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van der Waals BiOCl semiconductors have gained significant attention due to their excellent photochemical
catalysis, low-cost and non-toxicity. However, their intrinsic wide band gap limits visible light utilization.
This study explores high-pressure band-gap engineering, a "chemical clean” method, to optimize BiOCl's
electronic structure. Utilizing in situ high-pressure ultraviolet-visible (UV-vis) absorption spectra, Raman
spectroscopy and XRD, we systematically investigate the effects of compression on band gap and crystal
structure evolution of BiOCL Our results demonstrate that pressure efficiently narrows the band gap
from 3.44 eV to 2.81 eV within the pressure range of 0.4-44 GPa. The further Raman and XRD analyses
reveal an isostructural phase transition, leading to a significant change in the compressibility of the lattice
parameters and bonds from anisotropic to isotropic. These findings provide a potential pathway to tune
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Introduction

The rapid socio-economic development has exacerbated issues
related to resource scarcity and environmental pollution. Pho-
tocatalytic technology can convert solar energy into chemicals
and fuels, while simultaneously degrading organic waste,
providing a promising solution to address the energy crisis and
environmental pollution.’? In recent years, two-dimensional
(2D) layered van der Waals (vdW) semiconductors have
garnered significant attention within the photocatalysis field
due to their unique layered structures and size effects.*® The
weak interlayer interactions present in vdW semiconductors
facilitate highly tuneable electronic and band structures
through various methods, including layer stacking, twisting,
intercalation, and doping.” Moreover, the extensive surface area
of vdW materials provides numerous active sites and inhibits
the recombination of electron-hole pairs, thereby enhancing
quantum efficiency. However, to realize industrial applications,
environmentally friendly, low-cost materials but with high
photocatalytic activity remain the primary issue.

Bismuth oxide chloride (BiOCl), featured by its typical layered
structure and composed of earth-abundant, non-toxic elements,
has been widely considered as one promising photocatalysts.**°
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the bandgap for enhancing the photocatalytic efficiency of BiOCL

At ambient conditions, BiOCIl belongs to the tetragonal space
group P4/nmm (S.G. 129).*° It comprises of [Cl-Bi-O,-Bi-Cl]
layers stacked along the c-axis, and interact through the weak van
der Waals forces. Each layer is characterized by a mirror-
symmetric decahedral structure (Bi atom coordinates with four
O atoms and four CI atoms). This distinctive layered structure
leads to effective electron-hole pairs separation. However, BiOCl
functions as an indirect p-type semiconductor with large
bandgap (~3.5 eV), limiting its absorption to ultraviolet light.***>
Consequently, optimizing the band structure to enhance visible
light utilization is crucial for improving photocatalytic efficiency.
To address this, various of strategies have been employed to
achieve ultimate photocatalytic performance, including
doping,'***  producing oxygen vacancies,"'® controlling
morphology,”** constructing semiconductor heterostructures®®
and increasing van der Waals gaps (vdWg) exposure® etc.
Furthermore, applying pressure can shrink lattice parameters,
thereby enhancing atom interaction, providing a “chemical
clean” approach for manipulating the crystal and band structure
of photocatalysis. It has been reported that pressure can effi-
ciently narrow the energy band-gap of ZnO, making it visible-light
active.”® Errandonea reported that the band gap of PbCrO,
decreases significantly from 2.3 eV to 0.8 eV as pressure increases
from 0 to 20 GPa.** Xu et al. conducted theoretical calculation
indicating that BiOI experiences dramatic in van der Waals
interactions variation, leading to changes in its electronic struc-
ture under high-pressure.”” Regarding the band structure evolu-
tion of BIOClI under compression, there is only one
computational results indicates that the bandgap of BiOCI
increases with pressure first and then decreases, which is
abnormal among the layered semiconductors.
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In this study, combining with absorption spectrum, in situ
synchrotron XRD, Raman scattering experiments, we system-
atically investigate the bandgap, crystal structures, and aniso-
tropic structural behavior of BiOCl nanosheets at pressures
exceeding 40 GPa. Our findings reveal that pressure effectively
modulates the energy bandgap of BiOCI nanosheets with the
bandgap decreasing as pressure increasing. Raman and XRD
spectra indicate that BiOCI nanosheets undergo an isotropic
structural phase transition under high pressure. Further anal-
ysis of structural parameters, including lattice parameter
compressibility and the evolution of chemical bonds and angles
under compression, reveals a transition in unit cell compress-
ibility from anisotropic to isotropic during the compression
process.

