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ABSTRACT: Exploration for new layered-structured materials is
of significance in multiple fields, e.g., catalysis, energy storage, and
conversion, etc. In this work, we develop a visible-light-responsive
Silleń-structured mixed-cationic layered catalyst CdBiO2Br based
on the typical Silleń-structured BiOBr, and first propose layer
structure design as a novel tactic for promoting charge separation
and oxygen activation reactions. Differing from BiOBr charac-
terized by [Bi2O2]

2+ layer and interleaved Br− double slabs, the
crystal structure of CdBiO2Br comprises the [CdBiO2]

+ layer and
interbedded single Br− slice, rendering a narrowed interlayer
spacing from 8.11 to 6.23 Å. The largely reduced interlayer
distance drastically shortens the diffusion paths of photogenerated
electrons (e−) and holes (h+) in CdBiO2Br, allowing favorable
migration of carriers from bulk to the surface of the catalysts. Profiting from this structural advantage, CdBiO2Br presents a
superior visible-light driven oxygen activation ability in evolution of superoxide radicals (•O2

−) and hydroxyl radicals (•OH), with
a production rate of ∼2.4 and 14.1 times that of BiOBr, respectively. DFT calculations unearth that CdBiO2Br has smaller
effective masses for both e− and h+ than BiOBr, and meanwhile bears a significant difference in the respective mobility of e− and
h+, indicative of efficient mobility and separation of carrier charge. In particular, the h+ effective mass of CdBiO2Br is merely one-
third of that in BiOBr, corresponding well to the far higher •OH generation rate of CdBiO2Br. Our work not only exposes a
visible-light-active layered material for environmental chemistry/biochemistry applications but also discloses the huge potential of
crystal structure manipulation in governing the charge transport behavior and photo(electro)chemical properties.

■ INTRODUCTION

Layered-structured materials exert huge potentials in diverse
fields, such as catalysis, energy storage and conversion,
electronics, and so on.1−4 Layered bismuth-based (LBB)
semiconductor photocatalytic materials have sparked wide-
spread interests owing to their unique layered structure, strong
photo-oxidative ability, and high chemical/photochemical
stability.5−9 These LBB photocatalytic materials comprise
Aurivillius-structured Bi2MO6 (M = W, Mo, Cr),10−12 Silleń-
structured BiOX (X = Cl, Br, I),13−15 mix-cationic Silleń-
structured BiPbO2X (X = Cl, Br),16,17 pyrochlore-structured
Bi2MNbO7 (M = Al, Ga, In, Fe),18 and the newly developed
S i l l e ́n- s t ruc tu re - r e l a t ed B i 2O2(OH)(NO3)

1 9 and
Bi2O2[BO2(OH)].

20 Crystal structures of the LBB materials

all contain the same [Bi2O2]
2+ layers as the main building unit,

but differ with the various interbedded ionic group or ions
between [Bi2O2]

2+ layers. Currently, the modifications on LBB
photocatalytic materials are confined to microstructure and
morphology control, specific crystalline facet synthesis and
hetero/homojunction construction,21−24 and seldom efforts
were made toward crystal structure design for promoting the
photocatalytic performance of LBB materials. In particularly,
the understanding on the relationship between crystal structure
and photoreactivity is currently absent. Considering the
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structural diversity, mix-cationic Silleń-structured quarternary
bismuth-based materials BiMO2X (M = Cd, Pb, Ca, Ba, Sr and
X = Cl, Br, I), may be a good system to explore.25,26

It has been demonstrated that the layer structure regulation
has a very large impact on the second harmonic generation
(SHG) performance of layered nonlinear optical (NLO)
materials.27−29 Our group found that the cationic replacement
with small atoms, like Li and Na, in layered NLO materials
yields new NLO crystals Na2Be4B4O11 and LiNa5Be12B12O33

with reduced interlayer spacing, thus resulting greatly enhanced
SHG intensity.27 Besides, successes in strengthening the SHG
property via layer structure design have also been achieved in
other cases, such as Cs3Zn6B9O21

