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The structural evolution of metavanadate compounds under high pressure offers valuable insights into
phase transitions and changes in material properties. This study explores the structural behavior of
BaV,0O¢ under pressures up to 12 GPa using powder X-ray diffraction and density-functional theory (DFT)
simulations. The results indicate a phase transition from the ambient pressure orthorhombic phase (space
group C222) to a monoclinic phase (space group C2) at 4 GPa, likely driven by the distortion of the
vanadium oxide polyhedron. Above 10 GPa, the C2 phase undergoes amorphization, attributed to the
breakdown of the infinite [VO4] chains into [VOs]™ units. Additionally, BaV,Og¢ exhibits anisotropic lattice
contraction and a relatively low bulk modulus (Bg ~ 50 GPa). DFT calculations further explore the pressure
dependence of enthalpy differences, Raman modes, and band structures, providing insights into the
structural and electronic transformations of BaV,Og under high pressure. This work deepens the under-
standing of the structural and band structure development of the metavanadate family under high

rsc.li/dalton

. Introduction

The family of metavanadate compounds, represented by the
general formula MV,04 (Where M is a divalent cation), exhibits
rich polymorphism.' They adopt structural types consisting of
V-0 polyhedral frameworks and interstitial M** jons. These
structural types include the brannerite-type (space group C2/m,
e.g. MgV,04,> CaV,0¢,* and MnV,0; #), the pseudo-brannerite-
type (space group C2/m, e.g. CdV,04 and CdV,04), the colum-
bite-type (space group Pbcn, e.g. MnV,0q, CoV,04, and
NiV,04),>® and the NiV,O4-type (space group P1, e.g. NiV,0g’
and CoV,0¢ 8). In contrast, Bav,0¢ and Srv,0¢ with a larger
divalent metal atom adopt orthorhombic structures that differ
from those above-mentioned, featuring [VOe] octahedral or
[VOs] square pyramidal, and [VO,] tetrahedral units.® MV,Oq
compounds also exhibit temperature- and pressure-dependent
polymorphism with phase transitions.'®™* Therefore, the poly-
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pressure, contributing to advancements in materials science under extreme conditions.

morphism of MV,0¢ offers a valuable framework for under-
standing the interplay between various factors, such as the
ionic radius of the metal ion, and the influence of temperature
and pressure on structural transformations. This diversity in
crystal structures provides critical insights into how different
physical conditions drive phase transitions and affect struc-
tural stability across this family of materials.

High-pressure (HP) studies of metavanadates have attracted
extensive research interest due to the induced phase tran-
sitions and changes in physical properties.’’® For instance,
brannerite-type MgV,0, undergoes a phase transition from the
C2/m phase to the C2 phase."' ZnV,0¢ was predicted using a
density-functional theory (DFT) study to undergo a transition
from the brannerite-type phase to the columbite-type phase at
5.0 GPa, and then to the monoclinic ThTi,Os-type phase at
15.0 GPa."* However, an HP X-ray diffraction (XRD) study of
brannerite-type ZnV,0¢ suggests a phase transition to a mono-
clinic C2 phase at 16.6 GPa.">"? For the orthorhombic Pnma
structure of PbV,0s, no phase transition is observed up to 20.0
GPa. sStill, it exhibits zero-linear compressibility along the
b-axis, a property comparable to the compressibility of the
diamond."® This unique behavior is attributed to the pressure-
induced transformation of all [VOs] pyramids into [VOg] octa-
hedra, which enhances the structural rigidity along the b-axis.
For BaV,0 and SrV,0 compounds, their HP Raman spectra
indicate that a phase transition occurs at 4.3 and 3.9 GPa,
respectively, and amorphization occurs around 10 GPa."®
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In this study, the HP phase transition and amorphization
of BaV,0s are further explored using in situ powder XRD. The
XRD data reveal a phase transition from the initial ortho-
rhombic phase (space group C222) to a monoclinic phase
(space group C2) at approximately 4 GPa, followed by amorphi-
zation at around 10 GPa. These findings align well with pre-
vious HP Raman studies on BaV,0¢.'® Additionally, the HP
XRD data were used to investigate the mechanical properties
of BaV,0g, including its bulk modulus (B,) and linear com-
pressibility along the three crystallographic axes. Notably,
BaV,0¢ exhibits a significantly lower bulk modulus (50 GPa)
compared to other MV,0 compounds, such as ZnV,0g (147
GPa) and PbV,0s (86 GPa). DFT -calculations, covering
enthalpy, mechanical properties, and Raman spectra, also
support the experimental findings. Furthermore, the band
structure and pressure dependence of the band gap is provided
to reveal the change in the electronic properties accompanied
by the phase transition.

