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ABSTRACT: As one of important semiconductor photocatalysts, bismuth
oxide chloride (BiOCl) crystallizes into a tetragonal matlockite structure with
the space group of P4/nmm. In this work, the in situ high-pressure angle-
dispersive X-ray diffraction experiments and the first-principle calculations were
performed on BiOCl, in order to explore the crystal and electronic structure
evolution processes upon compression. At 15.1 GPa, BiOCl undergoes a
tetragonal to tetragonal isostructural phase transition and then completely
transforms into a high-pressure tetragonal phase at 22.1 GPa, which adopts the
same crystal structure as that of the low-pressure tetragonal phase. According to
the ab initio calculation results, the redistribution of Bader charge between the
Bi, O, Cl ions under high pressure induces the isostructural phase transition in
BiOCl and causes the different electronic structures between the high-pressure
and low-pressure phases. The pressure-induced crystal and electronic structure
changes in BiOCl could be a reference to explain the mechanism of isostructural phase transition in other similar compounds
upon compression.

■ INTRODUCTION

In the past few years, semiconductor photocatalysts have
received a lot of attention for potential environment and energy
applications.1 Among the efficient photocatalysts, bismuth
oxyhalides BiOCl, BiOBr, and BiOI show high photocatalytic
activity because of the Bi3+ with s2 configuration and the layer
crystal structure.2−11 Due to the unique crystal structure and
excellent electronic and optical properties, they could be
applied in many important and promising fields, e.g., pigments
in the cosmetic industry, magnetic materials, gas sensors,
phosphor, pharmaceuticals, and catalysts in the oxidative
coupling of methane.2−11 BiOCl, BiOBr, and BiOI present
indirect band gaps, with a band gap width (Eg) of 1.57−3.504
and 1.77−3.5 eV obtained from the calculation12−14 and
experiment4−7 data, respectively. However, the sister com-
pound BiOF presents a direct or indirect band gap
corresponding to the calculation results with or without the
Bi 5d states.12 It is important to investigate the structure
evolution of these compounds because it could modulate the
physical properties. At ambient conditions, BiOX (X = F, Cl,
Br, and I) adopts the tetragonal matlockite (PbFCl) structure
with the space group of P4/nmm, in which the Bi, O, and X
ions occupy the 2c (0.25, 0.25, zBi), 2a (0.25, 0.75, 0), and 2c
(0.25, 0.25, zX) Wyckoff positions, respectively.15−18

Among the bismuth oxyhalides, BiOCl was the first material
to be used as a photocatalyst and could be synthesized by using

a low temperature wet-chemical method.2−6 Figure 1 shows the
schematic view of crystal structure of BiOCl at ambient
conditions. The structure of BiOCl is similar to that of the 111-
type iron-based superconductors AFeAs (A = Li, Na), which
adopt the antimatlockite structure possessing the space group
of P4/nmm.19−21 Compared with another 1111-type iron-based
superconductors Ln(O1−xFx)FeAs (Ln = lanthanide ele-
ments),22−26 there is no metal ion in the center of the Cl4
tetragonal in BiOCl. In the crystal structure of BiOCl at
ambient conditions, the Bi ion is eight-coordinated by four O
and four Cl ions that forms a Bi[O4Cl4] decahedron, as shown
in Figure 1. The surface of Bi[O4Cl4] decahedron is composed
of one Cl4 square, one O4 square, four O2Cl triangles, and four
OCl2 triangles. In BiOCl, the Bi, O, and Cl ions form a Bi−O−
Cl layer (Cl−Bi−O2−Bi−Cl) stacking along the c-axis.
Pressure has played an important role in modulating the

crystal structure on the iron-based superconductors and related
parent compounds, e.g. 1111-type Ln(O,F)FeAs (Ln = Nd,
Ce),27,28 122-type AFe2As2 (A = Ca, Sr, Ba, Eu),29−35 and 111-
type Na1−xFeAs.

