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ABSTRACT: Two comparable models of BiOI/BiOCI
heterojuctions with different interface structures (crystal
surface orientation and crystal surface combination), denoted
as BiOl(g91)/BiOCl(gg;) and BiOl(gy;)/BiOCl(g;g), have been
prepared via integrating heterojuncton nanostructure con-
struction with crystal facet engineering. BiOI(yy;)/BiOCl,()
had a greater degree of lattice mismatch and displayed higher
visible-light photocatalytic activity than BiOI(gg;)/BiOClggy).
In general, the activity of a photocatalyst (iypcg has a positive
correlation with light harvesting (), charge separation
(ncs), and charge injection (7). On the basis of the
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experimental results, we considered that the higher 5y value of BiOI(y;)/BiOCl(g;p) was the main reason for its better
visible-light photocatalytic performance. In combination with theoretical calculations, we found that the higher 7 value of
BiOI(491)/BiOCl g9y was the result of a shorter photogenerated electron diffusion distance, assisted by the self-induced internal
electric fields of the BiOCI slabs. This indicated that the crystal facet combination is the key to enhancing the photocatalytic
activity of BiOI/BiOCl Our work offers an archetype for the further design of heterojunction photocatalysts with a fine tuning of
the interface structures in order to reach optimized charge injection and enhanced photocatalytic activity.

KEYWORDS: heterojunction photocatalysts, crystal facet engineering, internal electric fields, directional transfer of carriers,

Sirst-principles study

1. INTRODUCTION

Semiconductor photocatalysts have attracted worldwide
attention for their potential in solving energy and environ-
mental issues.'”” However, up to now, the efficiency of
photocatalysis is still too low for its use in practical apllications.
Because a large number of traditional photocatalysts are active
only in the ultraviolet region, they suffer from wide band gaps
and have only moderate performance originating from a high
recombination rate of photogenerated electron—hole
pairs.'’""® Generally, heterojunction photocatalysts composed
of narrow-band-gap semiconductors and wide-band-gap semi-
conductors with interlaced band structures achieve better
visible-light response and efficient separation of the electron—
hole pairs."*™** Thus, recent years have witnessed a flourish of
interest in the construction of various heterojunction structures
toward enhancing the photocatalytic performance of semi-
conductors for solar energy conversion.
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Previous studies have showed that the lattice and band match
are two important factors for fabricating stable and efficient
heterojunction photocatalysts.”” On the basis of these two
factors, most recent heterojunction photocatalytic studies have
focused on the control of morphology and the net efficiency of
increasing the overall photocatalytic activity. In general, the
photocatalytic activity of a heterojunction (17pc) has a positive
correlation with light harvesting (17.y), charge separation (#¢s),
and charge injection (17¢;).”* >° After determination of the
composition of the heterojunction, the value of 774 is fixed and
treated as a constant. Thus, increasing both 5¢g and #7¢; is the
key to improved performance in heterojunction photocatalysts.
However, due to the complexity and rapidity of the
photocatalytic reaction, it is difficult to control charge transfer
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behavior in both charge separation and charge injection steps.
Most enhancement of the photocatalytic activity of hetero-
junctions has been achieved by improving #cg for the charge
separation step,”’ whereas methods to increase #¢; for the
charge injection step when followed by a charge separation step
to further enhance the photocatalytic performance of
heterojunctions are not known. The development of a simple
and effective method to improve 7 would open up new
possibilities for the design of higher efficiency heterojunction
photocatalysts.

The use of electric fields to control the direction of charge
transfer in the separation and injection steps within photo-
catalyst materials can be realized by integrating crystal facet
engineering with crystal surface combination and is an effective
strategy for improving 7cs and 7. In bismuth oxyhalides
(BiOX, X = Cl, Br, I), the internal static electric fields between
the [Bi,0,]*" slabs and the halogen anionic layers enable
effective separation of photogenerated electron—hole pairs
along the ¢ axis,”* ™" and these are suitable materials to verify
our proposed idea.

In this study, using the BiOI/BiOCI heterojunction as an
example, we designed and synthesized two comparable models
with different interface structures, denoted BiOIgg;)/BiOCl gy
and BiOl|gy;)/BiOCl(g;p), by combining heterojunction nano-
structure construction with crystal facet engineering. The
schematic illustrations of these two BiOI/BiOCl heterojunc-
tions are shown in Figure 1. BiOI(yy,)/BiOCl g,y displayed a
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Figure 1. Schematic illustrations of BiOl(gy;)/BiOCl(g;) (a) and
BiOl(gg;)/BiOCl(g;9) (b) heterojunction photocatalysts.

visible-light photocatalytic activity higher than that of BiOI(og,)/
BiOCl(ggy), though its degree of lattice mismatch was greater.
The photoelectrochemical results suggested that the higher #¢;
value was the main reason for the superior photocatalytic
performance of BiOI(gy;)/BiOClg;g). Using experimental data
and theoretical calculations, we present visualized evidence that
shows that the shorter photogenerated electron diffusion
distance in the self-induced internal electric fields of BiOCIl
slabs leads to higher 7¢; of BiOlI(gy;)/BiOCly1p). Our work
highlights that, beyond achievement of lattice and band match,
increasing the efficiency of photogenerated charge transfer by
adjusting the interface microstructure can also significantly
improve the photocatalytic activity of heterojunctions. Our
study should facilitate a deeper understanding of charge transfer
behavior in heterojunction photocatalysts and provide a
reference for the design of higher efficiency heterojunction
photocatalysts.

2. EXPERIMENTAL SECTION

2.1. Preparation of Photocatalysts. BiOI nanosheets
were synthesized by a facile chemical bath method at low
temperature. Typically, 4 mmol of KI (Sinopharm Chemical
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Reagent Co., Ltd., 99.0%) was dissolved in 35 mL of deionized
water, and then 4 mmol of Bi(NO;);-SH,O (Sinopharm
Chemical Reagent, 99.0%) was added to this solution and the
mixture was stirred for 30 min at room temperature.
Subsequently, the mixture was heated at 80 °C for 2 h in a
water bath. Finally, the resulting precipitate was collected,
washed thoroughly with deionized water and ethanol, and dried
at 60 °C in air.