I[I. Methods

A. Synthetic procedures

Polycrystalline BaV,04 was synthesized via a sol-gel chemical
technique at low temperature.'” Ba(NO;), and NH,VO; (Sigma-
Aldrich, ACS grade) were used as the starting materials.
Stoichiometric quantities of these materials were accurately
weighed and individually dissolved in a minimal amount of
pure water. Oxalic acid dihydrate (Scharlau, ACS grade), used
as a complexing agent, was added to each solution to form
intermediate precursors, maintaining a metal-to-oxalic acid
molar ratio of 1:2. All reagents were used as received, without
further purification. The two prepared solutions were com-
bined by continuously stirring on a magnetic stirrer. The
resulting mixture was slowly evaporated on a hot plate until a
viscous gel formed. This gel was subsequently decomposed
into a black solid mass and heated at 400 °C for 5 hours to
remove any carbon residues. The resulting calcined powder
was manually ground, pressed into a pellet and then heated at
600 °C for 10 hours to obtain the desired product. The final
product was furnace-cooled and powdered. Subsequently, the
orthorhombic structure'® of BaV,0g was confirmed by powder
XRD (CCDC number: 1641112).

B. Details of HP XRD experiments

HP powder XRD measurements were carried out using a mem-
brane-type diamond anvil cell (DAC) fitted with diamond
culets of 500 pm in diameter. A 200 pm thick Inconel gasket
was pre-indented to a thickness of 50 pm, with a 250 pm dia-
meter hole drilled in the center to serve as the pressure
chamber. A 4:1 methanol-ethanol (ME) mixture was used as
the pressure-transmitting medium (PTM) to achieve quasi-
hydrostatic conditions. A Cu grain was loaded next to the
sample in the DAC to determine pressure from the position of
the Cu 111 reflection in the XRD pattern and the equation of
state (EOS) of Cu.'® The experiments were conducted at the
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MSPD beamline of the ALBA synchrotron®® using a monochro-
matic beam of wavelength 0.4246 A. XRD patterns were col-
lected on a Rayonix charge-coupled device detector and LaBg
was applied to calibrate the geometry parameters. Dioptas soft-
ware was used to reduce the collected data.>! Refinement and
indexation were performed using Jana 2006 software, Material
Studio, and PowderCell.>**

C. DFT calculations

All DFT calculations in this study were performed at 0 K. The
crystal structure optimization and the calculation of enthalpy
and mechanical properties were performed using the Vienna
ab initio simulation package (VASP).>*** The generalized gradi-
ent approximation (GGA) using the Perdew-Burke-Ernzerhof
for solids (PBEsol) functional was chosen in the calculations.>®
The valence electrons were treated as Ba 5s>5p°6s?, V 3d°4s?,
and O 2s”2p®. The kinetic energy cutoff was set at 830 eV and
Monkhorst-Pack 3 x 3 x 3 k-point meshes were used.*’

DFT calculations were also performed using the Cambridge
Sequential Total Energy Package (CASTEP) module®® in
Material Studio to optimize the crystal structure and simulate
Raman spectra,”® band structures and densities of states. The
GGA in the form of PBE*® was employed and norm-conserving
pseudopotentials with an 1170 eV energy cutoff were
implemented with k-point sampling better than 2z x 0.06 A™".
For the calculation of band structures and densities of states,
the separation of the k-point path was 2r x 0.015 A™".