36 Under high pressure, these materials
undergo a tetragonal to tetragonal isostructural phase
transition, in which the high-pressure phase keeps the same
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space group as that of the low-pressure phase.27−36 Considering
the similar structure to the iron-based superconductors, high
pressure could also affect the crystal structure of BiOCl. On the
other hand, previous investigations showed that the pressure-
induced structure phase transition and insulator-to-metal
transition exist in TiOCl, which crystallizes into an
orthorhombic with the space group of Pmmm, obtained from
calculation37 and experiment38−41 results. At about 10.5 GPa,
TiOCl transforms into a monoclinic phase (space group: P21/
m), with a spin-Peierls to Peierls transition induced by the Ti−
Ti dimerization under high pressure.38 Due to the similarity in
chemical content to TiOCl, the structure and physical
properties of BiOCl may also be modulated by pressure.
Therefore, it is important to perform the corresponding high-
pressure experiments on BiOCl, in order to investigate the
effect of pressure on the crystal and electronic structure
evolution processes.
In this work, by using a diamond anvil cell (DAC) technique

combined with an in situ angle-dispersive synchrotron X-ray
diffraction (AD-XRD) experimental method, a pressure-
induced tetragonal to tetragonal isostructural phase transition
on photocatalytic material BiOCl at 15.1 GPa was found. The
ab initio calculations were also performed by using the density
functional theory (DFT), which indicated that the redistrib-
ution of Bader charge between the Bi, O, Cl ions under high
pressure causes the isostructural phase transition in BiOCl.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

The BiOCl sample used in this work was prepared via a
coprecipitation method by using the bismuth nitrate (Bi-
(NO3)3·5H2O) and potassium chloride (KCl), and the
cetyltrimethylammonium bromide (CTAB) as the raw
materials and template, respectively. The synthesized com-
pound crystallizes into a pure phase, detected by the XRD
pattern. The in situ high-pressure AD-XRD experiments on
BiOCl were performed at room temperature at the BL15U1
beamline of the Shanghai Synchrotron Radiation Facility
(SSRF), and the X17C beamline of the National Synchrotron
Light Source (NSLS), Brookhaven National Laboratory, using a
monochromatic X-ray beam with the incident wavelength of
0.6199 and 0.4067 Å, respectively. The incident X-ray

monochromatic beam was slit-collimated down to 5 × 3 μm2

at BL15U1 beamline of SSRF. In the high-pressure experi-
ments, the symmetry diamond anvil cells maintain the
rectangular slit in the emergent direction, with a diameter of
500 or 300 μm of the flat culets in the diamonds. The sample
was prepressed to a pellet with thickness about 10−15 μm and
then loaded into the sample chamber of 100−160 μm diameter.
The sample chamber was drilled in the T301 stainless steel
gasket preindented to 40−55 μm thickness. The ruby
luminescence method was used to measure pressure around
the sample in the chamber.42 Silicone oil or methanol−ethanol
(4:1) mixture, which could ensure a quasi-hydrostatic pressure
environment,43−47 were used as the pressure-transmitting
medium. Two-dimensional diffraction patterns were collected
on a charge-coupled device (CCD) detector. The CeO2
standard was used to calibrate the distance between sample
and detector and the orientation parameters of the detector.
The recorded images were integrated using the program
Fit2D.48 The high-pressure XRD patterns are refined by using
the Rietveld methods.49 The crystal structure were analyzed by
using the General Structure Analysis System (GSAS)50,51 and
PowderCell52 program packages.
The first-principle calculations based on the density func-

