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ABSTRACT

Two-dimensional layered molybdenum trioxide (MoOs) holds significant importance in optoelectronics owing to its unique anisotropic structure and optical
properties. Given that changes in structure can profoundly impact physical characteristics, it becomes imperative to explore new properties by means of acquiring
different structures. Here, we report the irreversibility of structural evolution and optical properties of molybdenum trioxide under high pressure. The quenched
MoOj3 possesses a stable high-pressure phase MoOs-I1, a narrowed bandgap (reduced by ~25%) and a strong optical absorption at visible to infrared region compared
to the initial low-pressure phase a-MoOs. These findings will facilitate the exploring of high-pressure phase materials under ambient conditions.

1. Introduction

Recently, there has been extensive research on two-dimensional (2D)
materials with in-plane anisotropy. These materials include transition
metal chalcogenides, group-VA, black phosphorus, and compounds
consisting of two group-VA elements [1-9]. Some of these materials
show significant potential for optoelectronic applications [10-12].
Molybdenum trioxide, among the available anisotropic 2D materials, is
a wide bandgap semiconductor that exhibits quasi-transparency in the
visible spectrum while maintaining electrical conductivity. This mate-
rial has demonstrated its utility in various applications, including
resistive memory technology, photovoltaics [13-15], electro-chromics
[16], birefringence [17]and flexibility electronics [18]. Due to the
discrepancy in the in-plane lattice parameters, a-MoOs exhibits an
intrinsic suitability for investigating optical, mechanical, and electrical
anisotropy within the plane. Notably, computational analyses have
revealed the pronounced anisotropic nature of in-plane carrier mobility
[19], and recent observations have demonstrated a remarkably aniso-
tropic propagation of phonon polaritons in a-MoO3 [20-24]. In contrast
to metal plasma polaritons, phonon polaritons offer advantages such as
reduced lower optical losses, improved optical confinement, and higher
quality factors [25-29]. These intriguing optical properties are primarily
arise from the anisotropy of the fundamental characteristics of

molybdenum trioxide. As a van der Waals (vdW) layered material,
molybdenum trioxide exhibits numerous unique properties. vdW
structures provide a platform for designing quantum materials through
the manipulation of weakly bonded atomic layers via twisting and
stacking methods [22,30-32]. vdW materials with a small twist angle &
can be used to tune the electronic [33], magnetic, optical and me-
chanical properties of heterostructures [34,35]. Configurable coupling
between phonon polaritons and lattice vibrations can be achieved in
plates of twisted a-phase molybdenum trioxide (a-MoOg3) [21,36]. In
contrast to other diffuse polaritons, the phonon polariton wavefront
geometry as well as compressive and stretching deformations can be
achieved in a-MoOs3 by simply changing 6. Twisted a-MoO3 is expected
to generate tunable infrared nano-light for various nanophotonic
functions.

Other structures of molybdenum trioxide, particularly the high-
pressure phase (MoOgs-II), have also received increasing attention due
to their layered structure with strong anisotropy. As compared to
a-MoOs, MoOs-II has a higher packing efficiency [39]. Similar to
a-MoOg, the color and electrical conductivity of MoOs-II can be altered
by the insertion of different ions, and MoOs-II should have promising
properties and applications, such as field effect transistors, optoelec-
tronic devices, and energy storage devices [41]. On the other hand, the
strong interlayer interactions between anisotropic 2D materials (e.g.,
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a-MoOs, black phosphorus) and symmetric 2D materials (e.g., graphene,
transition metal chalcogenides) can result in in-plane anisotropy of
symmetric 2D materials [42,44], thereby enabling the modulation of
crystal orientation-dependent properties in 2D materials. However,
there is limited research on this topic using MoOs-II. The unique prop-
erties of MoOs-1II, apart from anisotropy, remain poorly understood,
suggesting potential areas for future investigation.