BiOCl nanosheets were synthesized using a hydrothermal
method.®® In a typical synthesis of BiOCI nanosheets with
exposed (010) surfaces, denoted as BiOCI-010, 4 mmol of
Bi(NO;);-SH,0 and 4 mmol of KCl (Sinopharm Chemical
Reagent Co., Ltd., 99.5%) were added to 30 mL of deionized
water, and the mixture was stirred for 30 min at room
temperature. Then 2 mol L™ NaOH (Sinopharm Chemical
Reagent Co., Ltd., 99.0%) was added to this mixture to adjust
the pH value to 6.0. After it was stirred for another 30 min at
room temperature, the mixture was poured into a 50 mL
autoclave with an inner Teflon lining, maintained at 160 °C for
24 h, and then cooled to room temperature. The resulting
precipitate was collected, washed thoroughly with ethanol and
deionized water, and dried at 60 °C in air. The BiOCl
nanosheets with exposed (001) surfaces, denoted as BiOCl-
001, were prepared using the same procedure, without the
addition of NaOH.

For the preparation of the BiOI(yy;)/BiOCl(g;) hetero-
junction, 0.211 g of BiOI and 0.364 g of BiOCI-010 were each
dispersed in 10 mL of ethanol for 30 min under ultrasonication.
Then, the BiOI and BiOCI-010 suspensions were mixed
together and simultaneously agitated using a magnetic stirrer.
After volatilization of the solvent, the resultant samples were
collected and calcined at 250 °C for 3 h to provide enough
thermal energy to achieve a tight chemical binding between the
BiOI and BiOCI-010 powders. The BiOI gg;)/BiOClgoy)
heterojunction was prepared using the same procedure with
BiOCI-001 instead of BiOCI-010.

2.2. Characterization. Powder X-ray diffraction (XRD)
patterns were obtained on a D8 Advance X-ray diffractometer
(Bruker Germany), using Cu Ka radiation at a scan rate of
0.02° (20) s™'. Scanning electron microscopy (SEM) was
performed with an S-4800 field emission SEM instrument
(FESEM, Hitachi, Japan) at an accelerating voltage of 5 kV.
High-resolution transmission electron microscopy (HRTEM)
analyses were conducted with a JEM 2100 microscope at an
accelerating voltage of 200 kV. X-ray photoelectron spectros-
copy (XPS) and valence band X-ray photoelectron spectros-
copy (VB XPS) were performed on an ESCALAB 250
spectrometer equipped with an Al Ka source. Ultraviolet—
visible (UV—vis) diffuse reflectance spectroscopy (DRS) was
carried out using a UV—vis spectrophotometer (Shimadzu UV-
2550, Japan), using BaSO, as the reference sample. Nitrogen
adsorption isotherms were measured with an ASAP 2020
adsorption analyzer (Micromeritics) at liquid nitrogen temper-
ature. Prior to the measurements, the samples were degassed at
a temperature of 77 K for 10 h. The Brunauer—Emmett—Teller
(BET) surface area was determined from the relative pressure
range 0.06—0.2.

2.3. Photocatalytic Experiments. The photocatalytic
activities of the as-prepared samples were evaluated by the
degradation of methyl orange (MO) and phenol under visible-
light irradiation at ambient temperature using a 300 W metal
halide lamp with a 420 nm cutoff filter as the light source. In
each experiment, 50 mg of photocatalyst was dispersed in an
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MO (100 mL, 20 mg L™") or phenol (100 mL, 30 mg L")
aqueous solution. Prior to irradiation, the solution was
continuously stirred in the dark for 1 h to ensure the
establishment of an adsorption—desorption equilibrium
between the photocatalysts and the degrading pollutants.
During the photoreactions, the MO or phenol solutions with
photocatalysts were continuously stirred with dynamoelectric
stirrers, and S mL aliquots were taken from each sample every
30 min, followed by centrifugation and filtration to remove the
photocatalysts. The concentrations of MO and phenol were
determined by monitoring the change of optical density at 465
and 270 nm, respectively, with a Hitachi U-3500 UV—vis
spectrometer.

2.4. Photoelectrochemical Measurements. The photo-
currents were measured with an electrochemical workstation
(LAN-LIKE, Tianjin, People’s Republic of China) in a standard
three-electrode system with the sample as the working
electrode, a Pt foil as the counter electrode, and Ag/AgCl
(saturated KCI) as the reference electrode. For the fabrication
of the photoanode, as-prepared samples were obtained by
mixing a certain amount of ethanol and Nafion solution and 40
mg of as-prepared powder homogeneously. The as-prepared
samples were spread on a 15 mm X 20 mm indium—tin oxide
(ITO) conducting glass and allowed to dry under ambient
conditions. A 300 W Xe arc lamp (PLS-SXE300C/300CUV,
Beijing Trusttech Co., Ltd.) with a 420 nm cutoff filter was
used as the light source. The electrolyte was a 0.5 mol L™*
Na,SO, aqueous solution with or without 0.1 mol L™" K,S,0s.

Typical electrochemical impedance spectroscopy (EIS) was
carried out in the three-electrode system and recorded over a
frequency range of 10 mHz—100 kHz with an amplitude of
0.00S V.

2.5. Computational Parameters. Periodic density func-
tional theory (DFT) computations were performed using a
plane-wave method implemented in the Cambridge Sequential
Total Energy Package (CASTEP) code.”” The local density
approximation (LDA)* and ultrasoft pseudopotential*’ were
used to describe the exchange-correlation effects and electron—
ion interactions, respectively. A 340 eV cutoff for the plane-
wave basis set was adopted in all computations. The self-
consistent convergence accuracy was set at 2 X 107> eV atom ™,
the convergence criterion for the force between atoms was 0.05
eV A7, and the maximum displacement was 0.002 A. The
optimized lattice parameters for BiOCl were found to be a = b
=3.76 A and ¢ = 7.22 A and for BiOI were found to be a = b =
3.87 A and ¢ = 8.96 A, in good agreement with experimental
values (a = b = 3.89 A and ¢ = 7.35 A for BiIOCL;** a = b = 3.99
A and ¢ = 9.15 A for BiOI™).