Experimental methods
Sample synthesis and characterization

BiOCI nanosheets were synthesized via a solvothermal method.
Specifically, 2 mmol Bi(NOj3);-5H,0 and 2 mmol KCl were dis-
solved in 40 mL deionized water with vigorous stirring for 30
minutes. Subsequently, 1 mol per L NaOH was added to adjust
the pH to 6.0. The resulting mixture was transferred to a stain-
less steel reaction vessel and heated at 160 °C for 24 hours. The
product was then washed several times with ethanol and
deionized water, followed by centrifugation. The resultant
composite was dried at 60 °C for 24 hours to yield the final
BiOCl nanosheets.

The chemical composition and morphology of the synthe-
sized nanocrystal were analyzed using scanning electron
microscopy (SEM, HITACHI, SU-70) equipped with energy-
dispersive spectrometer (EDS). The crystalline structure and
phase purity of the compound were examined by powder X-ray
diffraction (XRD) using a laboratory X-ray diffractometer
(Rigaku Nanopix WE) utilizing Mo Ka,; (A = 0.7093 A) radiation.
The obtained XRD pattern was analyzed using the Rietveld
method with the GSAS-II software package.** To further eluci-
date the chemical composition and valence states of the mate-
rials, X-ray photoelectron spectroscopy (XPS, ESCALAB 250)
spectra was performed.

High-pressure ultraviolet-visible (UV-vis) absorption spectra,
Raman and XRD experiments

For the high-pressure optical absorption, XRD, and Raman
experiments, symmetric cells equipped with 300 pm culet
standard diamond anvils were used. Sample chambers with the
size of ~150 pm in diameter and ~50 um in thick were prepared
by pre-indented T301 stainless steel gaskets. The sample was
prepressed to a condense pellet with a thickness of ~10 um
before loaded to the sample chamber. Silicon oil was loaded as
the pressure transmission medium (PTM).>® While silicon oil is
widely used, its non-hydrostatic behavior above 10 GPa may
influence the accuracy of the structural measurements. For
pressure marker, ruby spheres®® were employed in UV-Vis
absorption and Raman measurements, while gold powder®”
was used in XRD experiments.
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High-pressure UV-vis absorption spectra were recorded
utilizing a deuterium-halogen light source [Ocean Optics QE
Pro spectrometer]. High-pressure Raman measurements were
carried out using a micro-Raman spectrometer (HR Evolution)
with an excitation wavelength of 532 nm. The spectrometer was
equipped with a 50x microscope objective and the laser spot
size was about 5 um. The spectral resolution of the spectrometer
was 1 cm ™. In situ high-pressure synchrotron XRD experiments
were performed at the BL15U1 beamline of the Shanghai
Synchrotron Radiation Facility (SSRF), China.?® The incident X-
ray wavelength was 20 keV (0.6199 A) with a focused beam size
of 3 (horizontal) um x 3 (vertical) pm at full width at half
maximum (FWHM). Two-dimensional XRD patterns were
captured using a Mar165-CCD detector and integrated by
DIOPTAS.* Subsequently, the 1D patterns were fitted using the
Le-Bail method with GSAS-II software package* to extract unit
cell parameters. The pressure dependence of the unit-cell
volumes was fitted with 2nd order Birch-Murnaghan equation
of state (EoS)** employing EosFit7 GUI software.*