This paper investigates the impact of pressure on the crystal structure
of MoOj3 using Raman spectroscopy and X-ray diffraction. The results
indicate that a-MoOj3 undergoes a structural phase transition to MoO3-1I
at a pressure of 10 GPa at room temperature. Furthermore, another
phase transition to MoOs-III occurs above 25 GPa. Upon decompression,
the crystal structure irreversibly reverts back to MoOs-II. Additionally,
the sample was subjected to multiple cycles of pressure up to a
maximum pressure of 29.5 GPa, and the UV-Vis absorption spectra of
a-MoO3; were measured. Unusual changes were observed in the ab-
sorption spectra of the samples during the process. During the first
compression, the absorption edge moves from 450 nm to 550 nm,
indicating a significant increase in absorption of visible light. After
decompression, a “bulge” from 700 nm to 800 nm appeared, signifying
an increase in the infrared absorption of MoOgs-II. This before-
decompression “bulge” at 700 nm-800 nm can be quenched to
ambient pressure, showing the abnormal absorption changes resulting
from the structural phase transition. However, during the second cycle
of compression, the absorption of the sample did not exhibit significant
changes throughout the process. Combining these observations with the
Raman spectra and first-principle calculations suggests the pressure-
induced structural irreversibility and optical variations.

2. Experimental and computational section
2.1. High-pressure Raman measurements

The commercial MoO3 powder (99.99%) was used as the starting
material. The structure of the powder was determined to be orthogonal,
corresponding to a-MoO3 (Pnma), by transmission electron microscopy
(TEM). The starting MoO3 powder was loaded into a Mao-Bell type
symmetric diamond anvil cell (DAC, 300 pm culets). T301 stainless steel
foil was pre-indented and a hole was laser drilled at the indentation
center to serve as the gasket and sample chamber. Silicone oil was used
as the pressure-transmitting medium (PTM) and the pressure was cali-
brated by measuring the frequency shift of the ruby R; fluorescence line
[45]. Please note that silicone oil can provide a hydrostatic environment
at pressure below ~6 GPa. High-pressure Raman spectroscopy mea-
surement was conducted using the LabRAM HR evolutionary Raman
system. The excitation wavelength was 532 nm. The spectral range
spans from 50 to 2100 nm, with a spectral resolution better than 0.4

cm
2.2. Synchrotron X-ray diffraction

To prepare the quenched MoOs, the starting MoOs; powder was
loaded into a DAC without pressure-transmitting medium (PTM), then,
was compressed up to ~30 GPa and decompressed to ambient pressure.
X-ray diffraction (XRD) experiments of samples were carried out at
beamlines 15U1 (15U1A and 15U1B) and 17B of Shanghai Synchrotron
Radiation Facility (SSRF). The integration and Rietveld refinement of
XRD data were performed using the General Structure and Analysis
System II (GSAS-II).

2.3. High-pressure optical absorption spectroscopy

The powder was pressed into a transparent platelet with the thick-
ness of ~8 pm using a DAC [46]. Then, the sample was transferred into a
DAC. Silicone oil was used as PTM. In-situ high pressure optical ab-
sorption spectroscopy measurements were conducted on a home-made
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UV-Vis spectroscopy system. During the measurement, the blank area
near the sample was utilized as the reference area.

2.4. Computational details

The first-principles calculations in this study were performed using
VASP software. To optimize the structural, a-MoO3 and MoOs-II were
sampled in the Brillouin zone using Monkhorst-Pack grids with K-point
densities of 2 x 9 x 8 and 9 x 9 x 5, respectively. The exchange-
correlation interactions were treated using the generalized gradient
approximation (GGA) proposed by Perdew, Burke, and Ernzerhof (PBE)
[47], along with the inclusion of the DFT-D3 function [48] for van der
Waals (vdw) correction. The atomic positions were relaxed until the
maximum force on each atom was below 0.01 eV/A. The energy cutoff of
the plane wave was set to 650 eV, and the energy convergence criterion
was set to 10> eV. The electronic properties for the optimized structure
are computed using different K-point densities: 4x14x13 and 14x14x8.
The resulting electronic properties are processed using the VASPKIT
software package [49], which has been verified for accuracy and validity
in numerous previous studies [50-52].

3. Results and discussion
3.1. Structural properties of orthorhombic and monoclinic MoO3

Fig. la schematically displays the irreversibly pressure-induced
phase transition from a-MoOs (Pnma) to MoOs-II (P2;/m). At ambient
conditions, a-MoOs is an orthorhombic structure with Pnma space group
with the lattice constants a = 13.822 A, b=3.695 10\, ¢ =3.952 }o\, a=p
=y =90° [53], and MoOs-II is a monoclinic structure with P2;/m space
group with lattice constants a = 3.954 A, b=3.687 A, ¢ =7.095 A, a =y
= 90°, p = 103.745° [54]. The orthogonal a-MoO3 consists of MoOg
octahedra with (ABA) stacking, while the monoclinic MoO3-1I exhibits
(AAA) stacking. Compared to a-MoO3, MoOs-II has a higher stacking
efficiency and reduced structural symmetry. The pressure-driven phase
transition is realized by the mutual sliding or displacement motion of the
molybdenum atoms in each layer along the c-axis. Fig. 1b presents the
low-resolution TEM image of the starting sample viewed from the
out-of-plane direction. The high-resolution TEM image and the corre-
sponding selected area electron diffraction (SAED) confirm that the
starting sample has a well-defined orthorhombic crystalline pattern and
the anisotropic in-plane structure, corresponding to a-MoOs.