For the BiOl(gg;)/BiOCl gy interface model, a 3 X 3 10-
atomic-layer stoichiometric BIOCI(001) surface slab containing
108 atoms with five bottom layers fixed at the bulk position was
used to match a 3 X 3 10-atomic-layer stoichiometric
BiOI(001) surface slab containing 108 atoms with five top
layers fixed at the bulk position in a supercell. For the
BiOl(gg;)/BiOCl(gy¢y interface model, a 2 X 3 4-atomic-layer
stoichiometric BiOCI(010) surface slab containing 72 atoms
with 2 bottom layers fixed at the bulk position was used to
match a 4 X 3 10-atomic-layer stoichiometric BiOI(001)
surface slab containing 144 atoms with S top layers fixed at the
bulk position. A 1S A vacuum region was used to prevent
interaction between the top and bottom atoms in the periodic
slab images. A Morkhorst—Pack mesh** of k points, ', 2 X 2 X
1 and 1 X 2 X 1 points, was used to sample the two-
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dimensional Brillouin zone for geometry optimization and to
calculate the electronic properties of the BiOI(gy;)/BiOCl g1
and BiOl(yy)/BiOClyg,) interfaces.

3. RESULTS AND DISCUSSION

3.1. Structures of BiOly;/BiOClgy; and BiOlgq)/
BiOCl ;o) Heterojunctions. Figure 2 shows X-ray diffraction
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Figure 2. XRD patterns for the as-prepared samples: (a) BiOCI-001
nanosheets; (b) BiOI;)/BiOCl(g,) heterojunctions; (c) BiOI
nanosheets; (d) BiO(y;)/BiOClg0) heterojunctions; (e) BiOCI-010
nanosheets.

(XRD) patterns of as-prepared BiOCl-001, BiOCI-010, BiOI,
BiOI(gg;)/BiOCl o1y, and BiOI(gg;)/BiOClg10y samples. All of
the diffraction peaks in the BiOCl-001 and BiOCI-010
nanosheets (Figure 2a,e, respectively) could be indexed to
the tetragonal phase of BiOCl (JCPDS No. 06-0249). Similarly,
the as-prepared BiOI nanosheets (Figure 2c) could be assigned
to the tetragonal phase of BiOI (JCPDS No. 10-0445). A
comparison of the XRD patterns of the BiOCI-001 and BiOCl-
010 nanosheets (Figure 2a,e) showed that the intensity ratio of
the (002) and (200) peaks in BiOCI-001 differs from that in
BiOCI-010, reflecting the difference between the surfaces of
these two samples, in agreement with the results obtained in
the literature.”® XRD peaks of both tetragonal BiOCI and BiOI
could be clearly observed in the BiOI(40)/BiOCl(y;) and
BiOl(g9;)/BiOCl(g;g) heterojunctions (Figure 2b,d, respec-
tivelys, and no impurity peaks were observed, indicating that
the as-prepared heterojunctions were comprised only of BiOCl
and BiOL

A scanning electron microscopy (SEM) image (Figure 3a;)
showed that the as-prepared BiOCI-001 consisted of large-scale
sheet-shaped structures with widths of 1—4 um. The trans-
mission electron microscopy (TEM) image of an individual
BiOCI-001 nanosheet (Figure 3a,) further demonstrated the
sheet-shaped architecture of this substrate. The corresponding
selected-area electron diffraction (SAED) pattern (Figure 3a;)
indicated that the BiOCI-001 nanosheet was a uniform single
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Figure 3. SEM images (a;, by, ¢;), TEM images (a, b, c,), and SAED patterns (a3, bs, c;) of the BiOCI-001 nanosheets (a;—a;), BiOCI-010
nanosheets (b,—b;) and BiOI nanosheets (c,—c;), respectively. Insets give schematic illustrations of the crystal orientation of the as-prepared BiOCl-

001 nanosheets, BiOCI-010 nanosheets, and BiOI nanosheets.
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Figure 4. STEM-EDS element mapping images of the as-prepared BiOl(y9;)/BiOClqq;) (2,—24) and BiOIq;)/BiOClg,q) (b,—b,) heterojunctions.

crystal. The set of diffraction spots could be indexed as the
[001] zone axis of tetragonal BiOC, and the angle between the
(200) and (110) planes was 45°, which is identical with the
theoretical value. From the symmetry of tetragonal BiOCl, the
bottom and top surfaces of the BiOCI-001 nanosheets were
identified as {001} facets. From the SEM and TEM images of
the BiOCI-010 sample (Figure 3b,,b,, respectively), it can be
seen that the BiOCI-010 sample also had well-defined sheet-
shaped structures, the width of which was 1-3 um. The
corresponding SAED pattern (Figure 3b;), indexed as the
[010] zone, displayed (002) and (102) planes with an
interfacial angle of 43.4°, in agreement with the theoretical
value. Hence, the bottom and top surfaces of the BiOCI-010
nanosheets were identified as {010} facets. The SEM and TEM
images of the BiOI sample (Figure 3c,,c,, respectively) revealed
that the as-prepared BiOI contained irregular nanosheets with
widths of ~1 ym. The corresponding SAED pattern (Figure
3c;) indicated that the BiOI nanosheets were also enclosed by
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dominant {001} facets, similar to the BiOCI-001 nanosheets.
The structures of the BiOCI-001, BiOCI-010, and BiOI
nanosheets are schematically illustrated in the insets of Figure
3.

The SEM images of the BiOI(0;)/BiOCl591) and BiOI oo/
BiOClgy) heterojunctions are shown in Figure S1 in the
Supporting Information. The BiOI(gg;)/BiOCl(gg;) and
BiOI(4;)/BiOCl(g;0y samples both exhibited BiOCI substrates
covered with some thin pieces of BiOI nanosheets, resulting in
the rough appearance of the nanosheet surfaces. As shown in
Figure 4, scanning transmission electron microscopy—energy
dispersive spectrometry (STEM-EDS) elemental mapping was
applied to obtain the elemental distributions of Cl and I in the
BiOl(91)/BiOCl(gg1) and BiOlI(gg;)/BiOCl 9y heterojunctions.
The red regions in the images (Figure 4a3,b;) correspond to the
Cl-containing areas of these heterojunctions, whereas the green
regions (Figure 4a,b,) show the I-containing areas, demon-
strating that the core substrate of these two heterojunctions is

DOI: 10.1021/¢s501631n
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BiOCl, whereas the covering sheets are BiOL This result
confirms that BiOI covers the surfaces of the BiOCI nanosheets
in both the BiOI(O(n)/BiOCl(OOl) and BiOI(OOI)/BiOCI(OIO)
heterojunctions.