[ll. Results and discussion
A. High-pressure powder X-ray diffraction

HP powder XRD measurements were performed up to 12.1
GPa with ME as a PTM. As shown in Fig. 1a and c, BaV,0¢
maintains the orthorhombic phase (€222, a = 8.48 A, b =
12.61 A, and ¢ = 7.92 A) from ambient pressure to 3.4 GPa, and
all Bragg diffraction peaks just shift toward higher angles
upon compression in this pressure range, which is attributed
to the pressure-induced lattice shrinkage. Above 4.2 GPa, the
XRD pattern undergoes a significant change, especially
between 7° and 8°, where some extra peaks appear. This
undoubtedly indicates a phase transition, as previously
reported in the HP Raman study, suggesting that the studied
compound undergoes a phase transition at around 4 GPa.'®
Under further compression, the XRD patterns maintain their
profile up to 9.0 GPa. The HP phase begins to transform into
an amorphous phase around 10 GPa, due to the progressive
broadening of Bragg peaks and the eventual disappearance of
most peaks, accompanied by the emergence of a diffuse scat-
tering background.** This signifies the loss of long-range
structural order, which cannot be attributed to microstrain or
local disorder alone. In contrast, microstrain or local disorder
typically causes corresponding asymmetric peak broadening or
shifts but retains identifiable diffraction peaks.?” This also
agrees with the previous HP Raman study.'® After decompres-
sion to 0.5 GPa, the amorphous phase does not recover to the

This journal is © The Royal Society of Chemistry 2025
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(a) Powder XRD patterns of BaV,Og under high pressure. R denotes the process of decompression. (b) Selected Le Bail fit plots of the C222

phase at 0.1 GPa and the C2 phase at 4.2 GPa. The black circles, solid red lines, solid blue lines, and violet bars represent the experimental data,
simulated data, difference, and Bragg positions, respectively. (c) Crystal structure of the C222 phase and the C2 phase.

initial orthorhombic phase, indicating nonreversible amorphi-
zation at room temperature and high pressure.

Due to the influence of preferred orientation effects in the
XRD patterns, the Le Bail method was used to analyze the
data. As illustrated in Fig. 2b, the XRD pattern at 0.1 GPa
corresponds to the initial orthorhombic phase. The ortho-
rhombic structure depicted in Fig. 2c consists of crossed
helical chains of [VO,] tetrahedra running along the [120]
directions in a zigzag manner and Ba atoms reside at two
different sites surrounded by the chains of [VO,] tetrahedra.
However, at 4.2 GPa, the XRD pattern was successfully indexed
and fitted to a monoclinic phase, consistent with the C2 space
group, with parameters @ = 11.89 A, b = 8.33 A, ¢ = 7.67 A and f8
=90.93° (Fig. 2b and Table S1}). In comparison with the crys-
tallographic axes of the initial orthorhombic phase, the mono-
clinic phase undergoes an g-axis and b-axis swap to align with
the standard space group convention. This symmetry-reducing
phase transition, from €222 to C2, is likely driven by the dis-
tortion of the vanadium oxide polyhedron. Similar behaviors
have also been observed in the HP structural evolution of

This journal is © The Royal Society of Chemistry 2025

MV,04 (M = Mg and Zn), where increased distortion of the
[VO¢] octahedra induces the phase transformation from the
C2/m phase to the C2 phase under high pressure.'""
Therefore, the C222 structure has two symmetrically indepen-
dent V°* cations/[VO,] tetrahedral units, while the C2 structure
has three symmetrically independent V" cations/[VO,] tetra-
hedral units.

As shown in Fig. 2a, the corresponding lattice parameters
(symbols) obtained from Le Bail are in agreement with the
DFT results (solid lines), and they indicate that the b-axis of
the initial C222 phase (equivalent to the a-axis of the HP C2
phase) collapses after the phase transition. The pressure-
dependent compressibility of the lattice axes of the €222
phase was further analyzed using the online PASCal
program.*® As shown in Fig. 2b, the €222 phase of BaV,0¢
exhibits obvious anisotropic contraction under high pressure.
It should be noted that [VO,] tetrahedra are much less com-
pressible than the coordination polyhedra of Ba and deter-
mine the evolution of the structure with pressure. By analyzing
the connection and arrangement of [VO,] units, we find that

Dalton Trans., 2025, 54, 2011-2017 | 2013
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Fig. 2 (a) Pressure dependence of the unit cell parameters of BaV,Oe. Symbols represent experimental results using ME as a PTM and solid lines are

the results from DFT calculations. (b) Pressure-dependent compressibility of lattice axes of the C222 phase. The compressibility coefficients (K) were
determined using the PASCal program.®® (c) Connection and arrangement of [VO,] units of C222 phase BaV,O¢ at ambient pressure. (d) Pressure
dependence of the volume of BaV,0¢. Symbols represent experimental results and solid lines are the results from DFT calculations. Black dotted
lines are the 2"-order BM-EOQS fits of the experimental results. The data above 6.4 GPa were not used to fit the BM-EOS of the C2 phase due to the
degradation of data quality. (e) Comparison of the bulk modulus (Bo) of different MV,0¢ (M = Ba, Mg, Zn, and Pb) compounds and the BasV,0g com-

