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d

This study presents a single-crystal X-ray diffraction investigation of the high-pressure behavior of barium

metavanadate monohydrate, BaV,04-H,O, up to 7.1 GPa. These measurements were combined with

high-pressure optical absorption measurements performed up to 10.1 GPa and with density-functional

theory calculations. The X-ray diffraction analysis indicates that BaV,0O¢-H,O adopts an orthorhombic

structure described by the space group P2;2,2; at ambient pressure. This structure maintains stability up

to 8 GPa, in contrast to anhydrous BaV,0g which undergoes a phase transition at 4 GPa. Throughout the

pressure range examined, the compression of the crystal is highly anisotropic with the b-axis exhibiting

nearly zero linear compressibility. Additionally, our optical absorption measurements reveal that
BaV,0¢-H,O exhibits an indirect band gap that decreases from 4.62(5) eV at 0.03 GPa to 4.48(5) eV at 10.1
GPa. Density-functional theory calculations give similar results to the experiments and support that the
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rsc.li/dalton 33.0(5) GPa.

. Introduction

Aqueous zinc-ion batteries featuring nonflammable electro-
lytes provide enhanced safety, rapid charge and discharge
capabilities, long-term cycling stability, and cost-effectiveness,
while achieving an energy density comparable to that of
lithium-ion batteries." Hydrated vanadates present a promis-
ing option as layered cathodes for aqueous zinc-ion batteries.
This is because of their impressive specific capacity of up to
400 mA h g™, Nevertheless, their structural instability leads to
significant degradation during cycling, primarily due to the
repeated intercalation and deintercalation processes.”> Among
hydrated vanadates, a compound with promising properties is
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decrease of the band-gap energy with pressure is caused by the enhancement of the hybridization
between O 2p and V 3d states. We have also calculated the elastic constant. According to experiments
and calculations BaV,0¢-H,O is one of the most compressible vanadates with a bulk modulus of

barium metavanadate monohydrate BaV,04-H,0.> This
material was synthesized and its crystal structure was solved in
1968." It has also attracted attention because it is a non-linear
optical material with a large band-gap energy of 4.6 eV.’
BaV,06-H,0 exhibits a second-harmonic generation (SHG)
efficiency of approximately 50% of that of KH,PO,, the most
common material utilized in optical modulators and in non-
linear optics.’

For the different applications of BaV,0¢-H,O it is important
to know how this material is affected by external perturbations,
including stresses and hydrostatic compression.® Pressure, as
an external parameter, plays a crucial role in influencing the
structural and physical properties of materials. It can induce
phase transitions, lead to disordering, and result in amorphi-
zation, among various other structural alterations.”
Metavanadates,® pyrovanadates,” and orthovanadates'® have
been extensively studied under high-pressure conditions. All of
them exhibit a significant degree of polymorphism when sub-
jected to compression. Anhydrous barium vanadate, BaV,O,
was studied up to 12 GPa, utilizing powder X-ray diffraction
and density-functional theory (DFT).'* The findings reveal a
phase transition from the orthorhombic phase at ambient
pressure (space group C222) to a monoclinic phase (space
group C2) occurring at 4 GPa, likely influenced by the distor-
tion of the vanadium oxide polyhedron. At pressures exceeding
10 GPa, BaV,0¢ experiences amorphization, which is attribu-
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ted to the disintegration of the continuous [VO,] chains into
[VO;7] units.

Based on the behavior of other hydrated oxides,"? it could
be expected that compression could induce phase transitions
in BaV,06-H,0 at pressures as low as a few gigapascals. In con-
trast to the substantial body of literature concerning the behav-
ior of vanadates under high pressure,*"" there is a lack of
knowledge regarding the behavior of hydrated vanadates when
subjected to compression. To contribute to the understanding
of the behavior of hydrated vanadates upon compression, a
comprehensive investigation of the high-pressure behavior of
BaV,04-H,0 has been conducted up to 10 GPa. The influence
of pressure on the crystal structure and the band-gap energy
has been analyzed through the combination of single-crystal
X-ray diffraction (SC-XRD), optical-absorption measurements
(0A), and DFT calculations. The elastic constants and moduli
have also been determined. We found that in contrast to what
happens in BaV,0O¢, there are no phase transitions taking
place in BaV,04-H,O up to 10 GPa. We also determined that
BaV,04-H,0 is highly compressible with a bulk modulus of
33.0(5) GPa and that the response to pressure is highly aniso-
tropic, with one axis showing near-zero linear compressibility.
Finally, we also found that the band gap decreases under
pressure from 4.62(5) eV at 0.03(3) GPa to 4.48(5) eV at 10.12(5)
GPa.