28 and Rb3Al3B3O10F.
29

Considering the similar layered configuration feature of LBB
materials with diverse interlayer constitution, it would allow
them very distinct electronic band structures, which should
exert a large impact on the charge movement behavior.
Therefore, exploration for new LBB photocatalytic materials for
high-performance solar-energy conversion applications via layer
structure design is highly fascinating and of significance.
Molecular/ionic oxygen activation for reactive oxygen species

(ROS) generation are important reactions, which can produce
diverse highly active and green oxidants, like superoxides
(•O2

−), singlet oxygen (1O2), hydroxyls (•OH), alkoxyl
(RO−), peroxyl (RO2

•), hydrogen peroxide (H2O2), et.
30,31

Production of these advanced oxidants, in particular the
common and efficient •O2

− and •OH, is the main mechanism
of environmental photocatalysis and antibacterial activity.
Photoinduced redox processes are thought to be the main
way to ROS generation. Generally, illumination by light with
photon-energy larger than band gap could induce the
generation of electrons (e−) in conduction band and holes
(h+) in valence band. Then, the e− and h+ react with O2/H2O/
OH− to produce ROS via a series of reductive and oxidative
reactions. Consequently, separation efficiency of photoinduced
e− and h+ is the most critical factor in ROS evolution. Lately,
our group reported that macroscopic polarization enhancement
in BiOIO3 could largely promote the charge separation, and
thus allowing strengthened oxygen activation capability for
generating •O2

− and •OH in abundance.32 Thus, crystal
structure engineering may be an efficient tactic for regulating
the charge movement behavior and photoreactivity, and more
in-depth work in this respect is anticipated.
In this work, the novel visible-light-responsive Silleń-

structured CdBiO2Br nanosheets with layered configuration
and mixed-cations composition were developed by a soft-
chemical method, and the crystal structure is determined by the
powder Rietveld refinement method. Compared to BiOBr,
incorporation of CdO into BiOBr results in a narrowed
interlayer spacing, thus allowing CdBiO2Br a much shorter
diffusion path of photogenerated e− and holes h+ from bulk to
the surface of the catalysts. With illumination of visible light,
CdBiO2Br shows a more efficient performance in activating
molecular/ionic oxygen for •O2

− and •OH generation, in which
the production rates are ∼2.4 and 14.1 times that of BiOBr,
respectively. DFT calculations reveal that CdBiO2Br has much
smaller effective masses of both e− and h+ than BiOBr as well as
a significant effective masse difference, indicating the e− and h+

of CdBiO2Br has higher mobility and separation efficiency. This
work provides a promising approach to development of high-
performance layered materials for solar energy conversion.

■ EXPERIMENTAL SECTION

Synthesis. The following chemicals are obtained from
commercial sources and used as received: Bi(NO3)3·5H2O
(Xilong Chemical Co., Ltd.), (CH3COO)2Cd·2H2O (Sigma-
Aldrich), KBr (Beijing Chemical Co., Ltd.) and NH3·H2O
(25%, Beijing Chemical Co., Ltd.).
CdBiO2Br is synthesized by a one-pot hydrothermal process

as follows: 1 mmol Bi(NO3)3·5H2O, 1 mmol (CH3COO)2Cd·
2H2O, and 1 mmol KBr were mixed in 30 mL of distilled water
to form a homogeneous suspension under strong stirring. At
the same time, the pH was controlled at 10 by drop by drop
addition of NH3·H2O (herein, it is found that an acidic or weak
alkaline synthetic environment would yield BiOBr instead of
BiCdO2Br, and a too high pH value of the solution will result in
the presence of Bi2O3). After the reaction, the above mixture
was transferred into a 50 mL Teflon-lined stainless autoclave,
and heated at 180 °C for 12 h. The products were collected by
centrifugation after cooling and washed for three times, and
dried at 90 °C for 10 h.
BiOBr is also prepared by a hydrothermal route without

addition of (CH3COO)2Cd·2H2O and NH3·H2O. The same
heating procedure was used for preparation of BiOBr.