tional theory were performed to explore the influence of high
pressure on the electronic structures of BiOCl. Spin−orbit
coupling interactions were included in the electronic structure
calculations due to the large atomic mass of Bi. The Bi 5d states
were also considered in all the calculations. Bader analysis on
the charge density grids was performed by adopting an
improved algorithm53 and using the projector augmented
plane-wave (PAW) method implemented in the Vienna ab
initio simulation package (VASP).54,55 The kinetic energy
cutoff for the plane-wave basis sets used in the Perdew−Burke−
Ernzerhof (PBE) parametrization of the general gradient
approximation (GGA)56 calculations was chosen to be 520
eV. The positions of atoms were fully relaxed until the residual
Hellmann−Feynman forces fell below 0.01 eV/Å. The
electronic band structure and density of states (DOS)
calculations for BiOCl were carried out using WIEN2K
software within the PBE-GGA.56 The plane-wave cutoff was
defined by RKmax = 9.5. Convergence test gave the choices of
2000 and 10000 k points in the full Brillouin zone (BZ) for the
self-consistent and DOS calculations, respectively. The band
structures of BiOCl were calculated along the special lines
connecting the high-symmetry points: Γ (0, 0, 0), Z (0, 0, 0.5),
X (0, 0.5, 0), M (0.5, 0.5, 0), R (0, 0.5, 0.5), and A (0.5, 0.5,
0.5) in the k-space.

■ RESULTS AND DISCUSSION
All the XRD patterns of BiOCl up to 38.9 GPa at room
temperature collected at BL15U1 beamline of SSRF are shown
in Figure S1 of the Supporting Information, and the
representative XRD patterns under different pressures are
plotted in Figure 2a, without any new peaks observed in the
experimental pressure range. However, the pressure depend-
ence of several peaks begin to abnormal at above 15.1 GPa.
Figure 2b shows the detailed evolutions of peak (112) and
(200) for BiOCl in the pressure range of 12.2 to 24.5 GPa, in
which the bold lines are a guide for the eyes. The peak (200)
begins to shift to the low-angle direction from 15.1 GPa with
the increasing pressure and then normally moves to the high-
angle direction when pressure is larger than 22.1 GPa. In the
experimental pressure range, the peak (112) shifts to the high-

Figure 1. Schematic views of crystal structure of BiOCl, as well as one
Bi[O4Cl4] decahedron. The yellow, red, and green globes represent
the Bi, O, and Cl atoms, respectively. The a-, b-, and c-axes are
perpendicular to the plane, horizontal in the plane, and vertical in the
plane, respectively.
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angle direction upon compression. Figure 3 shows the pressure
dependences of d-spacing of peak (112) and (200). The d-

spacing of peak (112) decreases with increasing pressure, while
that of peak (200) increases first in the pressure range of 15.1
to 21.1 GPa and then starts to decrease at above 22.1 GPa.
Therefore, according to the relationships of d-spacing versus
pressure for these two peaks, a novel structural phase transition
starts from 15.1 GPa and completes after 22.1 GPa in BiOCl.
The experimental results are consistent with those obtained at
X17C beamline of NSLS. When the pressure was released to
ambient, BiOCl recovers to the low-pressure phase obtained
from the XRD pattern, so the structural phase transition under
high pressure is reversible.
By using Le Bail refinements based on previous reported unit

cell,16 the pressure dependences of lattice parameters of BiOCl

are obtained, as shown in Figure 4a. Below 14.1 GPa, both the
a- and c-axes shrink upon compression. From 15.1 GPa, the

value of a-axis begins to increase, and the c-axis shrinks
drastically in the pressure range of 15.1 to 21.1 GPa. At
pressures above 22.1 GPa, both the values of a- and c-axes
decrease. The abnormal pressure dependences of a- and c-axes
indicate an isostructural phase transition starting at 15.1 GPa.
Then BiOCl transforms completely into a high-pressure
tetragonal (HPT) structure from 22.1 GPa, which keeps the
same space group P4/nmm as that of the primary low-pressure
tetragonal (LPT) phase. The HPT phase at 22.1 GPa has a
lager a-axis and smaller c-axis than those of the LPT phase at
14.2 GPa. The relationship of c to a ratio (c/a) versus pressure
could distinctly reflect the isostructural phase transition
process, as shown in Figure 4b. The value of c/a decreases
with increasing pressure and goes through a drastic drop
between 15.1 and 21.1 GPa. When BiOCl transforms into the
HPT phase after 22.1 GPa, the c/a starts to become flatter than
that in the pressure range of 15.1 to 21.1 GPa.
Figure 4b also shows the relationship of unit cell volume (V)