The structural information of MoOs under high pressure has been
investigated by high-pressure XRD and refinements in previous works
[53,55], but the irreversibility of the phase transition remains unclear.
Here, to determine the crystal structure or phase fraction of MoOg after
pressure treatment, the XRD data of the recovered MoO3 sample (from
~30 GPa to 0 GPa) was refined (see Fig. 1c). The Rietveld refinement
suggests that the quenched sample is mainly dominated by the MoO3-1I
phase, and merely contains a small amount of the starting a-MoOs phase
(~5.5 wt%), which may be due to the presence of fine grains or the
residual strain/shear (the sample was prepared under non-hydrostatic
pressure). Fig. S1 shows the Raman spectra of the starting and
quenched samples at ambient pressure. There are differences in the
Raman peaks at less than 230 cm ™!, agreeing with the irreversibility of
the phase transition. The processes of the pressure-induced phase tran-
sition will be discussed in detail below.

3.2. Structural evolution of MoOs under pressure

a-MoOs belongs to the Dif point group and the vibrational modes
can be expressed as follows [53]: r =
8A;+8B1g+4B3g+4Ay+3B1y+7Boy+7B3y, where Ag, Big, Byg and Bag
correspond to Raman active modes, Byy, By, and Bs, correspond to
infrared active modes, and A, mode is an inactive mode. Fig. 2a shows
the change in Raman spectra during compression from ambient pressure
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Fig. 1. Scheme of the irreversibly pressure-induced phase transition of trilayer a-MoO3 (Pnma) to trilayer MoOs-1I (P2,/m). (b) Low-resolution TEM image, selected
area electron diffraction (SAED), and high-resolution TEM image of the starting a-MoOs5 sample. (c) Rietveld refinement of the XRD pattern (. = 0.6199 A) of the

pressure-quenched MoOs. Down arrows denote the characteristic peaks of phases.

to 29 GPa. At ambient pressure, the Raman peaks of MoOg3 are mainly
distributed below 200 ecm™!, 200-500 ecm™!, and 600-1000 cm'.
Among these peaks, 115 cm™! and 127 cm™! correspond to the trans-
lationally rigid Bag and B3g modes, respectively. The Ay peak at 157
cm ! corresponds to the 8(0;Mog)n mode. The peaks at 197 cm™!, 217
cm’l, and 244 cm ™! are due to the shearing of the 80,-Mo-O; bond,
which corresponds to the Byg, Ag, and Bzg modes, respectively. The Bag
mode at 278 cm ™! is generated due to 50; = Mo—O0; oscillations, and
the B3; mode at 335 em ™! is generated by §03-Mo-O3 deformation. The
peaks at 364 cm ™! and 378 cm ™! are Ag and B;g modes corresponding to
802 = M0=—=05, shear, and the two peaks at 471 cm ! and 665 cm ™! are,
respectively, antisymmetric Ag and Byg modes of 5Mo-O2-Mo stretching
vibrations. The strongest peak at 819 cm™! corresponds to the Ag mode
of stretching vibrations, and the A; mode at 996 cm™! is generated by
the antisymmetric Mo—O; stretching vibrations [53,56,57].

During the compression from ambient pressure to 10 GPa, all the
Raman peaks move to higher wave numbers regularly with little change
in the peak intensities, indicating that the structure of a-MoO3 remains
stable up to 10 GPa. With increasing pressure above 10.2 GPa, a new
Raman peak appears at 275 cm ™' and increases in intensity. Meanwhile,
some of the Raman peaks in the low-frequency region gradually disap-
pear (217 cm’l, 335 cm ! and 364 cm ™). This phenomenon is attrib-
uted to a significant change in the Oo—-Mo-O; angle, indicating a phase
transition from orthorhombic a-MoOs3 to the structure of monoclinic
MoOs-II. The high-pressure phase exhibits stability until reaching ~25
GPa. When the pressure exceeded 25 GPa, the peaks at 389 em ™, 414
em™}, 510 em™?, and 737 ecm ™! disappear, and two new Raman peaks
appear at 826 cm ™! and 897 cm™!. These new Raman peaks persists
until 29 GPa, suggesting the onset of the second high-pressure phase
MoOgs-1II (or denoted as $-MoOg). As shown in Fig. S2, MoOgs-III is no
longer layered, where the MoOg octahedra share only corners with each

