermo Fisher Scientific Inc.) using Mg Ko radiation. The
morphology and structure characterization of fabricated composites
were conducted on field-emission scanning electron microscopy
(FE-SEM, FEJ, Sirion 200 microscope, operated at an acceleration
voltage of 20.0 kV) with energy dispersive X-ray spectroscopy
(EDS, Inca X-Max 50) and high-resolution transmission electron
microscopy (HRTEM, JEOL-2010, FEF; 200 KV), respectively. The
optical band gaps of the powders were measured by UV-vis
diffuse reflection spectra which were obtained on a Lambda 35
UV-vis spectrometer (PerkinElmer Co., Ltd., USA) with scanning
wavelength ranging from 250 nm to 800 nm and a reference of
BaSO,.

2.3. Photocatalytic and photoelectrochemical measurements

The photocatalytic activities were evaluated by the degradation
of RhB using a round-bottomed beaker with a water circulating
pump. The reaction mixture was illuminated with a visible-
light source of a 350 W Xe lamp (an illumination intensity of
100 mW cm ™ recorded using a Solar Power Meter (TES 1333)).
In each test, 0.1 g of the catalyst was added to 200 ml RhB
(20 mg L") and magnetically stirred for one hour in the dark in
order to attain the adsorption-desorption equilibrium. When
photodegradation experiment began, 4 ml solution was extracted
from the reaction solution at fixed-time intervals, further centrifuged
to remove catalyst powders and finally analyzed using a UV-2550
spectrophotometer. The characteristic absorption peak of RhB at
553 nm was measured to determine the concentration of RhB with
the reference sample of deionized water.

The fluorine doped tin oxide (FTO) substrates were cleaned
by ultrasonication in distilled water, absolute ethanol and
isopropanol for 20 min sequentially. The conducting glass
substrates were covered and kept area of 1 cm?® with high-
temperature resistant adhesive tape. Typically, the aqueous
slurries of the BiOCl, Bi,WO¢ and BiOCI-Bi,WO, samples were
spread on a FTO glass substrate by the spin coating method.
The aqueous slurries were fabricated by grinding 50 mg of the
BiOCl, Bi,WOg and BiOCI-Bi,WOg samples, 40 pL of PEDOT-
PSS (Sigma-Aldrich, 1.3-1.7%) aqueous solution and 200 pL of
water. The films were dried in air and then annealed at 150 °C
for 10 min. The photoelectrochemical properties were measured
using an electrochemical analyzer (Correst 310 Instruments) in a
standard three-electrode system with the BiOCl, Bi,WO4 and
BiOCI-Bi,WO, samples as the working electrodes, a Pt foil as
the counter electrode and a saturated Ag/AgCl as a reference
electrode under simulated sunlight illumination. A 0.5 M Na,SO,
aqueous solution was used as the electrolyte. Electrochemical
impedance spectra (EIS) measurements were performed and
analyzed by ZView software.

2.4. Computational methods

Our calculations were based on the density functional theory
(DFT) with the Perdew-Burke-Ernzerhof*® parameterization of
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generalized gradient approximation (GGA-PBE) for the exchange-
correlation potential. We used the projector-augmented-wave
(PAW)** method as implemented in a plane-wave basis code
VASP.*>¢ An energy cutoff of 400 eV and 7 x 7 x 1 I' centered
k-points were utilized in the calculations of BiOCl-Bi,WOs¢
heterojunction parameters. The magnitude of force on each
atom was converged to 0.01 eV A™*. All atomic coordinates were
fully relaxed and the interface distances were optimized using
the conjugate gradient method.?”

The unit cell for BiOCl is a tetragonal structure with lattice
constants @ = b = 3.890 A and ¢ = 7.890 A.'® For Bi,WOg, the
lattice constants are a = 5.437 A, b = 16.433 A and ¢ = 5.459 A.>®
An interface model of BiOCl (001) and Bi,WOg (010) planes was
built based on HRTEM results. To compensate the lattice
constant difference, the (001)-oriented BiOCl was rotated counter-
clockwise by 45° to match with the lattice of the Bi,WOs (010) plane
with a small lattice strain (1.16%). Two unit cells of BiOCI and two
unit cells of Bi,WOg were used along the interface for the hetero-
junction model. A 10 A vacuum region was adopted to avoid the
interactions between top and bottom atoms in the periodic slab
images. Half the amount of oxygen atoms was removed from
Bi,WO, surfaces to fully passivate the exposed surfaces.®” The whole
slab was 40.26 A thick and consisted of 84 atoms in total.