versus pressure for BiOCl, in which the solid lines are the fitting
results for the LPT and HPT phases, by using the third-order
Birch−Murnaghan equation of state (BM-EoS).57 The
ambient-pressure isothermal bulk modulus B0 is estimated as
48(1) and 89(3) GPa for the LPT and HPT phases, with a first-
order pressure derivative B0′ of 13 and 4.8, respectively. The
fitted ambient unit cell volumes (V0) of these two phases are
equal to 111.81(16) and 111.5(4) Å3, respectively. Therefore,

Figure 2. (a). Spectra of angle-dispersive X-ray diffraction (AD-XRD)
patterns of BiOCl at room temperature up to 38.9 GPa (λ = 0.6199
Å). (b). Detailed evolution of peaks (112) and (200) in the pressure
range of 12.2 to 24.5 GPa.

Figure 3. Pressure dependences of d-spacing of peak (112) and (200)
of BiOCl up to 38.9 GPa.

Figure 4. Pressure dependences of (a) lattice parameters, and (b) unit
cell volume (V) and the c to a ratio (c/a) of BiOCl up to 38.9 GPa.
The solid lines in V−P relationship are the fitting results according to
the Birch−Murnaghan equation of state (BM-EoS). The inset in b
shows the normalized pressure vs Eulerian strain ( f E−F) plot.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b07180
J. Phys. Chem. C 2015, 119, 27657−27665

27659

http://dx.doi.org/10.1021/acs.jpcc.5b07180


the pressure range of 15.1 to 21.1 GPa represents a transitional
region between the LPT and HPT phases, in which the
pressure dependences of lattice parameters and unit cell volume
are discontinuous. The f E−F curves for the LPT and HPT
phases are shown in the inset of Figure 4b, in which the f E and
F denote Eulerian strain and normalized pressure, respec-
tively.58,59 The linear fitting to the f E−F curves give a B0 of
49(2) and 89(8) GPa for the LPT and HPT phases, with a B0′
of 12.5(9) and 4.9(9), respectively, which are consistent with
those obtained from the BM-EOS fit to the experimental data.
The fit to the LPT phase leads to an unusual large B0′ of 13,
which indicates a strong increasing bulk modulus as pressure
increases. Therefore, due to the slight turning point at about
7.04 GPa in the relationship of c/a versus pressure, two
different pressure ranges below and above 7.04 GPa are used to
fit the V−P relationship of the LPT phase of BiOCl. With a B0′
of 9, the B0 is estimated as 55.5(8) and 73(4) GPa in these two
pressure ranges, respectively. The linear fitting to the f E−F
curves give a B0 of 55(2) and 74(3) GPa in these two pressure
ranges, with a B0′ of 9.5(2.0) and 8.7(1.9), respectively, which
are consistent with those obtained from the BM-EOS fit to the
experimental data. Compared with the large transform of lattice
parameters from 15.1 GPa, the change of c/a at 7.04 GPa is
small, so the structure below 14.2 GPa is still denoted as the
LPT phase. The axial compressibilities could reflect the
anisotropy of axes upon compression.60,61 For the different
axes, the axial bulk moduli could be obtained with a “linearized”
BM-EoS by substituting the cube of the lattice parameter for
the volume.58,59 With a B0′ of 9, the axial bulk moduli B0(a) and
B0(c) of the LPT phase below 7.04 GPa are equal to 81(2) and
30.3(5) GPa for the a- and c-axes, respectively. The
compressibilities βa and βc, which could be obtained from the
reciprocal value of three times B0(a) and B0(c),