Further detailed structural information about the BiOI(og,)/
BiOCl(go;y and BiOI(g1)/BiOCl(g;0) heterojunctions was
obtained using TEM and high-resolution TEM (HRTEM).
Figure 5a;,b, shows typical TEM images of the representative

BIOI (110)
d=0.280 nm
Zom

BiOCI (002)
d=0.370 nm

X

BiOI (110)
d=0.280 nm

2 nm

Figure 5. TEM (a;, b;) and HRTEM images (a, b,) of the as-
prepared BIOI(OOI)/BIOCI(OOI) (al, az) and BIOI(OOI)/BIOCI(OIO)

heterojunctions (by, b,).

BiOI(91)/BiOCl(gg) and BiOl(gg;)/BiOCl g0y heterojunctions,
respectively, with BiOCI substrates covered with thin pieces of
BiOI nanosheets, consistent with the observations from SEM
experiments. The interactions between BiOCl and BiOI are so
strong that ultrasonication during the sample preparation
procedure for TEM analysis did not separate them. The
HRTEM images of the interfaces of the BiOI(;)/BiOCl ;)
and BiOl(49;)/BiOCl(g;g) heterojunctions (Figure Sa,b,,
respectively) are shown in the red square regions indicated in
Figure 5a;,b; and reveal the highly crystalline natures of these
heterojunctions. The lattice fringes of 0.275 and 0.280 nm in
BiOI(g1)/BiOCl(gor) (Figure Sa,) corresponded to the (110)
plane of BiOCI and the (110) plane of BiOI, respectively. The
lattice fringes of 0.370 and 0.280 nm in BiOI(y;)/BiOCl ;)
(Figure Sb,) were assigned to the (002) plane of BiOCl and the
(110) plane of BiO], respectively. These results and the crystal
orientations of the BiOCI-001, BiOCI-010, and BiOI nano-
sheets indicated that the interfaces of the BiOI(41)/BiOCl(gqy)
heterojunctions were composed of BiOCI(001) and BiOI(001)
surfaces, whereas the interfaces of the BiOI(gy;)/BiOCl g0
heterojunctions were composed of BiOCI(010) and
BiOI(001) surfaces.

3.2. Photocatalytic Activities of BiOlyg;,/BiOCl(gq;) and
BiOl(01)/BiOCl(g19) Heterojunctions. The photocatalytic
activities of the as-prepared samples were evaluated using the
degradation of methyl orange (MO) under visible-light
irradiation (4 >420 nm). No photolysis of MO was observed
after 3 h of visible-light irradiation in the absence of
photocatalyst (Figure 6a), demonstrating that MO is chemically
stable and difficult to decompose. As the large-band-gap BiOCl
(~3.40 eV, as shown in Figure S4 in the Supporting
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Figure 6. (a) Profiles of photocatalytic degradation of MO over the
BiOI, BiOCI-001, BiOCI-010 nanosheets, BiOI(y;)/BiOCl(go;) and
BiOI(g1)/BiOCl(g19)y heterojunctions, and mechanically mixed
BiOI(gy;) + BiOCliggyy and BiOl(ggy + BiOCl(gp) samples under
visible-light irradiation (4 >420 nm). (b) Degradation rate constants
(k) and degradation rate constants normalized by surface area (k) for
the photocatalytic degradation of MO over the BiOI, BiOCI-001, and
BiOCI-010 nanosheets and BiOI(gg;)/BiOCl(ge;y and BiOl(ggy)/
BiOClg,) heterojunctions under visible-light irradiation (1 >420
nm). (c) Profiles of photocatalytic degradation of phenol over the
BiOI, BiOCI-001, BiOCI-010 nanosheets and BiOI(4y;)/BiOClgo;y and
BiOl(gg;)/BiOCl g9y heterojunctions under visible-light irradiation (4
>420 nm).

Information) cannot be excited by visible-light irradiation, the
removal of MO using BiOCI-001 was as low as 4%. However,
BiOCI-010 showed a relatively better photocatalytic perform-
ance, with a degradation ratio of 22%, via an indirect dye
photosensitization process.”® Though BiOI has strong
absorption in the visible-light range, only 34% of MO was
photodegraded in the presence of BiOI after visible-light
irradiation for 3 h. The as-prepared 3/7 (I/Cl molar ratio)
BiOlgg;)/BiOCl o1y and 3/7 BiOlI(gg;)/BiOClg1g) heterojunc-
tions exhibited higher photocatalytic activity than pure BiOCl-
001, pure BiOCI-010, and pure BiOI under visible-light
irradiation. Interestingly, 3/7 BiOI(40;)/BiOCl(0) degraded
MO by 95% in 3 h, which was superior to 3/7 BiOI(gg)/
BiOCl(gg), which degraded MO by 65% in 3 h. To evaluate the
significance of the heterojunction interaction for the photo-
catalytic activity of BiOlI(g;)/BiOCl(ge;) and BiOI(gg)/
BiOCl(gyp), photocatalytic degradation experiments using
mechanically mixed BiOl(yy;) + BiOClgy) and BiOlgg;y +
BiOClyg,9) (3/7 I/Cl molar ratio) were also carried out (Figure

DOI: 10.1021/¢s501631n
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6a). The mechanically mixed samples showed much lower
photocatalytic activities than BiOI(gy;)/BiOCl(gg;) and
BiOI(gg;)/BiOCl(g10). This result implies that the interaction
between BiOCl and BiOI plays an important role in the
improved photocatalytic activity of the BiOI/BiOCI hetero-
junctions.

In heterojunction materials, the proportion of the
components has an important effect on the photocatalytic
performance. Figure S2 in the Supporting Information shows
the rate constants (k) for the photocatalytic degradation of MO
using visible-light irradiation obtained for BiOI(41)/BiOCl(gy)
and BiOl(gg;)/BiOCl g1y heterojunctions with different 1/Cl
molar ratios. All of the BiOI/BiOCI heterojunctions exhibited
higher visible-light photodegradation activities for photo-
degradation of MO than the three individual materials. In
addition, the visible-light photocatalytic performances of
BiOl(91)/BiOCl(g;) were superior to those of the BiOI(pg;)/
BiOCl(go;) heterojunctions at all molar ratios. It can be deduced
that the superior photocatalytic activity of BiOI(gy;)/BiOClg;0)
is not significantly affected by the proportion of its
components.