3. Results and discussion

3.1 Structural characterization of the BiOCI-Bi,WOg
heterojunction

The crystal structures of products synthesized at different
reaction temperatures (120 °C, 150 °C, 180 °C) were characterized
by XRD (Fig. 1). For the samples synthesized at 120 °C and 180 °C,
the XRD peaks correspond to pure phase BiOCI (JCPDS no. 006-
0249) and Bi,WOs (JCPDS no. 039-0256), respectively. For the
sample at 150 °C, two series of XRD peaks can be observed. Those
diffraction peaks with 20 = 11.97°, 25.86°, 32.50°, 41.50°, 46.64°
and 54.09° could be indexed to the (001), (101), (110), (112), (200)
and (211) crystal faces of BiOCl, while additional diffraction peaks
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Fig. 1 Wide-angle XRD patterns of synthesized samples: BiOCl, Bi;,WOg and
BiOCI-Bi,;WQsg.
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Fig. 2 (a) Whole pattern of the heterojunction BiOCI-Bi,WWOg XPS spectrum,
(b) W 4f of BiOCI-Bi,WOg, (c) Cl 2p of BiOCI-Bi,WOs, (d) O 1s of pure Bi,WOg and
BiOCI-Bi,WQg, (e) Bi 4f of pure Bi;WOg and BiOCI-Bi,WOs. Among them,
Cl 2p peaks were fitted into two peaks located at 198.80 eV and 197.45 eV,
respectively. O 1s peaks were attributed to the coordination of oxygen in Bi-O
and W-O0, respectively.

with 26 values of 28.30°, 32.67°, 46.97° and 56.50° corresponding
to (131), (060), (202) and (133) crystal planes of Bi,WOg. The XRD
analysis indicates the co-existence of BiOCl and Bi,WOg phases in
the solvothermal synthesized products at a temperature of 150 °C.
No other new phases are observed in the XRD patterns.

To identify surface compositions and chemical states of the
composite photocatalysts, the heteroarchitectural BIOCI-Bi,WOg
was analyzed by XPS measurements. The binding energies in the
spectrum were calibrated using that of C 1s (284.62 eV). Fig. 2(a)
shows the whole pattern of the BiOCI-Bi,WOg heterojunction’s
XPS spectrum. In Fig. 2(b), two peaks locating at 34.60 eV and
36.80 eV belong to W 4f peaks.***® ClI 2p peaks, shown in
Fig. 2(c), are divided into two peaks 197.45 eV and 198.80 eV,
which can be assigned to the Cl 2p;z, and Cl 2p,, region,
respectively. The O 1s peaks for the BiOCI-Bi,WOg heterostructure
in Fig. 2(d) come from overlapping contributions of oxide ions
0”7, which can be Gaussian fitted into two peaks: at 529.50 eV
and 530.20 eV. The peak on the lower binding energy side of the
O 1s spectrum could be attributed to the coordination of oxygen
in Bi-0,'®?® while the higher binding energy centered at
530.20 eV could be attributed to the coordination of oxygen
in W-0."" In Fig. 2(e) the binding energies for Bi 4f,, and
Bi 4f;), are 158.50 and 163.80 eV, which could be assigned to
Bi*" ions,'®*® both of which, as well as O peaks, have a small
shift to the lower energy region compared with those of pure
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Fig. 3 (a) Representative FE-SEM image of BiOCI-Bi;WQg, (b) EDS image of
BiOCI-Bi,WOg with Bi, W, Cl, O atoms, (c) high magnification HRTEM image of
interface BiOCl with the exposed (001) plane and Bi;WOg with the exposed (010)
plane, (d) ball and stick model of the BiOCI-Bi,WOg heterojunction. Pink, green,
red and blue atoms represent Cl, Bi, O, and W, respectively.

Bi,WO, owing to the influence of low energy of Bi-O bonding
from BiOCIl. These indicate the interaction between BiOCl and
Bi,WOg¢ with chemical bonding in the composite catalyst.