58,59 are equal to
0.0041(1) and 0.0110(2) GPa−1, respectively. So it is easier to
compress the c-axis than the ab-plane, due to the interspaces
between the neighboring Bi−O−Cl layers along the c-axis.
The XRD patterns of BiOCl below 34.1 GPa are refined by

using the Rietveld method.49 The typical experimental (open
circle) and fitted (line) results at 3.99, 14.2, 17.9, and 22.1 GPa
are shown in Figure S2 of the Supporting Information, and the
atomic coordination parameters at different pressures are
summarized in Table S1 of the Supporting Information. The
schematic views of crystal structure evolution of BiOCl upon
compression are presented in Figure S3 of the Supporting
Information. Figure 5 plots the pressure dependences of
selected bond distances and angles, in which the bold lines are a
guide for the eyes. The Bi−O distance decreases with
increasing pressure, with the discontinuous evolution in the
pressure range of 15.1 to 21.1 GPa. The Bi−Cl(I) and Bi−
Cl(II) distances represent the distances between Bi and Cl ions
in one Bi−O−Cl layer and two neighboring Bi−O−Cl layers
along the c-axis, respectively, as shown in Figure 1. The Bi−
Cl(I) and Bi−Cl(II) distances decrease with increasing pressure
for the LHT phase, and increase slightly at 15.1 GPa. Then they
begin to decrease up to 34.1 GPa, with a turning point at 22.1
GPa. The shrinkage of the Bi−Cl(II) distance upon
compression is larger than that of Bi−Cl(I) distance. At 34.1
GPa, the Bi−Cl(II) distance is almost equal to the Bi−Cl(I)
distance. The increase of the bulk modulus of the high-pressure
phase in BiOCl is mainly due to the shrinkage of the Bi−Cl(II)
distance between the two neighboring Bi−O−Cl layers upon
compression. The O−Bi−O angle decreases with increasing
pressure for the LPT phase and then increases in the

transitional region of 15.1−21.1 GPa. When BiOCl transforms
into the HPT phase, the O−Bi−O angle almost does not
change with increasing pressure. The Cl−Bi−Cl angle increases
up to 34.1 GPa, with a discontinuous change in the transitional
region. Therefore, all the main bond distances and angles of
BiOCl undergo abnormal evolution when the isostructural
phase transition has happened, which indicates that the crystal
structure evolution process upon compression of the HPT
phase is different from that of the LPT phase.
Generally, pressure can shrink the volume of a crystal lattice,

which causes an effect similar to substituting the smaller ion in
materials. For BiOX, the structural parameters are related
closely to the X ionic radius (rX), so the structure evolution of
BiOX with decreasing rX could be viewed as a comparison with
the compression behavior of BiOCl. Figure S4a−d of the
Supporting Information summarizes the relationships of crystal
structural parameters, including a, c, V, c/a, and bond distances
and angles, versus the decreasing rX for BiOX, where the data
are adopted according to refs 15−18. In Figure S4 of the
Supporting Information, the X ionic radius are obtained from
Shannon table,62 by assuming a −1 valence of X ions. Except
for the X−Bi−X angle, the other structural parameters decrease
when X goes from I to F ions. So the structure evolution with
increasing pressure for the LPT phase of BiOCl is similar to
that with decreasing rX in BiOX. At pressure above 15.1 GPa,
the structural parameters exhibit discontinuous pressure
dependences, which indicates that the structure evolution
with increasing pressure for the HPT phase of BiOCl is
different from that with decreasing rX in BiOX.
In general, the pressure-induced isostructural phase transition

is related to the electronic structure change,63,64 so the
theoretical calculations are important to obtain the mechanism
of structure evolution upon compression in BiOCl. The ab
initio calculations for BiOCl are performed up to 34.1 GPa to
investigate the effect of electronic structure on the crystal lattice
under high pressure, in which the structural parameters were
directly obtained from the experimental results, with relaxing
the atomic coordination parameters. Figure 6 shows the