The visible-light photodegradation of MO may take place via
an indirect dye photosensitization process, as seen with BiOCl-
010, which is strongly dependent on the surface area. The BET
surfaces of BiOCI-001, BiOCI-010, BiOI, BiOI(gy;)/BiOClgqy),
and BiOl(p9;)/BiOCl(g;9) have been given in Table S1 in the
Supporting Information. The degradation rate constant k and
the degradation rate constant normalized by the surface area k’
are compared in Figure 6b. The normalized k' value of
BiOl(gg;)/BiOClg10) was still higher than that of BiOI;)/
BiOCl gy, indicating that the higher photocatalytic activity of
BiOl(491)/BiOCl(g,) is related to the heterojunction structure
rather than differences in the surface area.

In order to verify that the higher visible-light photocatalytic
activity of BiOI(gg;)/BiOClp;0) can be mainly attributed to its
unique heterojunction structure and is not induced by the dye
photosensitization process, we have chosen phenol, which has
no indirect dye photosensitization process, as the target
pollutant. The activity for phenol photodegradation over
BiOCI-001, BiOCI-010, BiOI, BiOl(g;)/BiOCl(gq;), and
BiOI(491)/BiOCl(g;0) is shown in Figure 6¢c. Both BiOCI-001
and BiOCI-010 almost have no visible-light photocatalytic
activity for phenol degradation, indicating that phenol has no
dye photosensitization process over these two nanosheets. The
BiOI(91)/BiOCl(gg;) and BiOl(gy;)/BiOCl(g;q) heterojunctions
exhibit higher photocatalytic activity over phenol in comparison
to that of BiOCI-001, BiOCI-010, and BiOI under visible-light
irradiation. Significantly, the phenol photogradation over
BiOl(g0;)/BiOCl(g;p) is greater than that over BiOIy)/
BiOCl(g;p), and this demonstrates that the photocatalytic
activity of BiOl(g;)/BiOCl(g19y is indeed enhanced in
comparison with that of BiOI(gg;)/BiOClgg;).

The stability of a photocatalyst is important for its
assessment and application. The stability of 3/7 BiOI(py;)/
BiOCl ;) during photocatalytic reactions was explored using
recycling tests, and the results of these tests are shown in Figure
S3 in the Supporting Information. No obvious catalyst
deactivation was found, indicating that the as-prepared
BiOI(gg;)/BiOCl 10y heterojunctions were very stable during
photocatalysis. In addition, the XRD patterns of 3/7 BiOI(yq;)/
BiOCl ;) before and after the degradation are shown in Figure
S5 in the Supporting Information. In comparison with
BiOI(491)/BiOCl(g;0) before the degradation, the XRD peaks
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of BiOl(g0;)/BiOClg1) after the degradation were well
maintained, indicating that the structure of BiOI(y;)/
BiOCl 9y did not change during the MO degradation.

3.3. Mechanisms Accounting for the Enhanced
Visible-Light Photocatalytic Activity of BiOlgq)/
BiOC|(001) and Bi0|(001)/BiOC|(010). On the basis Of the
above HRTEM results for the BiOlI(g:)/BiOCly) and
BiOl(491)/BiOCl(y) interfaces, two theoretical models of the
interfaces, consisting of BiOCI(001) or BiOCI(010) surfaces
interfacing with BiOI(001) surfaces were built to investigate the
interaction mechanisms between BiOCl and BiOL A 3 X 3
BiOCI(001) surface slab (Figure 7A(a)) and a 3 X 3 BiOI(001)
surface slab (Figure 7A(b)) were matched to build the
BiOl(g9,)/BiOCl(go;) interface model (Figure 7A(c)). As
shown in Figure 7A(d), the lattice mismatch between the 3
X 3 BiOCI(001) and 3 X 3 BiOI(001) surface slabs along the a
direction is (3‘113101(001) - 3‘1Bioc1(001))/ 3agioci(oor) = 2-93%, and

oy interface
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Figure 7. Models for simulating the interfaces between BiOCl and
BiOL (A) BiOl(g,)/BiOCl(gyy) interface: (a) BiOCI(001)-(3x 3)
surface; (b) BiOI(001)-(3 X 3)surface; (c) side view of the BiOILyy;)/
BiOCl(qq)) interface before geometry optimization; (d) schematic of
the interfacial lattice mismatch. The blue and red lines represent the
BiOCl and BiOI lattices, respectively. (B) BiOI;)/BiOCl(g)
interface: (a) BiOCI(010)-(2 x 3) surface; (b) BiOI(001)-(4 X 3)
surface; (c) side view of the BiOl(y;)/BiOCl(g) interface before
geometry optimization; (d) schematic of the interfacial lattice
mismatch.

DOI: 10.1021/¢s501631n
ACS Catal. 2015, 5, 3540—3551


http://pubs.acs.org/doi/suppl/10.1021/cs501631n/suppl_file/cs501631n_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs501631n/suppl_file/cs501631n_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs501631n/suppl_file/cs501631n_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs501631n/suppl_file/cs501631n_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs501631n/suppl_file/cs501631n_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/cs501631n/suppl_file/cs501631n_si_001.pdf
http://dx.doi.org/10.1021/cs501631n

ACS Catalysis

Research Article

the mismatch along the b direction is (3bgor(o0r)
3bgiocioon))/3bsiocioor) = 2:93%. For the BiOl gy;)/BiOCl g0
interface model (Figure 7B(c)), a 2 X 3 BiOCI(010) surface
slab (Figure 7B(a)) was used to match a 4 X 3 BiOI(001)
surface slab (Figure 7B(b)). As shown in Figure 7B(d), the
lattice mismatch between 2 X 3 BiOCI(010) and 4 X 3
BiOI(001) surface slabs along the a direction is (4agioyoor) —
2ag001(010))/ 2ai0c1(010) = 6.93%, whereas that along the b
direction is (3bBiOI(001) - 3bBiOCI(010))/ 3bgiocioi) = 2:93%.
BiOI(49;)/BiOCl(gg;) has a better lattice match, but BiOI(pg;y/
BiOCl(y;0) has the superior visible-light photocatalytic activity.
In order to understand this phenomenon, we further studied
the interface interaction of these two heterojunctions.