The microstructures of the obtained samples were also
examined with FE-SEM (Fig. 3(a)). The FE-SEM image shows
that the photocatalysts consist of a large number of uniform,
hierarchical nanostructures like nano-flowers with a size of
about 1 pm in diameter and two-dimensional crystalline
nanosheets on the surface. Owing to the very similar morphologies
of BiOClI and Bi,WOj catalysts, it is hard to visually distinguish the
two phases from the FE-SEM image. In order to further confirm
the chemical compositions of the mixed BiOCI-Bi,WO4 photo-
catalyst, EDS analysis was performed with its spectrum shown in
Fig. 3(b). It can be seen that the sample was composed of the Bi,
W, Cl, O elements, indicating the co-existence of both phases (we
note that the signals of Cu and C elements in the spectrum come
from the copper grid and conductive tape). To gain further
insight into the detailed structure of the heterojunction catalyst,
the sample was further characterized by HRTEM. Fig. 3(c) dis-
plays an interface region in the BiOCI-Bi,WO, nanosheets-based
nanostructures. The border between BiOCI and Bi,WOs planes is
distinct, suggesting an intimate contact between the phases. The
lattices with periodic fringe spacings of 7.34 A and 2.70 A
correspond to the interplanar crystal spacing of BiOCl (001)
planes and Bi,WOg (010) planes, respectively. These planes also
manifest themselves in the XRD peaks at 11.97° and 32.67° of the
BiOCI-Bi,WOj catalyst and have also been observed in previous
experiments."**> On the basis of the HRTEM results, we built a
slab model for simulating the interface between the BiOCI (001)
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plane and the Bi,WOg (010) plane, as shown in Fig. 3(d). The
interface atoms are marked as Bi,-O-Biy; (where Bi; refers to Bi
atoms in the BiOCI and Biy; refers to Bi atoms in the Bi,WOy,
detailed information about the model will be discussed in the
following sections).

3.2 Optical and photocatalytic properties of the
BiOCI-Bi,WOg catalyst

To study the optical response of the obtained samples, the
photocatalysts were characterized by a UV-vis spectrum. From
the spectrum shown in Fig. 4, the light absorption range of the
photocatalyst BiOCI-Bi,WO¢ heterojunction has a red shift
towards the visible-light region compared to the pure BiOCl
catalyst, owing to the incorporation of the Bi,WOs catalyst. The
optical band gap of the BiOCIl-Bi,WO, photocatalyst is deduced
from the formula: E, (eV) = 1240/A (nm). According to the
formula, the optical band gap of the heterojunction is calculated
to be about 2.70 eV.

To further understand the effect on the PSDA enhancement
of BiOCI-Bi,WOg heterostructures, we carefully studied the
photodegradation of RhB for the BiOCI-Bi,WOg heterostructures
under visible-light irradiation (4 > 420 nm). Temporal evolution
of the absorbance changes at a time interval of 5 minutes was
displayed in Fig. 5(a). The concentrations of RhB show sharp
decrease in the first 5 minutes, as evidenced by the decrease in
absorbance. After 30 minutes of photodegradation reaction, RhB
concentration was significantly reduced and kept stable. In
Fig. 5(b), we show the RhB concentration changes with time.
Note that illumination in the absence of catalysts (1) or dark
conditions with catalysts (2) nearly does not result in the photo-
catalytic decomposition of RhB. Therefore, the presence of both
illumination and catalysts are necessary for efficient photo-
degradation. We show the photodegradation percentage and
derived photodegradation rates in Table 1. The amount of RhB
decomposed is about 84.6% for the BiOCI-Bi,WOs¢ heterojunc-
tion catalyst, 74.3% for BiOCl and 72.0% for Bi,WOs. To evaluate
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=
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o
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Fig. 4 UV-vis absorbance spectra of BiOCl, Bi,WOg and BiOCI-Bi,WOg photo-
catalysts in terms of wavelength.
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Fig. 5 (a) Temporal evolution of the absorbance curve in the degradation of
RhB for the BiOCI-Bi,WQOg heterojunction, (b) RhB concentration changes with
time (1) illumination in the absence of powder, (2) in the presence of BiOCl—
Bi,WOsg without light, (3) BiOCl under visible light irradiation, (4) Bi,;WOg under
visible light irradiation and (5) BiOCI-Bi,WOg under visible light irradiation,
respectively.

the photocatalytic efficiency quantitatively, the photodegradation
rate constants (k) were obtained by fitting the lines of In (C,/C) vs. ¢,
assuming that the photochemical reaction follows pseudo first-
order kinetics (where C means the concentration of solute remain-
ing in the solution at the irradiation time of ¢ and C, refers to
the initial solution concentration). Degradation rate constants of
pure BiOCI and Bi,WOg were calculated to be 0.029 min~" and
0.041 min~", respectively. The rate constant for BiOCI-Bi, WOy
reaches up to 0.059 min *, which is about twice faster than that
of pure BiOCl and one and half times faster than that of Bi;,WOs.