other and each oxygen atom is shared by two octahedra. Fig. 2b shows
the trend of each Raman mode with pressure and the discontinuous
changes at around 10 GPa and 25 GPa, marked by two dashed lines,
corresponding to the two phase transitions. After the pressure released
to ambient pressure, the Raman peaks shift towards low wavenumber
and finally the high-pressure phase MoOs-II was prepared (Fig. 2a,
Fig. S1, and Fig. S3a).

To further examine the high-pressure stability of MoOs-1I, we con-
ducted a subsequent compression and decompression of the quenched
samples and analyzed the in-situ Raman spectra up to 14 GPa (Fig. 2¢
and d, and Fig. S3b). The results reveal a gradual shift of the Raman
modes towards higher wavenumbers as the pressure increased, without
discontinuous change, suggesting the good stability of MoOs-II at 0-14
GPa. Tables S1 and S2 summarized the slope values (dv/dp) of Raman
modes of the starting and quenched samples with different high-pressure
structures. We can find that the slope values of most modes (e.g., the
main peak) of the starting sample are larger than that of the quenched
sample, suggesting that the high-pressure phase MoOs-II is more diffi-
cult to be compressed, as compared to the low-pressure phase a-MoO3
[53].

3.3. Optical variation of MoOs at high pressure

Due to valence electron transitions induced by the absorption of UV
or visible light, leading to alterations in UV-visible absorption, we
conducted two in situ high-pressure UV-visible characterizations of the
powder samples to investigate the impact of pressure on their optical
absorption characteristic. Fig. 3a demonstrates that after the initial
pressure treatment of the sample, we found that the absorption value of
the sample gradually increased with the increase of pressure, and the
optical absorption at 500 nm of the sample was obviously strengthened
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Fig. 2. (a) In situ Raman spectra of 0-29 GPa, the distribution of experimentally observed Raman peaks is based on theoretical analysis, and the symbols * represent
emerging Raman peaks. (b) Pressure dependence of Raman modes derived from Fig. 2(a). (¢) In situ Raman spectra of MoO3-II at 0-14 GPa. (d) Pressure dependence

of Raman modes derived from Fig. 2(c).

under the pressure of 29.5 GPa, and the optical absorption in the ul-
traviolet region of the sample was reduced during the decompression
process, and a “bulge” appeared at 700-800 nm, which increased the
absorption value of the sample. At 700-800 nm, there is a “bulge” and
the absorption value increases, which may be due to the formation of
defects in the quenched sample. On this phenomenon, we further
investigated whether the repeated compression would have other effects
on the optical absorption of MoOs. Using the sample retained from the
previous photo absorption, we performed UV-visible absorption spec-
troscopic characterization at pressures up to 16 GPa, and the results are
shown in Fig. 3b. During the second compression-decompression pro-
cess, the UV-visible spectroscopy is unchanged, except from the gradual
rise.

The optical bandgap of a-MoOs3 at ambient pressure is 3.13 eV as
derived from Tauc-plot (Fig. S4). As shown in Fig. 3¢, with increasing
pressure, the optical bandgap of MoOs decreases abruptly at ~11 GPa
and 25 GPa, corresponding to the phase transitions. After the first
compression-decompression processes, the optical bandgap of MoOs
decreases irreversibly from 3.13 eV (a-MoOs) to 2.40 eV (MoOs-II) at
ambient pressure and remains unchanged after the second pressure
treatment, which are also consistent with UV-visible spectroscopy re-
sults and the color characteristics of the samples. As shown in Fig. 3d,
the color of MoOj3 gradually deepens from the nearly transparent color at

ambient pressure to deep red at high pressure, and the edge of the
sample shows light green. The color further changes to black after
decompression, and the color remains unchanged after recompression,
which is an irreversible change. The enhanced light absorption of MoOg
in the infrared region may indicate an interesting phenomenon, which
also provides a direction for future research.