Characterization. The X-ray diffraction (XRD) data for
structural refinements were collected using a PANalytical
powder X-ray diffractometer X’Pert Pro with Cu Kα radiation
(40 kV, 40 mA) at ambient temperature. The data were
collected over a 2θ range from 10° to 110° at intervals of
0.017° with a counting time of 1 s per step. Fast-scanning XRD
data were measured on a D8 Advance X-ray diffractometer
(Bruker AXS, Germany) with Cu Kα radiation (λ= 1.5418 Å).
Transmission electron microscopy (TEM, JEM-2100 JEOL,
Japan) and scanning electron microscopy (SEM, S-4800
Hitachi, Japan) are employed to investigate the microstructure
and morphology of the products. The surface state and
elemental composition were analyzed by X-ray photoelectron
spectroscopy (XPS) with a VGMK II X-ray photoelectron
spectrometer. Specific surface area and pore information are
obtained by BET nitrogen adsorption method on a Micro-
meritics 3020 instrument (USA). The optical properties are
investigated by UV−vis diffuse reflectance spectra (DRS) on a
Varian Cary 5000 UV−vis spectrophotometer (USA).

Reactive Oxygen Species (ROS) Detection under
Visible Light. The oxygen activation performance of
CdBiO2Br and BiOBr was determined by DMPO-assisted
ESR measurement under visible light (λ > 420 nm). ESR
signals of spin-trapped paramagnetic species were recorded by
utilizing 5,5-dimethyl-l-pyrroline N-oxide (DMPO) as trapping
agent with a Bruker A300E spectrometer. DMPO/CH3OH (40
μL DMPO dissolved in 0.5 mL of CH3OH) and DMPO/H2O
(40 μL of DMPO dissolved in 0.5 mL of deionized water)
solutions were employed to inspect the superoxide radicals
(DMPO−•O2

−) and hydroxyl radicals (DMPO−•OH),
respectively.19

Photoelectrochemical Measurements. The transient
photocurrent test was conducted in a three-electrode quartz
reactor with an electrochemical workstation (CHI 660E,
Shanghai Chenhua). The counter electrode and the reference
electrode are platinum wire and saturated calomel electrode
(SCE), respectively. The CdBiO2Br and BiOBr films coated on
the ITO glass are employed as the working electrodes. 0.1 M
Na2SO4 solution serves as the electrolyte. The light source is
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visible light (λ > 420 nm) provided by a 300 W Xe lamp
equipped with a 420 nm cutoff filter.
Theoretical Calculations. To investigate the suitability of

CdBiO2Br and BiOBr to be used as active photocatalysts, an ab
initio first principle calculations are performed utilizing the full-
potential method (wien2k code) within the generalized
gradient approximation (PBE-GGA) to optimize the exper-
imental lattice constant and the experimental atomic positions.
The recently modified Becke-Johnson potential (mBJ) is used
to calculate the ground state properties.33,34

The parameters that used in the ab initio calculations are the
basis functions in the interstitial region (IR) expanded up to
RMT × Kmax = 7.0 and inside the atomic spheres for the wave
function. lmax = 10. and the charge density is Fourier expanded
up to Gmax = 12 au−1. Self-consistency is obtained using 4000
k⇀ points in the irreducible Brillouin zone (IBZ). The self-
consistent calculations are converged since the total energy of
the system is stable within 0.00001 Ry. The electronic
properties are calculated using 50000 k⇀ points in the IBZ.
The input required for calculating the total and partial density
of states (DOS) are the energy eigenvalues and eigenfunctions
which are the natural outputs a band structure calculation.
Therefore, from the band structure calculation the DOS are
calculated by means of the modified tetrahedron method.35

■ RESULTS AND DISCUSSION
Crystal Structure, Microstructure, and Elemental

Composition. CdBiO2Br was first reported by Silleń in 1939
and the crystal structure was determined.36 Then, the ABiO2X
(A = Cd, Ca, Sr, Ba, Pb; X = halogen) Sillen X1 Series were
reported by Mentre ́ et al. and the photoluminescence
properties was investigated.37 Here, the crystal structure of
CdBiO2Br is refined by powder Rietveld refinement method
using the computer software General Structure Analysis System
(GSAS). Figure 1 shows the Rietveld analysis patterns for X-ray

powder diffraction data of CdBiO2Br. It crystallizes in a
tetragonal I4/mmm space group, and the Cd2+ and Bi3+ ions
with ratio of 0.5/0.5 co-occupy in the same site (0.00000,
0.00000, 0.16148). Table 1 shows the corresponding crystallo-
graphic data and refinement parameters of CdBiO2Br. The
lattice parameters are refined to a = b = 3.95668(9) Å, and c =
12.4497(3) Å. The reliability parameters of refinement are Rwp
= 8.92%, Rp = 6.45%, and χ2 = 10.50, which can confirm the

phase purity of the as-prepared CdBiO2Br powder. The fast
XRD scanning pattern (Figure S1) also accords with that of
powder Rietveld refinement. The Fractional atomic coordi-
nates, occupancies and isotropic thermal parameters are
summarized in Table S1.
Because of the similarity in constitution and structure of