I[I. Methods and calculations
a. Sample preparation

The starting materials for the synthesis were VO(OH), and Ba
(NO3),. VO(OH), was obtained by a precipitation process in the
ambient environment, as reported by Guo et al.'® Ba(NO3),
(99.999% purity) was obtained from Merck. For the synthesis
of BaVv,04-H,0, we adapted the synthesis reported by Yao
et al."* In particular, the aqueous solution of the reagents [VO
(OH), and Ba(NOj3),] was heated at 210 °C in an autoclave for
72 h. The obtained colorless crystals were washed with distilled
water and dried at 70 °C for 1 h. We confirmed by SC-XRD that
the crystals correspond to the orthorhombic structure of
BaV,0¢-H,O (space group P2;2,2,)"> without detecting any
impurities or minority phases.

b. Single-crystal high-pressure XRD

SC-XRD was performed at room temperature using a Rigaku
SuperNOVA diffractometer equipped with an EOS CCD detector
and a Mo radiation micro-source (4 = 0.71073 A). All measure-
ments were processed with CrysAlis software version
1.171.43.143a."® Numerical absorption correction based on
Gaussian integration over a multifaceted crystal model was
applied using the ABSORB-7 program.'”

For HP measurements, we used a Mini-Bragg diamond-
anvil cell (DAC) from Almax-EasyLab, with an opening angle of
85° and anvil culets of 500 pm diameter, fit with a stainless-
steel gasket containing a hole of 200 pm diameter and 75 pm
depth. The thickness of the crystals loaded in the DAC was
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50 pm. The pressure transmission medium used in all experi-
ments was a 4: 1 methanol-ethanol (ME) mixture that gave us
a quasi-hydrostatic condition in the range of pressures used in
this experiment.'® The pressure was estimated using the shift
of the R1 peak of ruby fluorescence.'® Three experiments were
performed, named HP1, HP2, and HP3, in this study. Pictures
of the samples loaded in the DAC are shown in Fig. 1. During
experiments we verified that the crystals were not bridged
between the diamonds due to the decrease in the thickness of
the gasket under compression.

The crystal structure was refined, for each pressure, using
previous results as a starting point, on F* by full-matrix least-
squares refinement using the SHELXL program.’’ Due to the
limitations of the opening angle of our DAC, it is only possible
to collect about 35-40% of the reflections present in a full
dataset for the orthorhombic space group under ambient
conditions.

c. High-pressure optical absorption

For the optical-absorption measurements, a single crystal
measuring 80 pm x 80 pm with a thickness of 10 pm was
cleaved along the (010) plane. The crystals were placed in a
200 pm hole of an Inconel gasket that had been pre-indented
to 50 pm, within a membrane DAC. The culet size of the IIA-
type diamond anvils was 500 pm. Small ruby balls were
included with the sample to facilitate pressure determi-
nation.'® The pressure medium used was the same as in the
XRD experiments. OA measurements were performed in the
ultraviolet (UV)-visible (VIS) range using an optical setup that
included a deuterium lamp, fused silica lenses, reflective
optics objectives, and a UV-VIS spectrometer.”’ This configur-
ation enables transmission measurements up to 5.5 eV. The
OA spectra were derived from the transmittance spectra of the
sample, measured using the sample-in, sample-out method.*

d. Density-functional theory calculations

We conducted DFT simulations to investigate the HP pro-
perties of BaV,04H,O. The Vienna ab initio simulation
package (VASP)** was utilized, employing the projector-aug-
mented wave pseudopotential alongside the plane-wave
method.?* The exchange-correlation energy was characterized
using the generalized-gradient approximation, specifically the
Perdew-Burke-Ernzerhof (PBE) formulation.”® We applied a
plane-wave kinetic energy cutoff of 500 eV and utilized dense
meshes of 5 x 4 x 3 special k-points generated via the
Monkhorst-Pack scheme.?® Full optimization of all structural
parameters was carried out for the crystal structure at selected
volumes. In the final optimized configurations, the atomic
forces acting on the atoms were below 0.005 eV A™*, and the
discrepancies between the diagonal components of the stress
tensor were less than 0.1 GPa. The equation of state was
derived from the energy-pressure-volume (E, V, P) data col-
lected at each selected volume. The band structure and elec-
tronic density of states were calculated using the Heyd-
Scuseria-Ernzerhof (HSE06)*” hybrid functional which usually
gives more accurate values of the band-gap energy than PBE.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1

The mechanical properties were assessed by calculating the
elastic constants. These constants were derived from the stress
tensor, which was computed by applying strain to the relaxed
structure through modifications of its lattice vectors, including
both magnitude and angle, utilizing the stress-strain method-
ology implemented in VASP.*® From the elastic constants, we
subsequently extracted various elastic moduli.