The interface adhesion energies (E,q) of the BiOIiq;)/
BiOClgg;) and BiOl(49;)/BiOCl(gq) interfaces were used to
judge the stabilities of these systems and were obtained
according to

(1)
)

where Eon, Egiocioor) Esiocior0) and Epioroor) represent the
total energies of the relaxed BiOI/BiOCI interfaces,
BiOCI(001), BiOCI(010), and BiOI(001) surfaces, respec-
tively. If the obtained E,4 value is negative, the interface is
stable, and lower values correspond to more stable interfaces.
The E, values for BiOl(gg;)/BiOCl(gp;) and BiOI(gg;)/
BiOCl(yg) interfaces were calculated to be —0.39 and —0.68
eV, respectively, indicating that these two interfaces were stable.
Though the BiOI(gy;)/BiOCl(qqy interface has a better lattice
match, the BiOIgg;)/BiOCl(yy0) interface is more stable. Thus,
it can be concluded that the interaction mechanisms of these
two interfaces are different.

The interaction mechanisms of the BiOI(gy;)/BiOCl(gg;) and
BiOI(gg;)/BiOCl 10y interfaces were further investigated by
Mulliken charge population analyses (Table 1) combined with

E.4001-001 = Ecom = Esioroo1) — Esioci(oor)

EadO()l—()lO = Ecom - EBiOI(OOI) - EBiOCI(OlO)

Table 1. Mulliken Charge Population on the Bi, O, Cl, and I
Atoms for Pure BiOCI1(001), BiOCI(010), and BiOI(001)
Surfaces and BiOI(gy,)/BiOCl(gy;) and BiOI(gy;)/BiOCl(g,)
Heterojunctions

charge population

species Bi O Cl 1
BiOCI(001) surface 1.38 —091 —0.51
BiOCI(010) surface 1.39 —0.93 —0.49
BiOI(001) surface 1.19 —0.90 —-0.31
BiOI(0;)/BiOClg0) 141/123  —091/-090  —047  —035

interface
BiOIg;)/BiOCl(q1) 135/1.16  —091/—0.89  —047  —025
interface

X-ray photoelectron spectroscopy (XPS) (Figure 8). The
structures of the BiOI(yy;)/BiOCl(gg;y and BiOlI(y9)/BiOClg,0)
interfaces following geometry optimization are shown in Figure
8A(a),B(a), respectively. Admittedly, the absolute magnitudes
of the atomic charge yielded by the population analysis have
little physical meaning, but there is some useful information in
the relative values of the Mulliken population. In the BiOI(yy;)/
BiOCl g interface, because the atomic radius of Cl (0.99 A) is
smaller than that of I (1.33 A), the interaction between the X
(X = Cl, I) anions and the [Bi,0,]*" layer at the interface
becomes stronger, resulting in the X anions capturing more
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electrons from [Bi,0,]*". Thus, the calculated charges on the Bi
cations increased to 1.4le and 1.23e from 1.38e for the pure
BiOCI(001) surface and 1.19e for the pure BiOI (001) surface,
respectively. The effective displacement of valence electron
density away from the Bi atomic nucleus results in a reduction
of electrical screening of the inner shells and a blue shift of the
Bi 4f peak in BiOI(41)/BiOCl(gg;) in comparison with the same
peak in BiOCI-001 and BiOI (Figure 8A(b)). The calculated
charge on the Cl anion (—0.47¢) of the BiOl(gg;)/BiOClgg;)
interface was less than that of the BiOCI(001) surface
(—0.51e), while the I anion showed a charge increase to
—0.35e in comparison to the I anion of the BiOI(001) surface
(—0.31e), ascribed to the electronegativity of I being higher
than that of Cl. The electrical screening of the Cl inner shells
decreased owing to the decrease in valence electron charge,
resulting in a blue shift of the Cl 2p peak of the BiOI o)/
BiOClgo;) heterojunction in comparison with that of pure
BiOCI-001 (Figure 8A(d)). The increase of electrical screening
of the I inner shells resulted in the red shift of the I 3d peak of
BiOI(491)/BiOClgo;) in comparison with pure BiOI (Figure
8A(e)). The calculated charges on the O anions (—0.91e and
—0.90e) of the BiOI(49,)/BiOCl qo;) interface were the same as
those of pure BiOCI (001) (—0.91e) and pure BiOI (001)
(—0.90e). The O anions are located at the sublayer interface
and are not directly involved in the interfacial interaction;
consequently, the O 1s peak of BiOI(gg;)/BiOClgo;) remained
at the same binding energy as observed for BiOCl-001 and
BiOI (Figure 8A(c)). Similar to the case for BiOI(y)/
BiOCl(gg,), the Bi 4f peak (Figure 8B(b)) and Cl 2p peak of
BiOI491)/BiOClgy0) (Figure 8B(d)) moved to higher binding
energy regions in comparison with the individual materials. A
comparison of Figure 8A(d),B(d) shows that the Cl 2p peak of
BiOCI-001 is different from that of BiOCI-010, confirming the
different surface structures of these two individual materials.
Since the surface O anions of BiOCI(010) directly interacts
with the I” layer of the BiOI(001) surface, the charges on the O
anions in the BiOl(gg;)/BiOCl(gg) interface decreased to
—091e and —0.89¢ from —0.93e in BiOCI(001) and —0.90e
in BiOI(001), respectively, and the charge on the I anion at the
interface decreased to —0.25e in comparison with that of the
BiOI(001) surface (—0.31e). The decreased charges on the O
and I anions correspond to the blue shifts observed in the O 2p
and T 3d peaks of the BiOI(gy;)/BiOClgy) heterojunction in
comparison with the two individual materials (Figure 8B(c),B-
(c),B(e)). On the basis of the Mulliken charge population and
XPS analyses, the existence of an interaction between BiOCl
and BiOI in both the BiOl(y;)/BiOClgg;) and BiOIgyy)/
BiOCl(;0) heterojunctions and a difference in the interaction
mechanisms for the BiOI(g;)/BiOCl(g;) and BiOI(og;)/
BiOCl gy interfaces can be confirmed.