CdBiO2Br and BiOBr, their crystal structures are carefully
compared. As displayed in Figure 2, the crystal structure of
CdBiO2Br is constructed by [CdBiO2]

+ layers and alternatively
arranged Br− ions, which is analogous to that of BiOBr
consisting of [Bi2O2]

2+ layers and interleaved Br− slices.
However, it is important to note that there is only one Br−

ions slice between the two adjacent [CdBiO2]
+ layers in

CdBiO2Br along the c axis, while two Br− ions slices reside in
the space between two neighboring [Bi2O2]

2+ layers in BiOBr
along the same direction (Figure 2a and b). It thus gives rise to
a shorter [CdBiO2]

+ interlayer spacing of 6.23 Å in CdBiO2Br,
comparing to the obviously larger one of 8.11 Å in BiOBr. The
shorter interlayer spacing may favor the fast migration and
diffusion of charge carriers among layers. Figure 2c and d show
the [CdBiO2]

+ and [Bi2O2]
2+ layers along different plane or

direction, respectively. With regard to the [CdBiO2]
+ layer, the

introduction of Cd2+ into [Bi2O2]
2+ layers results in a decreased

Cd/Bi−O bond length of 2.265 Å in comparison with that of
Bi−O (2.320 Å). Nevertheless, the Bi−O−Bi angle is 121.76°
in [CdBiO2]

+ layer, which is larger than that in [Bi2O2]
2+ layer

(115.32°), which leads to an expanded unit parameter along a
and b axes in CdBiO2Br (3.96 Å) compared to that of BiOBr
(3.92 Å).
X-ray photoelectron spectroscopy (XPS) was performed to

study the elemental composition and surface state of
CdBiO2Br. Figure 3a displays all the constituent elements
Cd, Bi, O, and Br. The two peaks with binding energies of
163.93 and 158.73 eV are assigned to the Bi 4f5/2 and Bi 4f7/2
peaks, respectively (Figure 3b).38 The Cd 3d3/2 and Cd 3d5/2
are detected at the binding energies of 411.29 and 404.55 eV,
respectively (Figure 3c).39 Figure 3d shows the Br 3d peak,
which can be split into two peaks at 69.21 and 68.15 eV,
corresponding to Br 3d3/2 and Br 3d5/2, respectively.

39 For the
O 1s spectra, as shown in Figure 3e, it could be deconvoluted
into two bands at 529.4 and 530.7 eV. The two peaks are
attributed to the lattice oxygen and hydroxyl groups adsorbed
on the surface of CdBiO2Br, respectively. The XPS result
confirms the presence of Cd2+, Bi3+, O2−, and Br− in CdBiO2Br.
The morphology and microstructure of CdBiO2Br are

studied via scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). CdBiO2Br products are
composed of numerous nanosheets with size of several

Figure 1. Rietveld refinement XRD pattern of CdBiO2Br.