Figure 5. Pressure dependences of bond (a) distances and (b) angles
for BiOCl up to 34.1 GPa. The bold lines are a guide for the eyes.
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pressure dependences of Bader charge of Bi, O, and Cl ions,
with the bold lines as a guide for the eyes. In the LPT phase,
with increasing pressure, the Bader charges of Bi and Cl ions
increase and that of O ion decreases, which shows a negative
charge transfer from Bi and Cl ions to O ion. At above 15.1
GPa, the Bader charge of Cl ion begins to decrease with
increasing pressure, and Bi and O ions keep the same evolution
as those in the LPT phase. So the charge transfer happens from
Bi ion to O and Cl ions from this pressure. When BiOCl
transforms into the HPT phase at 22.1 GPa, the Bader charge
of Bi ion increases and those of O and Cl ions decrease, which
show the discontinuous changes for those in the pressure range
of 15.1 to 21.1 GPa. According to the relationships of Bader
charge versus pressure, the charge transfer route between the
three ions starts to change at 15.1 and 22.1 GPa. The
discontinuity in the change of Bader charges upon compression
indicates discontinuous changes for the configuration of
bonding electrons, the interaction among bonding atoms, the
bond strength, the bond length, and therefore the lattice
parameters. So the redistribution of Bader charge results in the
isostructural phase transition of BiOCl under high pressure,
which is similar to that in the high-pressure structural
evolutions of BiMn2O5 and Sb2Te3.

63,64

The crystal structural phase transition of BiOCl induced by
the redistribution of Bader charge would cause a change in
electronic structure, so the energy band and DOS calculations
including the Bi 5d states were performed up to 34.1 GPa.
Figure 7a summarizes the highest valence bands and lowest
conduction bands around the Fermi energy (EF) at different
pressures along the high-symmetry path (Z−A−M−Γ−Z−R−
X−Γ), because they can display the pressure-dependent valence
band maximum (VBM) and conduction band minimum
(CBM), respectively. In Figure 7a, the CBM of BiOCl is
almost maintained at the Z point in the first Brillouin zone,
with a variable value at different pressures, and the VBM shifts
to Z point along the R−Z path with increasing pressure. So the
band gap of BiOCl presents indirectly in the whole range of

loading pressure and tends to become direct due to the
movement to Z point for the VBM along the R−Z path. The
shift of VBM in the R−Z path under high pressure in BiOCl is
similar to that with decreasing rX in BiOX.12−14 Furthermore,
the band structures in the energy range of −20 to 15 eV at 0.49,
17.9, and 34.1 GPa of BiOCl are shown in Figure S5 of the
Supporting Information. The energy band widths increase with
increasing pressure, due to the shrinkage of unit cell volume
upon compression. When pressure is larger than 28.5 GPa, the
gap at about −6 eV in the valence band begins to disappear,
which results in a combination of energy bands on either side of
that gap. A similar case exists also in the gap at about −16 eV at
pressures above 28.5 GPa.
Figure 7b presents the TDOS around EF at different

pressures of BiOCl, which shows the complex relationship of
TDOS versus pressure. Figure S6 of the Supporting
Information shows the total and partial density of states
(TDOS and PDOS) in the energy range of −20 to 15 eV at
0.49, 17.9, and 34.1 GPa. From the PDOS at different
pressures, the Bi 6p state dominates the conduction band, and
the O 2p, Cl 3p, and Bi 6s states contribute mainly to the
valence band. At above 28.5 GPa, the combination of energy
bands at about −6 eV is caused by the overlap of Bi 6s and 6p
states, which may be related to the change of charge transfer
between Bi and other ions. In Figure 6, the relationship of
Bader charge versus pressure for Cl ion tends to become flat
from 28.5 GPa, due to the redistribution of charge between Bi
and Cl ions induced by the crossover of Bi electronic states
upon compression.
Figure 8 shows the pressure dependence of band gap width