Photocurrents were measured for BiOCI-001, BiOCIl-010,
BiOI, BiOI,gq;)/BiOCl(gg1), and BiOIggy)/BiOCligyq) to inves-
tigate the photogenerated charge transfer efficiencies. As shown
in Figure 9a, all of the samples were prompt in generating
photocurrent with a reproducible response to on/off visible-
light irradiation cycles, demonstrating effective charge transfer
and successful electron collection for the samples within the
photoelectrochemical cell (PEC). Under visible-light irradi-
ation, pure BiOCI-001 and pure BiOCI-010 showed almost no
photocurrent responses, owing to the wide band gap of BiOCL
The photocurrent responses of BiOlI(g;)/BiOCl(g;) and
BiOI y9;)/BiOCl(g;o) were about 2 and 3 times higher,
respectively, than that of the pure BiOl, indicating that the
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Figure 8. XPS spectra for as-prepared samples. (A) BiO(o;)/BiOCl(gq;) heterojunction: (a) the model of BiOI(4;)/BiOCl(gy) interface after
geometry optimization; (b) Bi 4f of BIOCI-001, BiOI(gy;)/BiOCl(gy), and BiOJ; (c) O 1s of BiOCI-001, BiOl(gy;)/BiOCl(gqy), and BiOI; (d) Cl 2p of
BiOCI-001 and BiOI(gg;)/BiOClgg,y; (e) I 3d of BiOI(g;)/BiOCl(gy) and BiOL (B) BiOl(gg;)/BiOCl(g0) heterojunction: (a) the model of BiOI(gy;)/
BiOCl(g) interface after geometry optimization; (b) Bi 4f of BiOCI-010, BiOlI gy;)/BiOCl(g;p), and BiOI; (c) O 1s of BiOCI-010, BiOIL g/
BiOCl(gy0), and BiOL; (d) Cl 2p of BiOCI-010 and BiOl(gey)/BiOClgq)5 (€) I 3d of BiOI(g;)/BiOCl(g,0) and BiOL

photogenerated electrons and holes in BiOI are able to separate
and subsequently transfer to BiOCI because of the synergetic
effect between the BiOI and BiOCl semiconductors. In
comparison with BiOI(OOI)/BiOCI(OOI), BiOI(OOI)/BiOCI(OIO)
exhibited an increased photocurrent density, demonstrating
an enhanced photogenerated charge transfer efliciency of the
BiOIgg;)/BiOCl(g;y heterojunction.

In general, the photocatalytic activity of a heterojunction
(7pc) has a positive correlation with light harvesting (1.1),
charge separation (77cg), and charge ing'ection (ncp). The g
and 7 values were estimated usingzs_ g

Mo = Mg X Mg X Mgy

©)

where #p¢ and 7,y are the photocurrent density and the photon
absorption rate, respectively. The 7cg value indicates the
fraction of photogenerated charges that reach the interface and
achieve separation of electrons and holes; this process is closely
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related to the band match between the two individual materials.
The 7¢; value indicates the fraction of separated electrons that
reach the surfaces of receiving material and subsequently
transfer to the adsorbates during consecutive surface reactions;
this process does not have much dependence on the band
match. In order to investigate the 5cg and #7¢; values of the
BiOI(91)/BiOCl(gg1) and BiOl(gg;)/BiOCl0y heterojunctions,
the photocurrents of these two heterojunctions in Na,SO,
solutions with K,S,0g3 were measured under visible-light
irradiation (Figure 9b). K,S,05 was used as an electron
scavenger to consume the separated electrons that reached the
BiOCI surfaces. In the presence of K,S,0g, the value of 7
becomes 1, because the electrons that reach the surface are
completely consumed. Thus, the photocurrent of sample in an
aqueous solution with K,S,04 becomes
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Figure 9. (a) Photocurrent responses of the pure BiOCI-001, BiOCl-
010, BiOI, BiOI(OOI)/BiOCI(OOI), and BiOI(OOI)/BiOCI(Ow) in 0.5 M
Na,SO, aqueous solutions under visible-light irradiation. (b) Photo-
current response of BiOl(gg;)/BiOCl(ge;) and BiOl(gg;y/BiOClig,g)
heterojunctions in 0.5 M Na,SO, aqueous solutions with 0.1 M
K,S,05 under visible-light irradiation. (c) EIS Nyquist plots of pure
BIOCI-OOI, BIOCI-OIO, BIOI, BIOI(OOI)/Blocl(OOI), and BIOI(OOI)/
BiOCl(g;) under visible-light irradiation. The left inset represents a
simulated circuit diagram. The high-resolution EIS in the high-
frequency zone is shown in the right inset.

KSO
IPC

= Mg X Nes (4)
As shown in Figure S4a in the Supporting Information, the
BiOl(gg;)/BiOCl(g91y and BiOI(gg;)/BiOClg;0y heterojunctions
have similar band gap energies and photon absorption
intensities in the visible-light region. It can be assumed that
the estimated #; ;1 values are not very different for the BiOI(p9;y/
BiOCl(gg;y and BiOl(yy;)/BiOCl(g;g) samples and #;5 can be
treated as a constant in this study. According to eq 4, the
photocurrent responses measured in Na,SO, solution with
K,S,05 are positively correlated with 7. Figure 9b shows that
the photocurrent responses of the BiOI(gg;)/BiOCl(go;) and
BiOI(91)/BiOCl(y;0) heterojunctions in Na,SO, solution with
K,S,0g are almost the same, indicating that these two
heterojunctions have the same #cg values. This result can be
attributed to the similar band match of the BiOI(gy;)/BiOCl g1
and BiOl(gg;)/BiOCly,0) heterojunctions (Figure S4). Thus,
the higher 5, value is the main cause of the higher
photocurrent response and better visible-light photocatalytic
activity of BiOI(OOI)/BiOCI(OIO).
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In addition, the typical electrochemical impedance spectros-
copy (EIS) of BiOCI-001, BiOCI-010, BiOI, BiOI(gq;)/
BiOCl(gp;), and BiOI(gy;)/BiOClyy9y was measured and is
shown in Figure 9c, in order to investigate the charge transfer
process more deeply. The semicircle in the Nyquist plot can be
simulated well by an electrical equivalent-circuit model (Figure
9¢, left inset).**® For the model shown, the charge-transfer
resistance R, is in parallel with the double-layer capacitance
(CPE), and this combination is in serial with the total ohmic
resistance of the electrolyte solution resistance R..*” The fitting
results were calculated on the basis of this model (Table S2 in
the Supporting Information).The semicircle radius of EIS plots
can be used to evaluate the efficiency of charge separation and
transfer. A smaller semicircle radius corresponds to a lower
charge-transfer resistance value of R, and reflects higher
electron—hole separation and transfer efficiencies and vice
versa."* " As shown by Figure 9c, BiOI(49;)/BiOCl(gg;) and
BiOl(gg;)/BiOCl 10y both have a smaller semicircle radius of
EIS plots and lower R, values in comparison to those of pure
BiOCL-001, BiOCI-010, and BiOL The BiOl(gy;)/BiOClio)
features an even smaller semicircle radius with an lower R,
value, in contrast to that of BiOlI(g;)/BiOClg;), which
indicates its more efficient interfacial charge-carrier separation
and transfer. As the high-resolution EIS in the high-frequency
zone shows (Figure 9c, right inset), the slope of the EIS plot
sequence of as-prepared samples is BiOCI-010 > BiOCI-001 >
BiOI > BiOI(OOI)/BiOCI(OOI) > BiOI(OOI)/BiOCl(OIO). BiOI(om)/
BiOCl(g;p) has the smallest slope of the EIS plot, which
confirms again that the transfer processes of photogenerated
charge carriers are indeed improved by its unique hetero-
junction structure.