Table 1. Crystallographic Data and Refinement Parameters
of CdBiO2Br

compound CdBiO2Br
space group tetragonal-I4/mmm
a, Å 3.95668(9)
b, Å 3.95668(9)
c, Å 12.4497(3)
α, deg 90
V, Å3 194.904(8)
Z 4
Rwp, % 8.92
Rp, % 6.45
χ2 10.50
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hundreds of nanometers (Figure S2). TEM image confirms the
square nanosheet structure of CdBiO2Br with size of ∼300 nm
(Figure 4a). The high-resolution TEM (HRTEM) image
reveals two sets of lattice fringes with an interplanar spacing
of 0.280 nm (Figure 4c), which can be assigned to the {110}
facets of CdBiO2Br. It demonstrates that the exposing facet of
CdBiO2Br nanosheets is {001} facet. The corresponding
selected-area electron diffraction (SAED) pattern was shown
in the inset of Figure 4c, in which the angle indicated is 45°, in
agreement with the theoretical angle between the {110} and
{200} facets. The SAED pattern also reflects the [001] zone-
axis diffraction spots of tetragonal CdBiO2Br. For comparison,
the TEM images of BiOBr are also provided as shown in Figure
4b and d. BiOBr also shows nanosheet morphology with similar
size with CdBiO2Br. The perpendicularly aligned lattice fringes
with a spacing of 0.277 nm and the corresponding SAED
pattern indicate that the exposed facet of BiOBr is also {001}
facet. The similar crystalline size and exposing facet of
CdBiO2Br and BiOBr imply that these factors may not
contribute to their photocatalytic activity difference.
The BET nitrogen adsorption−desorption isotherms and

pore size distribution curves of CdBiO2Br and BiOBr are
shown in Figure 5. The both compounds have the same
isotherms type, which can be assigned to type IV based on the
BDDT classification. It indicates the existence of mesopores,
which corresponds to the pore size distribution curves that
center on 30 nm (inset of Figure 5), and the mesopores should

be due to the aggregation of the nanosheets. The BET specific
surface area of CdBiO2Br and BiOBr is determined to be 14.3
and 15.7 m2/g, respectively. Thus, CdBiO2Br and BiOBr have
very similar specific surface area, which will also not influence
their photocatalytic performance.

Electronic Band Structure, Optical Absorption, and
Band Gap. Since the photocatalytic activities are directly
related to the electronic structure of materials, the electronic
band structure along the high symmetry directions of the first
BZ and the total density of states of CdBiO2Br and BiOBr are
calculated to explore the bands dispersion and the nature of the
fundamental energy band gap. We set the zero-point of energy
(Fermi level, EF) at the valence band maximum (VBM). As
shown in Figure 6a, the valence band (VB) top and conduction
band (CB) bottom of CdBiO2Br are located at the points of M
and Γ, respectively. It indicates that CdBiO2Br has an indirect-
transition band gap, which is calculated to be 2.77 eV.
Therefore, the photogenerated electrons (e−) would not
recombine directly with holes (h+), and it needs the assistance
of phonons in order to keep momentum conservation.40 This
implies that the investigated compound may have a long
lifetime of photoexcited e− and h+, which can increase the
probabilities for photogenerated e− and h+ to participate in
photocatalytic reactions. This theoretical band gap of
CdBiO2Br is very close to the calculated one of BiOBr (2.76
eV), as seen in Figure 6b. Besides, the electronic band
structures reveal that the CB and VB of CdBiO2Br and BiOBr

Figure 2. Crystal structures of (a) CdBiO2Br and (b) BiOBr along the b−c plane. (c) [CdBiO2]
+ layer of CdBiO2Br and (d) [Bi2O2]

2+ layer of
BiOBr in different views.
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are almost situated at the same positions, suggesting that they
may hold comparable photoinduced reduction and oxidation
driving force.
The optical absorption and experimental band gap of

CdBiO2Br are determined by UV−vis diffuse reflectance
spectra (DRS). As depicted in Figure 6c, CdBiO2Br has an
absorption edge of approximately 440 nm, which is almost
same with that of BiOBr. Correspondingly, the indirect
experimental band gaps of CdBiO2Br and BiOBr are
determined from the Kubelka−Munk and Tauc plot to be
2.76 eV (Figure 6d). This value is in very good accordance with
their calculated band gap. The above theoretical and
experimental results demonstrated that CdBiO2Br can respond
to visible light, and its photoabsorption as well as the

photoinduced reduction and oxidation ability is also com-
parable to those of BiOBr.