To investigate the photocurrent properties of the as-synthesized
BiOCl], Bi,WO, and BiOCl-Bi,WOs heterostructures, photoresponses
were performed under several on/off sunlight irradiation cycles
shown in Fig. 6(a). At the beginning, the photocurrent does not
reach equilibrium. After about 300 seconds, the photocurrent value
becomes stable and decreases to zero as soon as the incident light
on the photoanode is turned off and returns to the original value
only when the light is turned on again. This indicates rapid IFCT
within the photocatalyst. These samples generate photocurrent
density with a reproducible response to on/off cycles under pulsed
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Fig. 6 (a) Transient photocurrent density vs. time plotted for the BiOCl, Bi,WOq
and BiOCI-Bi,WOg samples in 0.5 M Na,SO,4 aqueous solutions under UV-vis
irradiation at 0.5 V vs. Ag/AgCl. (b) Electrochemical impedance Nyqusit plots of
BiOCl, Bi,WOg and BiOCI-Bi,WOg heterojunction electrodes under dark and light
irradiation in the 0.5 M Na,SO4 electrolyte. In the equivalent circuit (inset),
Rs represents the circuit series-resistance, CPE is the capacitance phase element
of the semiconductor—electrolyte interface and R is the charge transfer resistance
across the interface.

interval illumination, demonstrating that the photoanodes are
stable. We list photocurrent density data in Table 1. The BiOCI-
Bi,WO¢ heterojunction exhibited a higher transient photo-
current density (about 0.3 pA cm™?) than those of the Bi,WOq
sample and the BiOCl sample by a factor of 1.6 and 2.0,
respectively. To gain deeper insight into the IFCT behaviors
in the heterojunction system, we compared EIS Nyqusit of
BiOCl, BiOCl-Bi,WO, and Bi,WOs films (Fig. 6(b)). In dark,
all the diagrams were similar, including a macro arc part
corresponding to IFCT resistance. The radium of the BiOCI-
Bi,WOs arc is the largest among these samples, meaning that
the resistance is the largest. Upon irradiation, the radii of the
micro semicircle arc become much smaller than those in the
dark, which can be attributed to the increased electronic
conductivity of the electrodes under irradiation. The deduced
equivalent circuit for the photoanodes (inset of Fig. 6(b)) con-
sists of solution resistance (R;) and charge transfer resistance
(Rey) in parallel to the constant phase element (CPE). We
obtained the accurate values of R;, R., CPE through fitting
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the equivalent circuit. Among these parameters, the R, indicates
the ability of charge transfer. The smaller the R, is, the better the
charge transfer ability is. Under light, the BiOCI-Bi,WOg hetero-
junction shows the smallest R, (shown in Table 1), indicating
the most effective CB-IFCT, which elucidates its higher PEC
activity in Fig. 6(a).