(Eg), which could be obtained from the previous band structure
and DOS data, and could reflect the relative movement
between CBM and VBM in the band structure. The value of Eg
is smaller than the previous calculation results,12−14 because the
spin−orbit coupling interactions in Bi ion were considered in

Figure 6. Pressure dependences of Bader charge of Bi, O, and Cl ions
for BiOCl. The bold lines are a guide for the eyes. Figure 7. (a) Highest valence bands and lowest conduction bands, and

(b) calculated total density of states (TDOS) around the Fermi energy
(EF) of BiOCl at different pressures. The orange line indicates a
hypothetical Fermi energy (E′F) of −0.13 eV.
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this work.62 By the calculation without spin−orbit coupling
interactions, the Eg at 0.49 GPa is equal to about 2.7 eV, which
is larger than 2.38 eV when considering spin−orbit coupling
interactions. Therefore, the calculation with spin−orbit
coupling interactions in Bi ion could result in an under-
estimation of the band gap. Eg increases with increasing
pressure for the LPT phase and begins to decrease at above
15.1 GPa. For the HPT phase, Eg still decreases with increasing
pressure and is discontinuous at 22.1 GPa in the Eg−P
relationship. In BiOX, the Eg increases with decreasing rX,
which are obtained from the calculation12−14 and experi-
ment4−7 results, as shown in Figure S4e and S4f of the
Supporting Information, respectively. So the relationship of Eg
versus pressure below 14.2 GPa in BiOCl is similar to that of Eg
versus decreasing rX in BiOX. When the pressure is larger than
22.1 GPa, the evolution of Eg upon compression is different
from that of the LPT phase in BiOCl and the Eg−rX
relationship in BiOX. Therefore, according to the above-
mentioned experiment and calculation results, the crystal and
electronic structure evolution processes upon compression of
the HPT phase of BiOCl are different from those of the LPT
phase.
Pressure-induced isostructural phase transition could also be

found in other compounds, e.g., BiMn2O5,
63 Sb2Te3,

64 β-
Bi2O3,

65 α-Bi2Te3,
66−68 Bi14CrO24,

69 PbCrO4,
70 α-Sb2O3,

71,72

and so on. For bismuth compounds β-Bi2O3 and α-Bi2Te3, the
pressure dependences of the a- and c-axes are continuous, but
the c/a shows a discontinuous kink at about 2 GPa.65−67 In
Bi2Te3, the isostructural phase transition upon compression is
caused by the electronic topological transition (ETT) from the
experimental66 and calculated68 results. However, in BiOCl, the
a- and c-axes are discontinuous at the phase transition pressure,
i.e., 15.1 GPa, which is different from that in Bi2Te3. In
addition, there is a transitional region between the low-pressure
and high-pressure phases in BiOCl, which is the other
difference in the structure evolution between it and Bi2Te3.
So the phase transition mechanism under high pressure in
BiOCl should not be same as that in Bi2Te3. From the band
structures of BiOCl in Figure 7a, the highest valence bands
show one maximum (MX) at around the X high-symmetry
point. With increasing pressure, the MX shifts to the lower
energy level and reaches its minimum of −0.13 eV at 15.1 GPa
and then turns back to the higher energy level when the
pressure is larger than 15.1 GPa. The pressure dependence of

this band maximum in BiOCl is different from that in Bi2Te3, in
which it still shifts to the lower energy level after the
isostructural phase transition.68 A hypothetical Fermi energy
(E′F) of −0.13 eV is plotted in the MX at 15.1 GPa in Figure 7,
being marked with the orange line. When the MX reaches the
E′F at 15.1 GPa, the DOS near E′F will redistribute, which could
induce an ETT. Usually, an ETT can lead to anomalies in
electrical, mechanical, and thermodynamic properties and then
result in an isostructural phase transition. However, if the ETT
happens at 15.1 GPa and causes a crystal structure phase
transition in BiOCl, the hole concentration value should be
equal to about 2.0 × 1021 cm−3 corresponding to the E′F at
−0.13 eV in the pressure range of 0.49 to 34.1 GPa. This
concentration is too large to dope the hole in the BiOCl
sample, so the isostructural phase transition at 15.1 GPa cannot
be caused by an ETT. While, as the above-mentioned analyses,
the redistribution of Bader charge is not related to the doping
level and induces an unusual structure phase transition in
BiOCl under high pressure. Then the isostructural phase
transition results in abnormal DOS and band structures upon
compression.
In the isostructural phase transition of the other above-