Visible-Light-Driven Molecular Oxygen Activation
Performance. The visible-light responsive molecular/ionic
oxygen activation properties of CdBiO2Br and BiOBr are
investigated by ESR, which is always employed to detect the
spin-trapped paramagnetic molecular oxygen species.8 Herein,
5,5-dimethyl-l-pyrroline N-oxide (DMPO) serves as the
trapping agent, and the superoxide radicals (•O2

−) and
hydroxyl radicals (•OH) are inspected, respectively, in
methanol and water. As seen from Figure 7a, both CdBiO2Br
and BiOBr show a set of four identical peaks with illumination
of visible light (λ > 420 nm), demonstrating the appearance of
superoxide radicals adduct DMPO−•O2

− which is attributed to
the reduction of O2 molecule by photogenerated electrons.41

Figure 3. (a) XPS survey spectra and high-resolution (b) Bi 4f, (c) Cd 3d, (d) Br 3d, and (e) O 1s XPS spectra of CdBiO2Br.
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Remarkably, the peak intensity of CdBiO2Br is obviously higher
than that of BiOBr, revealing that CdBiO2Br can produce more
•O2

− than BiOBr. Figure 7b shows the signal pattern for
detection of •OH produced from CdBiO2Br and BiOBr. A four-
peaks spectrum with peak intensities of 1:2:2:1 that is assigned
to the DMPO−•OH appear for both materials under visible

light, which reveals that both CdBiO2Br and BiOBr can convert
H2O/OH

− into •OH through oxidation reaction of photo-
induced holes. Similarly, the DMPO−•OH signal produced by
CdBiO2Br is also much stronger than that of BiOBr, indicating
the stronger ability of CdBiO2Br in

•OH evolution. For further
confirmation, the quantitative comparison on radical amount is
conducted. According to the quantitative relation that the
radical amount is in proportion to the square of signal
intensity,32,42 the production amounts of •O2

− and •OH over
CdBiO2Br are ∼2.4 and 14.1 times that of BiOBr, respectively.
These results illustrate that CdBiO2Br has a far superior ability
in molecular/ionic oxygen activation for producing highly
oxidative •O2

− and •OH.
Investigation on Charge Separation, Movement

Behavior, and Effective Mass of Carriers. To explore the
origin for superior visible-light active ROS evolution perform-
ance of CdBiO2Br, the factors that are closely related to
photocatalytic activity are considered. As the specific surface
area, optical absorption and band edge level of CdBiO2Br and
BiOBr show no big difference, charge separation efficiency
should be the dominant factor for their distinct molecular
oxygen activity difference.
Transient photocurrent response under visible light (λ > 420

nm) was utilized to monitor the charge separation efficiency of
CdBiO2Br and BiOBr.32 As shown in Figure 8, reproducible
photocurrent swiftly generates and disappears with light on and

Figure 4. TEM images of (a) CdBiO2Br and (b) BiOBr. HRTEM images of (c) CdBiO2Br (inset is the SAED pattern) and (d) BiOBr (inset is the
SAED pattern).

Figure 5. Nitrogen adsorption−desorption isotherms and pore-size
distribution curves (inset) of CdBiO2Br and BiOBr.
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off for both electrodes, demonstrating they are visible light
activated and photochemically stable. It is obvious to notice
that CdBiO2Br displays steady photocurrent production,
whereas photocurrent decay was observed for BiOBr which
should be attributed to the recombination of photogenerated e−

and h+, and the current density of CdBiO2Br is ∼1.5 times that

of BiOBr. It uncovers the fact that more efficient charge
separation occurs in CdBiO2Br than in BiOBr.
For understanding the movement behavior of photoinduced

e− and h+ from CdBiO2Br and BiOBr, their angular momentum
projected density of states are investigated as shown in Figure
9.43 The valence band maximum (VBM) of BiOBr is composed

Figure 6. Electronic band structures of (a) CdBiO2Br and (b) BiOBr. UV−vis diffuse reflectance spectra (DRS) (c) and the Kubelka−Munk and
Tauc plot (d) of CdBiO2Br and BiOBr.

Figure 7. ESR signals for (a) DMPO−•O2
− and (b) DMPO−•OH over CdBiO2Br and BiOBr under visible light irradiation (λ > 420 nm).