3.3 BOs and the photosensitized mechanism

Based on the HRTEM results, we built an atomistic model
representing a BiOCl-Bi,WOs interface. As the HRTEM results
indicate the existence of Bi,WOg (010) facets, we first consid-
ered the stability of the (010) plane of Bi,WO, with six possible
terminations labeled as O;, Bi;, WO, Oy, Biy, Oy in the side
view in Fig. S1(a) (ESIf). In order to determine the most stable
surface terminations during crystal growth, we computed their
surface grand potentials*® which were listed in Table SI (ESIt)
(computational details can be found in ESI). With the oxygen
chemical potentials ranging from —0.38 to —0.50 eV** at our
experimental temperature, the Oy terminated surface is thermo-
dynamically most favorable and should be the prevalent
exposed facet. Taking this growth kinetics into account, our
interfacial model consists of the (010) plane of Bi,WOg with Oy
termination, bonded via oxygen atoms to the Bi atoms in the
(001) plane of BiOCl, forming Bi;-O-Bi; bonding across the
interface as shown in Fig. S1(b) (ESIf). This complements our
previous theoretical study where the surface energies during
crystal growth were not considered and W-O-Bi interface
bonding was assumed based on bond energies only.*! To gain
insight into the improved PSDA of the BiOCl-Bi,WO hetero-
junction, we calculated the BOs between the two semiconductor
materials since they are some of the key parameters for charge
carrier transportation across the interface. The BOs were obtained
by LDOS analysis®*® and the potential-line-up method.*”*°
These two methods yielded similar results. Fig. 6(a) shows the
total density of states (TDOS) and LDOS projected onto different
layers along the interface normal. The labels marked “bulk
BiOCI” and “bulk Bi,WOs” refer to the LDOS of atom layers away
from the interface region. It can be seen that the valence band
maximum (VBM) of the heterojunction is mainly composed of the
VBM of BiOCl, while the conduction band minimum (CBM) of
the heterojunction consists of the CBM of Bi,WOs. The potential-
line-up method was also used to calculate the valence band offset
(VBO) according to the formula®

VBO = AE, + AV (1)

where AE, is referred to the difference of the VBM obtained
from two independent standard bulk band-structure calcula-
tions at the same strained geometries as in the supercell
calculation.

AV results from the lineup of the macroscopic average of the
self-consistent electrostatic potential across the interface. The
deduced VBO using the potential-line-up method is calculated
to be approximately 0.15 eV, in good agreement with the value
from LDOS analysis. As DFT could not reliably determine the
conduction band edge due to its limitations in describing
excited states, a common method to extract the conduction

19392 \ Phys. Chem. Chem. Phys., 2013, 15, 19387-19394

View Article Online

band offset (CBO) is to use the experimental values of the band
gaps. The CBO can then be evaluated using the following
equation: CBO = Eggioc1 — Egpi,wo, + VBO, where Eggioc and
Egpi,wo, are the experimental optical band gaps. The corres-
ponding CBO value is calculated to be 0.85 eV.

It was reported the first step of photosensibility referred to
electrons of excitation dye transferred to the conduction band
of the BiOCI™*** and Bi,WOg."" According to the calculated BOs
of the BiOCI-Bi,WOg heterojunction, electrons in the conduc-
tion band of BiOCI will transfer to the conduction band of
Bi,WOs since the latter conduction band position is lower.
Meanwhile, additional electrons can be excited to the conduc-
tion band of the Bi,WO, under visible light. These transferred
and excited electrons could reduce the O, to *O,  and even-
tually transform into *OH. On the other hand, the holes in the
valence band of Bi,WOs transfer to the valence band of BiOCl
owing to the higher valence band position of BiOCl and
subsequently the holes can oxidize OH™ to *OH. The produced
*OH by both electrons and holes could decompose the RhB. In
the whole photosensitized processes, we notice that the holes
and electrons are separated to the valence band of BiOCl and
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Fig. 7 (a) Calculated TDOS and LDOS for the BiOCI-Bi;WOg interface
(b) schematic representation of band offsets for the BiOCI-Bi,WOg interface
from the potential-line-up method. Z = 0 denotes the interface.
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the conduction band of Bi,WOg, respectively. This picture of
BOs is favorable for IFCT and efficiently avoids the recombina-
tion of electrons and holes in the interface of the BiOCI-Bi,WOg
heterojunction (Fig. 7), which contributes to the improved
PSDA and PEC performance observed in experiments.

4. Conclusions

We synthesized a hierarchical heterojunction BiOCl-Bi,WOs
photocatalyst through a facile one-step solvothermal process.
A series of characterization techniques revealed the formation
of a heterojunction. The heterojunction yielded enhanced PSDA
of RhB (84.6%) under visible light irradiation compared to its
individual components. Through the first-principles method,
we investigated the detailed terminations of the interface and
found that the atomic species could affect the stability of the
heterojunction greatly. The calculated BOs show a favorable
band alignment for CB-IFCT suppressing the charge carrier
recombination, which would benefit enhancement of photo-
sensitized properties. Our theoretical investigations of the
heterojunction are consistent with the observed enhanced
PSDA of RhB in experiments.
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