Results and discussion

The quality of the synthesized BiOCl nanosheets was system-
atically characterized, as depicted in Fig. 1. The SEM image
(Fig. 1(A)) shows nanoplates aggregated in flower morphology
and EDS mapping (Fig. 1(B)) confirm a homogeneous elemental
distribution of bismuth (Bi), oxygen (O), and chlorine (CI) with
no detectable impurities. Fig. 1(C) presents the powder XRD
profile along with the Rietveld refinement results, and the insert
illustrates the layered structure of BiOCI. The refinement result
corroborates the layered tetragonal structure of BiOCl (space
group P4/nmm) with lattice parameters of @ = b = 3.88551(10) A
and ¢ = 7.3489(3), confirming the as-synthesized BiOCIl nano-
sheets of excellent quality and purity. Additionally, XPS spectra
depicts the Bi, O, and Cl signals as presented in Fig. 1(D)—(F).
The binding energies of the major peaks at 159.5 eV and
164.7 eV correspond to Bi 4f°* and 4f”’* states, respectively,
indicating the presence of Bi*" state. The fitted O 1s peaks,
located at 259.9 eV and 531.8 €V, are attributed to Bi—-O bonds
and O atoms in the vicinity of oxygen vacancies, respectively.
The characteristic peaks with binding energies of 198.1 eV and
199.9 eV correspond to the Cl 2p*> and Cl 2p'?* states,
respectively.

To investigate the optical bandgap evolution of BiOCl under
high-pressure, in situ UV-vis absorption measurements (Fig. 2)
were conducted. As illustrated in Fig. 2(A), the absorption
spectra exhibit a bule shift with pressure increasing. Here, we
applied the Tauc plot method* to determine the energy
bandgaps of BiOCl at varying pressures. It is important to note
that the energy bandgaps determined by the Tauc plot method,
although widely used, may underestimate the true values, as
recently reported by Garg et al.** Fig. 2(C) presents the bandgap
as a function of pressure. Notably, like many other van der
Waals materials, the energy bandgap decreased from 3.44 to
2.81 eV (approximately 18%) within the pressure range of 0.4-
44 GPa, which is different with the DFT calculation results in
literature we mentioned above.*® Although, the bandgap hasn't

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM image (A) and EDS mappings (B) of the synthesized BiOCl nanosheets. (C) 1D XRD pattern along with the Rietveld refinement result
using the GSAS-II software package?* and the inserted shows the layered crystal structure of BiOCL. (D)-(F) are XPS spectra of Bi 4f, O 1s and Cl
2p, respectively.

shrunk to visible light sensitive within the compression range, In order to gain a deeper understanding of the evolution of
it indicates a potential pathway for optimizing the bandgap of electronic properties in relationship to structure behavior of
BiOCL BiOCl under compression, in situ high-pressure Raman
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Fig. 2 (A) High-pressure UV-vis absorption spectra of BiOCl nanosheets. (B) Plot of (ahw)'/? versus photon energy at the selected pressures of
1.3 GPa (left), 19.3 GPa (middle) and 39.7 GPa (right). The dash lines are shown to estimate the optical bandgap. (C) Pressure dependent bandgap.
The error bars are estimated from the liner fitting error.
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scattering measurements were performed. The point group of
BiOCl is Dy, (4/mmm), and the optical model for BiOCl is M =
2Asg (R) + 2As, (I) + Byg (R) + 2E, (I) + 3E (R), where R and I
represent Raman and IR-active vibration modes, respectively.**
As shown in Fig. 3(A), all six vibration modes are observed
across the studied pressure range up to 45.2 GPa. With pressure
increasing, continuous red shifts of the Raman peaks are
observed, and upon pressure release, the sample exhibits
recovery. Fig. 3 (B) presents the profile fitting of the Raman
peaks with the vibration modes indicated at the selected pres-
sures of 1.7 GPa (bottom), 14.8 GPa (middle) and 38.1 GPa (top).
Fig. 3(C) and (D) show the Raman shift and FWHM of these
vibration peaks. No new vibration modes or peak splitting are
observed, suggesting no phase transition occurs during the
compression process (Table 1).