In order to understand the experimental findings, we have done XPS
characterization of both MoO3 samples and calculated the energy band
structure of MoOs at different pressure by first-principle calculations, as
shown in Fig. 4. Fig. 4a and b shows the binding energy of the photo-
electron peaks of Mo3d and Ols, respectively, (see Fig. S5 for the
complete XPS spectral peaks). The spectra shows that the two main
peaks of Mo3d of the starting sample are located at 236.2 eV and 233.1
eV at ambient pressure, while the binding energy decreased by ~0.3 eV
after pressure treatment (quenched from ~30 GPa). The binding energy
of the main peaks of Ols of the starting sample is 531.0 eV, and the
binding energy decreased by 0.4 eV after pressure treatment. The
valence band of MoOj is shown in Fig. 4c. Compared with the starting
sample, the valence-band maximum of the quenched sample increased
by ~0.9 eV, touching the Fermi level, which indicates that the quenched
sample may have metallic behavior. This phenomenon calls for further
study by means of such as X-ray absorption spectroscopy (XAS), electron
paramagnetic resonance (EPR), and electric resistive measurements.
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We calculated the energy band structures and DOS of a-MoOj3 at 1
atm (or 0 GPa) and MoOs-II at 1 atm and 16 GPa, respectively (Fig. 4-
d-g). Fig. 4d—f shows that the bandgap energy of MoOs-1I (E; = 1.66 eV)
is obviously lower than that of a-MoOs (1.97 eV) at 0 GPa, while the
bandgap energy of MoOs-II has very little change at 16 GPa (1.69 eV),
consistent with above experimental results. Fig. 4g shows that the
valence band is mainly contributed by the p orbitals of O atoms and the
conduction band by the d orbitals of Mo atoms. In addition, other
properties of MoO3-1I should be different to a-MoOs, but to date have not
been studied well. The previous calculation works show that monolayer
a-MoO3 has an ultra-low room temperature phonon thermal conduc-
tivity (kp) and an anisotropic infrared (IR) dielectric response [58,59],
which are caused by the properties of low dimensionality of the mono-
layer with a few-atom-thickness [60,61], soft phonon modes [62]and
strong lattice anharmonicity [63]. As mentioned above, the layered
high-pressure phase MoOs3-II has a higher efficiency of layer stacking,
stronger interatomic interactions and in-plane anisotropy (or lower
symmetry) compared to a-MoO3, which may lead to a different x, and
anisotropic IR dielectric response.

We also calculated the enthalpy of a-MoOs and MoOj3-1I. As shown in
Fig. S6, the enthalpy curves of the two structures are very close and
intersect at 10-12 GPa (see the inset about the enthalpy difference curves
of the two phases). The calculated phase-transition pressure is in good
agreement with the Raman result. When the pressure exceeds 12 GPa,
the enthalpy of a-MoOj is larger than that of MoOg3-1II, i.e., MoOs-II is
more stable than a-MoOs, indicating the phase-transition direction from
a-MoO3 to MoOs-1I. As mentioned above, this pressure-induced phase
transition involves the interlayer slipping or displacements. Generally, if
there is no external force, the interlayer slipping is hard to happen.

Therefore, when the pressure releases to ambient pressure, the layered
high-pressure phase MoOs-II remains stable, which is thermodynami-
cally permitted due to the closed enthalpy values of both phases. This is
the possible mechanism of the irreversible phase transition of layered
MoOg3 induced by pressure. If we increase the temperature, the high-
pressure phase MoOs-II can undergo a phase transition to the low-
pressure phase a-MoOs. That is, for layered materials, the irreversible
phase transition induced by pressure can be ascribed to the weak or slow
kinetics of the interlayer slipping.

4. Conclusion

In conclusion, we investigated the structural evolution and irre-
versible changes in the optical properties of molybdenum trioxide under
high pressure using high-pressure Raman spectroscopy, X-ray diffraction
(XRD), UV-visible spectroscopy, and density-functional theory (DFT)
calculations. In comparison to the initial low-pressure a-MoOj3 phase,
the quenched MoOs3 phase displays a stabilized high-pressure phase,
MoOs-II, characterized by a narrowed bandgap (reduced by approxi-
mately 25%) and strong optical absorption within the bandgap.
Importantly, the narrowing of the bandgap is irreversible. Additionally,
the theoretical bandgap value of MoOs is in a good agreement with
experimental results. These findings have significant implications for the
exploration of high-pressure phase materials under ambient conditions.
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