mentioned compounds,63−72 the a-, b-, and c-axes decrease with
increasing pressure in the phase transition process, which is
different from the pressure dependences of a- and c-axes in
BiOCl. On the other hand, their crystal structures at ambient
conditions are different from that of BiOCl. So there is a
difference between them and BiOCl in the compression
behavior. According to the previous discussions, the structure
evolution of BiOCl under high pressure is similar to that in the
iron-based superconductors, rather than to the other bismuth
compounds. The structure evolution with increasing a-axis and
decreasing c-axis upon compression is a typical characteristic in
the pressure-induced phase transitions for iron-based super-
conductors and other similar compounds.27−36 In the
isostructural phase transition of BiOCl, the increasing a-axis
and decreasing c-axis at the transition pressure are similar to
those in the structural evolution of iron-based superconductors
under high pressure. Therefore, considering the similar ambient
crystal structure and similar compression behavior, the
structure evolution in BiOCl could be a reference to that in
the iron-based superconductors. The theoretical study results
also indicate that the iron-based superconductors undergo an
isostructural phase transition under high pressure.73−78 Taking
into account the similar crystal lattice at ambient conditions
and the structure evolution process upon compression, the
redistribution of charge under high pressure may be a reason
for the isostructural phase transition in the iron-based
superconductors. However, the corresponding Bader charge
calculation results are absent in the pressure dependences of
crystal structure for the iron-based superconductors. So it is
necessary to perform further theoretical and experimental
investigations to reveal the mechanism of this special structural
phase transition under high pressure. The pressure depend-
ences of crystal and electronic structure in BiOCl can be an
effective reference to the compression behaviors in the iron-
based superconductors. On the other hand, correlative
investigations on the other bismuth oxyhalides BiOF, BiOBr,
and BiOI are important to enhance the understanding of
compressed behavior for these compounds. They may also go
through similar structural phase transitions under high pressure
to BiOCl, due to the same crystal structure at ambient
conditions. Previous calculation results showed that BiOF

Figure 8. Pressure dependence of the band gap width (Eg) of BiOCl.
The bold lines are a guide for the eyes.
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exhibits three first-order structural phase transitions under high
pressure,79 without any experimental support in their work.
Considering the similar crystal and electronic structure
evolution processes upon compression in the LPT phase of
BiOCl to those with decreasing rX in BiOX, we plan to perform
further high-pressure investigations on the BiOX series, to
obtain more knowledge about these compounds and other
related materials under high pressure.

■ CONCLUSIONS
In situ high-pressure angle-dispersive X-ray diffraction experi-
ments at room temperature and the first-principle calculations
were performed on semiconductor photocatalyst BiOCl. In the
compression process, a tetragonal to tetragonal isostructural
phase transition was observed at 15.1 GPa. BiOCl completely
transforms into the high-pressure phase at pressures above 22.1
GPa, with discontinuous structure parameters in the transi-
tional region of 15.1−21.1 GPa. The redistribution of Bader
charge between Bi, O, Cl ions under high pressure induces this
isostructural phase transition, according to the ab initio
calculation results. The crystal and electronic structure
evolution processes of the HPT phase of BiOCl are different
from those of the LPT phase. These high-pressure structural
transition behaviors in BiOCl are helpful for us to understand
the structural evolution and physical property patterns for the
other similar compounds upon compression.
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