To further feature the structural evolution under compres-
sion, in situ synchrotron high-pressure XRD experiments were
conducted. The pressure-dependent XRD patterns are depicted
in Fig. 4(A) up to 46.9 GPa. As presented, the XRD spectra
exhibit a consistent profile with diffraction peaks shifts towards
higher angles during the compression process, indicating that
the BiOCl material does not undergo a first-order structural
phase transition. Based on the tetragonal cell structure P4/nmm

View Article Online
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(S.G. 129) confirmed with the ambient XRD data, all the high-
pressure XRD patterns were fitted using the Le-Bail method
with GSAS-II software package.”* We plot the compressibility of
the lattice parameters a/a, and c/c, (@, and ¢, represent the
lattice parameters of the unit cell at 0.3 GPa) for BiOCl nano-
sheets in Fig. 4(B). As previously mentioned, the weak coupling
in van der Waals (vdW) materials results significant anisotropic
behavior in vdW layered crystals like BiOCI. Giant anisotropic
shrinkage of the in-plane direction (a-axis) and out-of-plane
direction (c-axis) are noticed at the initial compression stage,
where the compressibility of c-axis is approximately double than
that of g-axis at the lower pressure range (0.3-10.1 GPa).
Subsequently, a marked reduction in compressibility for both
axes is observed, leading to a nearly equivalent compressibility
of al/a, and c/c, beyond 30 GPa. Furthermore, the pressure
dependence of volume is illustrated in Fig. 4(C). We apply the
2nd order Birch-Murnaghan equation of state (BM2-EoS) to fit
the experimental results (gray solid line in Fig. 4(C)). We observe
that the bulk modulus undergoes a discontinuity at high pres-
sures with K, changing from 54(2) GPa (in the lower pressure
range) to 184(12) GPa (higher pressure range). These findings
suggest that two contraction processes occur within high-
pressure BiOCl structure, which is consistent with the
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(A) High-pressure Raman spectra of BiOCl nanosheets. All six Raman-active vibration modes are recorded. (B) Profile fitting of the Raman

spectra peaks at the selected pressures of 1.7 GPa (bottom), 18.4 GPa (middle) and 38.1 GPa (top). (C) Raman shift of the vibration modes as
a function of pressure, showing a monotonic increase with pressure with no evidence of phase transition. (D) The FWHM of the mode vibration

under pressure.
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Table 1 Phonon frequencies varying with pressure
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Pressure (GPa) Eg (em™" Ajg (em™) E; (em™) Alg (em™) Eig (cm™) Ej (em™)
1.7 — 154.6(1) 161.5(10) 209.0(1) 404.1(8) 502.1(6)
3.1 — 159.5(1) 170.9(2) 214.9(1) 407.0(8) 508(2)
5.2 — 165.4(1) 182.6(2) 222.4(1) 414(2) —
8.9 — 172.3(1) 195.4(4) 232.9(1) 423(2) —
12.4 178.5(1) 206.6(6) 243.3(3) — — —
14.4 90.4(2) 182.5(1) 216(1) 250.2(4) — —
18.4 94.1(1) 190.9(1) 233(3) 270.3(5) — —
22.4 97.0(4) 195.3(1) 243.9(8) 282.7(4) — —
26 98.0(3) 197.4(1) 248(1) 290.5(5) — —
29.7 101.4(2) 202.0(1) 259(2) 300.5(4) — —
33.8 102.7(1) 204.7(1) 267(2) 309.9(8) — —
38.1 103.2(2) 206.7(1) 278(1) 320(1) — —
41.5 104.7(2) 207.8(1) 280(1) 320.5(9) — —
45.2 105.7(3) 209.4(1) 284(1) 325.2(9) — —
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Fig. 4 (A) 1D Synchrotron XRD patterns of BiOCl nanosheets at different pressures. (B) Normalized compression ratio of a (red open symbols)

and ¢ (blue solid symbols) axis (ag and cq represent the lattice parameters of the unit cell at 0.3 GPa). The solid gray lines are guides to the eye. In
the low-pressure phase, the compression of the unit cell is anisotropic with the compressibility of ¢ almost twice that of the a; however, in the
high-pressure phase, the compression of the unit cellis isotropic. (C) Experimental volume evolution with pressure. The determined equations of
state (gray solid lines) by the 2nd order Birch—Murnagham equation of state (BM2-EoS). V and Ky correspond volume and bulk modulus at
ambient condition, respectively. An isostructural phase transition was observed and associated with bulk modulus increased from 54(2) to