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b08661
J. Phys. Chem. C 2018, 122, 2661−2672

2667

http://dx.doi.org/10.1021/acs.jpcc.7b08661
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcc.7b08661&iName=master.img-006.jpg&w=400&h=392
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcc.7b08661&iName=master.img-007.jpg&w=400&h=156


of Br 6p, Bi 6s, and O 2p with a tiny amount of Bi 5d and 4f
states (Figure 9, parts a and b), and the VBM of CdBiO2Br
mainly consists of Br 6p, O 2p, and Bi 6s states (Figure 9c-f). It
is clear that the Br 6p states are dominantly responsible for
constructing the VBM for both CdBiO2Br and BiOBr that
could induce relatively localized photogenerated holes. With
regard to conduction band maximum (CBM), it is mainly
formed by Cd 5s and Bi 6p for CdBiO2Br and by Bi 6p with a
small amount of O 2s for BiOBr, respectively. That is, the
photogenerated e− will jump to the Cd 5s and Bi 6p or Bi 6p
orbitals, and the h+ will move to the Br 6p orbital during the
photocatalytic process.
The angular momentum projected density of states can

indicate the presence of strong hybridization between the
states. The state hybridization may give rise to formation of

Figure 8. Transient photocurrent response of CdBiO2Br and BiOBr
with visible light irradiation (λ > 420 nm).

Figure 9. Angular momentum projected density of states (DOS) of (a, b) BiOBr and (c−f) CdBiO2Br.
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covalent bonding, which depends on the degree of the
hybridization. Compared with the ionic bonding, the covalent
bonding is more favorable for the transport of charge carriers.44

To corroborate this statement and to uncover the chemical
bonding properties of CdBiO2Br and BiOBr, their electronic
charge density is calculated in two crystallographic planes:
(100) and (101) as shown in Figure 10. The charge localizes
mainly between Cd and the neighboring O atoms, also between
Bi and O atoms indicating a partial ionic and strong covalent
bonding (Figure 10, parts a and b) in contrast to that of BiOBr
(Figure 10, parts c and d). The strength of the interactions
between the atoms is due to the degree of the hybridization and
the electronegativity differences. According to Pauling scale, the
electronegativity of Cd, Bi, O and Br are 1.69, 2.02, 3.44 and
2.96, respectively. To describe the character of the chemical
bonding in CdBiO2Br and BiOBr, the difference in electro-
negativity (XA − XB) is crucial; herein, XA and XB represent the
electronegativity of A and B atoms in general. With a rise in the
the XA − XB value, the ionic character (P) of the bonding
increases. The percentage of P for the chemical bonding can be
obtained using the expression:

= − + −P X X X X(%) 16( ) 3.5( )A B A B
2

(1)

The calculated values of P are given in Table S2. It is clear that
the Cd−O, Bi−O, Cd−Br, and Bi−Br bonds are mostly

covalent and partially ionic bonding. The covalent bonding is
more favorable for the transport of the carriers than ionic
bonding.44

The mobility of the photogenerated carriers significantly
influences the photoinduced ROS evolution, and the effective
mass provides essential information to understand the photo-
catalytic mechanism.45 To gain in-depth insight into the
movement status of photoinduced e− and h+, the effective
masses of charge carriers of CdBiO2Br and BiOBr are
quantitatively calculated as shown in Table 2. The effective

masses of carriers are calculated by the second derivative of the
bottom point for the CB position and the top point for the VB
position based on E = h2k2/ 2mem*; here me represents the
mass of free electron (9.1 × 10−19 kg). It is evident that the
effective masses of e− and h+ of CdBiO2Br are smaller than that
of BiOBr, demonstrating that the mobility of both the e− and
h+ are higher in CdBiO2Br compared to in BiOBr.45 In

Figure 10. (a) Calculated differential charge density of (a, b) CdBiO2Br and (c, d) BiOBr along (100) and (101) planes.

Table 2. Calculated Effective Masses of Carriers for
CdBiO2Br and BiOBr

me*/mo mh*/mo D(me*/mh*)

CdBiO2Br 0.0154 0.0077 2.00
BiOBr 0.0218 0.0229 0.95
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particular, the h+ effective mass of CdBiO2Br is only one-third
of that of BiOBr, which corresponds to the far superior •OH
production rate of CdBiO2Br. Moreover, the effective mass
difference (D = me*/mh*) between electron (e) and hole (h) is
also calculated. A large D reflects a significant difference in the
respective mobility of e− and h+, which is beneficial for efficient
charge separation.46 As displayed in Table 2, the D value of
CdBiO2Br and BiOBr is 2.00 and 0.95, respectively. The much
greater D value of CdBiO2Br indicates that the photogenerated
e− and h+ from CdBiO2Br are more prone to separate and
transfer along different directions, which are accounting for its
more efficient oxygen activation performance.
Analysis on Relationship between Layer Structure

and Photoinduced Charge Separation. To deep under-
stand the charge separation difference originated from the
crystal structures of CdBiO2Br and BiOBr, their crystal
configurations along the b−c plane are depicted and compared
in Figure 11. Because of the alternatively arranged positively

charged [CdBiO2]
+ or [Bi2O2]