pound in different pressure ranges.'*12141538

the empty space between vanadate layers along the c-axis
makes this direction highly compressible. The changing align-
ment makes the g-axis less compressible than the b-axis. A
tilting of [VO,] units could also favor the collapse of the b-axis
observed at the phase transition and the disorder of the
chains, inducing the amorphization that happens at higher
pressure. The amorphization can be understood in the
concept of Zintl-Klemm extended to oxides.>* The idea is that
under compression the most electropositive atoms of Ba would
give up their valence electrons to the skeleton vanadate
forming anions [VO,]"."® This electron transfer leads to the
disruption of the original crystalline structure, promoting the
transition to an amorphous state as the material rearranges to
accommodate the bonding environments. Similar behaviors
have been reported in the HP studies of LiVO; and NaVO; and
induce their structural transitions.*>*®

To analyze the pressure dependence of the volume, the P-V
data were fitted with two 2"%-order Birch-Murnaghan
equations of state (BM-EOS)*” with V, = 845.7(7) A® and B, = 50
(1) GPa for the €222 phase and V, = 814 A® and B, = 50.4(8)
GPa for the C2 phase (Fig. 2d). The volume collapse caused by
the phase transition is about 4.5%. Compared with the experi-
mental analysis results, the DFT calculation results show that
the C222 phase has V, = 847.2(1) A* and B, = 57.2(2) GPa and
the C2 phase has V, = 818.3(5) A*> and B, = 58.6(5) GPa, and

2014 | Dalton Trans., 2025, 54, 2011-2017

they slightly overestimate B,. Both experimental and compu-
tational results indicate that B, changes very little during the
phase transition. Interestingly, the B, of BaV,Og is the smallest
among the corresponding MV,0¢ (M = Mg, Zn, and Pb) com-
pounds, as well as compared to BaV;Og (Fig. 2e and
Table $2t).*""*'41538 The compressibility of vanadium oxide
polyhedra is mainly influenced by their type and connection.
BaV,0s has corner-sharing [VO,] tetrahedra,'® MgV,0¢ and
ZnV,0, feature edge-sharing [VOs] octahedra,>*® PbV,0¢ con-
tains edge-sharing [VO;] square pyramids*® and Ba;V,Og has
independent [VO,] tetrahedra interspersed in the Ba-O network
(Table $3t).** [VO,] tetrahedra, due to their smaller size and
symmetry, are more easily deformed under pressure, making
them highly compressible. [VOg] octahedra are larger and more
rigid, especially when connected by edges, which further
reduces their compressibility. The compressibility of [VOs]
square pyramids is intermediate, depending on the connection.
Among connection types, corner-sharing is much more com-
pressible than edge-sharing. This is because polyhedra sharing
one oxygen atom (corner-sharing) tend to have weaker inter-
polyhedral interactions, resulting in larger distances between
them and making the structure easier to compress. When poly-
hedra share two oxygen atoms, the connection becomes tighter,
making the structure more rigid. The O-V-O bond angle
becomes more resistant to changes, reducing compressibility.

This journal is © The Royal Society of Chemistry 2025
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B. Enthalpy and Raman mode calculations

The pressure dependence of the enthalpy (AH) difference
between the C2 phase and the C222 phase was calculated to
understand this phase transition from the energy perspective.
As illustrated in Fig. 3, the C2 phase exhibits lower enthalpy
above 4 GPa, reinforcing the phase transition from the €222
phase to the C2 phase observed in the HP XRD experiments.

30 — Enthalpy difference ]

Enthalpy difference (meV / unit cell)

-30 1 1 1
0 2 4 6 8

Pressure (GPa)

Fig. 3 The pressure dependence of the enthalpy difference between
the C2 phase and C222 phase in the range from 0 to 8 GPa.

100 AT
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800 A O_O_Q———O———O
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400 +
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200 +
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Fig. 4 Pressure dependence of the Raman A modes of the C222 phase
and the C2 phase.