184(12) GPa.

characteristics of isostructural phase transition.** Therefore,
although no first-order structural phase transition was triggered
by pressure, an isostructural phase transition leads to a signifi-
cant enhancement of the lattice rigidity in BiOCI. For clarity,
based on the variation in compressibility, we have divided the
entire compression process into three stages as indicated by the
gay dash line in Fig. 4: the low-pressure phase, crossover stage
and high-pressure phase. Additionally, the pressure turning

© 2024 The Author(s). Published by the Royal Society of Chemistry

points in these three regions align closely with turning points in
bad-gap changes, suggesting that the isostructural phase tran-
sition may induce the discontinuity in the evolution of band
structure.

We also analyzed the bond lengths and bond angles evolu-
tion of BiOCl under compression, which are important
parameters affecting the orbital coupling. Fig. 5(A) illustrates
the layered structure of BiOCI with the analyzed bond lengths

RSC Adv, 2024, 14, 39429-39435 | 39433
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(A) Schematic illustrations of band angles and bond lengths of BiOCL. (B) Evolution of Bi—O and Bi—Cl bond lengths under compression.

The relative values of the right and left axes are consistent. (C) Bond angles evolution of Cl-Bi—Cl, O-Bi—O and O-Bi—Cl, respectively. With
pressure increasing, the in-plane bond angles of Cl-Bi—Cl and O-Bi-O increases, while the out-of-plane bond angle decreases.

and angles indicated. The parameters d; and d, represent the
intralayer bonds of Bi-Cl and Bi-O respectively; while dj
denotes an interlayer virtual Bi-Cl bond. Angles of 64, 6, and 65
represent the intralayer bond angles of CI-Bi-Cl, O-Bi-O and
Cl-Bi-O, respectively. The bond lengths in dependence with
pressure is depicted in Fig. 5(B). To compare the compressibility
of different chemical bonds, we plotted the bond lengths using
consistent relative values. As shown in Fig. 5(B), the bond
lengths exhibit a similar discontinuous decrease to lattice
parameters under high-pressure. We also notice that, while the
two intralayer chemical bonds, Bi-Cl and Bi-O, exhibits only
subtle difference, there is a significant variation compressibility
observed for the interlayer virtual bond Bi-Cl at the initial
compression. Fig. 5(C) displays the bond angles evolution of Cl-
Bi-Cl, O-Bi-O and O-Bi-Cl under high-pressure. As pressure
increases, the in-plan bond angles of Cl-Bi-Cl, O-Bi-O become
broad while the out-of-plan band angle of O-Bi-Cl becomes
narrow until exceeding 30 GPa, after which each angle remains
almost constant. We also compared our results with previous
study? (as shown in Fig. 1S and 2S7) and observed deviations at
high pressures, likely due to the pressure gradient within the
sample chamber when pressures exceed 10 GPa.

Conclusions

In summary, this study investigates the structural and elec-
tronic properties of van der Waals BiOCl nanosheets under

39434 | RSC Adv, 2024, 14, 39429-39435

high-pressure conditions, demonstrating that pressure is an
effective method for band-gap engineering in BiOCIl. Our find-
ings reveal a significant narrowing of the band gap, from 3.44 eV
to 2.81 eV, as pressure increases from 0.4 to 44 GPa, enhancing
the material's potential for visible light utilization to realize
practical implications, though it does not yet reach the
threshold for visible light sensitivity. Raman and X-ray diffrac-
tion analyses indicate that BiOCl undergoes an isostructural
phase transition under compression, while the lattice parame-
ters and chemical bonds compressibility shift from anisotropic
to isotropic. Notably, the increased rigidity and modified bond
angles suggest enhanced atomic interactions under high pres-
sure. These insights not only improve our understanding of the
fundamental properties of BiOCI nanosheets but also under-
score the significance of high-pressure techniques in opti-
mizing the photocatalytic performance to realize practical
implications.
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