We have calculated the electron difference density maps and
Mulliken charge population analyses for the BiOlI(gg)/
BiOCl g1y and BiOI(gg;)/BiOCl(gy¢) interfaces. By combination
of the electron difference density maps (Figure 10a;,a,) and
Mulliken charge population analyses (Figure 10by,b,), it can be
seen that the [X] (X = Cl, I) layers carry negative charges and
the [Bi,O,] layers carry positive charges in both the BiOI(4;)/
BiOCl(g;y and BiOI(491)/BiOCl(g;q) interfaces. This charge
separation results in a self-induced internal electric field along
the ¢ axis in the BiOI(y)/BiOCl(o,) interface, as shown in
Figure 10c,. In contrast, in the BiOI(yg;)/BiOCl g, interface,
the self-induced internal electric field of the BiOI slab is along
the ¢ axis and the self-induced internal electric field of BiOCI
slab is along the b axis, as is illustrated in Figure 10c,.

The proposed photodegradation mechanisms for MO using
the BiOI(49;)/BiOCl(gg;) and BiOI(gg;)/BiOCl g0y heterojunc-
tions are shown in Figure 11. BiOI acts as a visible-light
sensitizer and generates the electrons and holes in both
heterojunctions. Under the band-match conditions of the
BiOI/BiOCI heterojunctions, the photogenerated electrons in
BiOI transfer into the BiOCl; meanwhile, the photogenerated
holes in BiOI are effectively collected at the surfaces of BiOl,
owing to the self-induced internal electric field of BiOl. In this
way, the photogenerated electron—hole pairs are effectively
separated. This process is the same in both heterojunctions;
thus, the 7cg value of BiOI(g;)/BiOCl gy is equal to that of
BiOI(g9;)/BiOCl(g;0). However, once the photogenerated
electrons reach BiOCI, the electron transfer pathway in
BiOI(og;)/BiOCl(ggy is different from that in BiOI(gg;)/
BiOCl(g10). As schematically illustrated in Figure 11a, the self-
induced internal electric fields of BiOCl are perpendicular to
the BiOI(91)/BiOCl(gg;) heterojunction. Therefore, the photo-
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generated electrons transfer along the ¢ axis direction assisted
by the internal electric fields and reach the bottom surface of
the BiOCl component to inject into the adsorbates during
subsequent surface reactions. In this process, some of the
photogenerated electrons are lost because of the long diffusion
distance, resulting in the low #¢; value of the BiOI(py;)/
BiOCl(yg;) heterojunction. In contrast, in BiOI(yy;)/BiOCl(g,0),
the self-induced internal electric fields of BiOCI are parallel to
the heterojunction, as illustrated in Figure 11b. The self-
induced internal electric fields of BiOCl along the b axis
direction result in the photogenerated electrons rapidly
reaching the top surfaces of BiOCl, and then these photo-
generated electrons inject into adsorbates during surface
reactions. The short diffusion distance of photogenerated
electrons in this process decreases the loss of photogenerated
electrons, leading to the higher 7 value of BiOI(gy;)/
BiOClgy0).

4. CONCLUSION

In summary, we have designed and synthesized BiOI(pg;)/
BiOCl(gg;y and BiOI(gg;)/BiOCl(y;y photocatalysts by combin-
ing heterojunction nanostructure construction with a crystal
facet engineering method. HRTEM analyses confirmed the
presences of BiOlI(g;)/BiOCl(g;) and BiOI(gg;)/BiOClgy0)
interfaces in the BiOI(491)/BiOCl(gg;) and BiOI(gg)/BiOCl ;)
heterojunctions, respectively. By combining DFT calculations
with XPS analysis, we found that although the lattice mismatch
of the BiOI(40;)/BiOCl(yyg) interface is larger than that of the
BiOI(91)/BiOCl(gq;) interface, BiOI(591)/BiOCl(g ) is more
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stable, which could be attributed to the different interaction
mechanisms of these two interfaces. As the formation of
heterojunctions can significantly reduce the recombination and
accelerate the separation rate of photogenerated charge carriers,
both of the heterojunctions were more photocatalytically more
active than their individual components. Moreover, the visible-
light photocatalytic activity of BiOI(og;)/BiOCl(y;0) was superior
to that of BiOI(Om)/BiOCI(OOI). BiOI(OOI)/BiOCI(OOI) had the
same 7]cg value as BiOlI(gy;)/BiOCl g0y because of their similar
band-match situations. Because the self-induced internal electric
fields of BiOCI slabs in the BiOI(gg;)/BiOCl(gg;y and BiOI(pe;y/
BiOCl(y;0) heterojunctions were perpendicular and parallel to
the two heterojunctions, respectively, the 77¢; value of BiOI 4,/
BiOCl ;) was higher than that of BiOI(g;)/BiOCl(y;) owing
to an optimized electron transfer pathway. This difference in
electron transfer pathways was the main factor accounting for
the higher visible-light photocatalytic activity of the BiOI(po;)/
BiOCl(y;q) heterojunction. The results obtained in our study
offer a promising direction for the design of more practical and
efficient visible-light photocatalysts.
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