View Article Online

Paper

The changes in Raman modes caused by phase transitions
are also analyzed here. With six molecules in the primitive
unit cell of both phases, BaV,0 has a total of 78 Raman active
modes, I'raman = 18A + 19B; + 20B, + 21B; for the C222 phase
and I'raman = 39A + 39B for the C2 phase. The pressure-depen-
dent evolution of Raman active modes is shown in Fig. 4 and
S1,T which qualitatively agree with changes observed in the
Raman experiments reported in the literature.'® Interestingly,
the lowest frequency A and B modes of the C2 phase soften
under compression, suggesting that the crystal structure
becomes less stable, leading to a loss of long-range order. In
this case, the softening of these Raman modes signals the
breakdown of the ordered C2 phase, which aligns with the
observed amorphization above 10 GPa in the experiments.

C. Band structure and band gap

The calculated band structure and partial density of states
(PDOS) of the €222 phase at 0 GPa and the C2 phase at 4.2
GPa are shown in Fig. 5a and b. Both the €222 and the C2
phases of BaV,0¢ are semiconductors, with indirect band gaps
of 2.726 and 2.703 eV, respectively. The PDOS of both phases
indicates that the states at the valence band maximum (VBM)
are mainly contributed by the O 2p orbitals, and the conduc-
tion band minimum (CBM) consists of contributions from the
V 3d and O 2p orbitals, with the V 3d orbital contributing the
most. This is a typical feature of vanadates.*” Therefore, in
both phases of BaV,0g, the band edges are predominantly gov-
erned by [VO,] tetrahedra. This is comparable to CaV,0¢ and
ZnV,0¢, where the band edges are primarily influenced by
[VOs] square pyramids and [VOs] octahedra, respectively.*'*
However, it differs from MnV,0¢ or PbV,0¢, where the band
edges also receive a non-negligible contribution of Mn 3d or
Pb 6s orbitals.”™® As shown in Fig. 5c, the pressure depen-
dence of the calculated band gaps primarily reveals a closing
of the gap, but there is also a slight reopening of the gap
during the phase transition. In each phase, under high
pressure, the average V-O length is continuously compressed,
which could lead to enhanced hybridization and an increased
crystal field effect (Fig. S21). Enhanced hybridization between
V 3d and O 2p orbitals could drive the band gap reduction,
while crystal field splitting could lead to an energy difference

@ ¢ — — ®) 6, c— ©) 2750
e Bandgap
4
2.7254
—
—Total ~ —Total | >
e (32 N\ e e [
- s . — s
3 _02p—Ba 3 . —02p—Ba S 2.7004
2 2 g
w w o
26751
C222 phase C2 phase
2.650+— T T T T T T
0 1 2 3 4 5 6

Pressure / GPa

Fig. 5 Calculated band structures and PDOS of (a) the C222 phase at 0 GPa and (b) the C2 phase at 4.2 GPa. (c) Pressure dependence of the calcu-

lated band gaps of the C222 phase and the C2 phase.

This journal is © The Royal Society of Chemistry 2025
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between bonding and antibonding states, inducing the
increase of the band gap. This subtle interplay between hybrid-
ization and crystal field effects could account for the observed
narrowing and reopening of the band gap under high
pressure. The pressure-induced band gap narrowing could
improve the absorption capacity of photons and increase the
number of photogenerated carriers, thereby enhancing the
photocurrent.”® In addition, the narrowing and reopening of
the band gap may play an important role in the design of
high-performance thermoelectric materials through the influ-
ence on carrier concentration, carrier mobility and thermal
conductivity.*!

IV. Conclusion

We investigated the HP phase transition and amorphization of
BaV,04 up to 12 GPa using synchrotron in situ powder XRD
and systematic theoretical calculations. The ambient pressure
orthorhombic phase (space group €222) transforms into a
monoclinic phase (space group C2) at around 4 GPa, followed
by amorphization above 10 GPa. BaV,0, exhibits anisotropic
contraction of the lattice axis and a lower bulk modulus B, ~
50 GPa due to the structural feature that the helical chains of
[VO4] tetrahedra run along the [120] direction in a zigzag
manner. The DFT results of the pressure dependence of the
enthalpy difference and Raman modes are also provided to
support the phase transition from the C222 phase to the C2
phase at 4 GPa. The pressure dependence of the band struc-
tures of BaV,0g is explored via DFT calculations, which reveals
changes in its electronic structure due to the evolution of its
crystal structure. Our work provides a valuable contribution to
the fundamental research on metavanadate compounds and is
expected to advance the development of these materials.
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