2+ layers and negatively charged
Br− slices, there exists an internal self-built electric field
between the layers along the c axis, which can promote the
migration of e− and h+ along different directions. As revealed by
the above calculated PDOS, during the photoexcitation process,
the photogenerated e− will transfer onto the Cd 5s/Bi 6p
orbitals for CdBiO2Br and to Bi 6p orbital for BiOBr, and
meanwhile the h+ moves to the Br 4p orbital for both. In other
words, the photogenerated e− would migrate to the [CdBiO2]

+

or [Bi2O2]
2+ layers, and the h+ transfers to the Br− slices. The

photogenerated e− in [CdBiO2]
+/[Bi2O2]

2+ layers will reduce
O2 molecules to produce superoxide radicals (•O2

−), and h+ in
Br− slices will transform H2O or OH− into hydroxyl radicals
(•OH) through oxidation reaction. Thus, the distance between
[CdBiO2]

+/[Bi2O2]
2+ layers and Br− slices, namely, the

diffusion path of carriers, is a very crucial factor to determine
the mobility efficiency of e− and h+ as well as molecular oxygen
activation capability. In BiOBr, the interlayer spacing between
two adjacent [Bi2O2]

2+ layers is 8.11 Å, and thus each Br− slice
has an average distance of 4.06 Å from its first [Bi2O2]

2+ layer
neighbors. With regard to CdBiO2Br, the distance between
[CdBiO2]

+ layers and interbedded Br− slices is 3.12 Å (one-half
of that between two adjacent [CdBiO2]

+ layers (6.23 Å)).
Apparently, the much shorter diffusion path in CdBiO2Br than
that in BiOBr allows the photogenerated e− and h+ favorable
migration to the surface of the catalysts, namely the e− and h+

from CdBiO2Br has a higher mobility. This is consistent with
the above theoretical results that the effective masses of e− and
h+ of CdBiO2Br are smaller than that of BiOBr. Consequently,
CdBiO2Br holds a more powerful ability in oxygen activation
for generating more abundant •O2

− and •OH. Though the
internal self-built electric field in BiOBr may be stronger than
that of CdBiO2Br owing to the higher opposite charges of
neighboring layers, the interlayer spacing clearly takes a more
dominating role in contributing to the separation and migration
of photoinduced e−-h+ pairs. It is also demonstrated that the
layer structure designs are highly effective for promoting charge
separation and oxygen activation reactions.

■ CONCLUSIONS

In summary, Silleń-structured mixed-cationic layered CdBiO2Br
nanosheets with visible-light response were developed by a
facile hydrothermal assembly route. The crystal structure of
CdBiO2Br consists of [CdBiO2]

+ layers and alternatively
interbedded single Br− slice. This structural feature allows
CdBiO2Br a narrower interlayer spacing than BiOBr. Density of
states calculations uncover that the diffusion of photogenerated
electrons (e−) and holes (h+) occurs between the [CdBiO2]

+/
[Bi2O2]

2+ and Br− layers, and thus the diffusion paths of charge
carriers were shortened in CdBiO2Br. ESR experiments
demonstrated that CdBiO2Br far outperforms BiOBr in
producing superoxide radicals (•O2

−) and hydroxyl radicals
(•OH) with illumination of visible light, and the oxygen species
evolution rates are ∼2.4 and 14.1 times that of BiOBr. In depth
calculation results disclose that CdBiO2Br not only has smaller
effective masses for both e− and h+ of than BiOBr, but also
shows a larger effective mass difference, indicating the efficient
mobility and separation of charge carriers in CdBiO2Br. The
current study advances our knowledge on the relationship
between layered crystal structure and charge separation/
photoreactivity, and may be potentially extended to develop
high-performance layered materials applied in other fields, such
as lithium-ion batteries, supercapacitors, etc.
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