[1l. Results and discussion
a. Single-crystal XRD

In the three experiments we performed, we confirmed that the
samples studied have the orthorhombic crystal structure
(space group P2,2,2,) reported by Ulicka et al."® Information
on the structural determination at ambient pressure in experi-
ment HP1 is given in Table 1. The other two experiments gave
consistent information, which is not shown in the table to
avoid redundancy. The obtained unit-cell parameters agree
with previous studies®'’ as shown in Table 2. The crystal struc-
ture is presented in Fig. 2(a). It is composed of VO, tetrahedra
and BaO,, irregular polyhedra. The V atoms are placed at two
positions with different symmetries, with the atoms being
identified as V1 and V2. Each type of VO, tetrahedron is con-
nected to two adjacent VO, tetrahedra of the other type by
sharing corners with them. The Ba atom is coordinated by
nine oxygen atoms from adjacent VO, tetrahedra and one from
a water molecule. The sequence of consecutive VO, units
forms an infinite twisted spiral [V,O¢], which runs along the
a-axis as shown in Fig. 2(b) and (c). These metavanadate
chains are intercalated by BaO;, polyhedra forming pseudo-
two-dimensional layers running perpendicular to the c-axis.
This is shown in Fig. 2(d) and (e).

Inspection of the XRD patterns as a function of pressure
reveals that the orthorhombic crystal structure is retained up
to the highest pressure covered in this study. We obtained the
pressure dependence of the unit-cell parameters. The results
are shown in Table 3 and Fig. 3(a). In Fig. 3(b), we present the
results normalized using the unit-cell parameters at ambient
pressure (i.e. ao, by and ¢,). This figure shows that compression
is highly anisotropic. The c-axis is the most compressible of
the crystallographic axes and the b-axis is nearly incompressi-
ble. The b-axis is reduced by less than 0.5% from 0 GPa to 7.1

This journal is © The Royal Society of Chemistry 2025

Images of the samples loaded for experiments HP1 (a), HP2 (b), and HP3 (c). A scale is included in the figure.

Table 1 Crystal data and structure refinement for BaV,0¢-H,O under
ambient conditions. We present the data of experiment HP1. These data

are consistent with data from experiments HP2 and HP3

Empirical formula

Formula weight

Temperature [K]

Wavelength [A]

Crystal system orthorhombic
a[A]

b[A]

c[A]

Volume [A%]

zZ

Calculated density [Mg m™]
Absorption coefficient [mm™]
F(000)

Crystal size [pm®]

Theta range for data collection [°]
Limiting indices

Reflections collected/unique
Completeness to theta = 27.54 [%]
Refinement method

Data/restraints/parameters
Goodness-of-fit on F,>

Final R indices [F,> > 26(F,)]

R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole [e A7)

H,0,V,Ba
353.22

298(2)

0.71073

P2,2,2,

7.3993(1)

8.9942(1)

9.7220(2)

647.007(17)

4

3.626

8.827

642.5

0.170 x 0.110 x 0.050

3.09 to 28.68
—9<h<4,-12<k<12,
-13<I[<7

2932/1660 [R(int) = 0.0177]
99.9%

Full-matrix least-squares on
F?

1660/0/93

1.026

R, =0.0167, WR, = 0.0387
R, =0.0171, WR, = 0.0389
—0.026(17)

0.0076(3)

0.64 and —0.45

Table 2 Unit-cell parameters determined from experiments HP1, HP2,

and HP3 compared with the literature

DFT calculations

and the results of the present

Study a(h) b (A) c(A) vV (A%)
Experiment HP1 7.3993(1)  8.9942(1)  9.7220(2)  647.007(17) A°
Experiment HP2 7.40211(11) 8.99924(15) 9.72468(15) 647.794(17) A
Experiment HP3 7.4017(1)  8.9957(2)  9.7218(2)  647.31(2) A°
Chen et al.® 7.3993(6) A 8.9934(7) A 9.7206(8) A 646.85(2) A®
Ulicka et al®®  7.409(1)A 8.997(2) A 9.728(1) A  648.5(2) A®
DFT 7.4496 A 9.06958 A 9.7955A  661.83 A

GPa and most of the change in this lattice parameter takes
place below 2 GPa. From our results, a linear compressibility
of 0.8 x 107> GPa™' is determined. This indicates that
BaV,04-H,0 has near-zero linear compressibility along the

Dalton Trans., 2025, 54, 6993-7003 | 6995
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Fig. 2
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(a) Crystal structure of BaV,04:-H,0. Ba atoms are large green spheres, V and O atoms are the large and small red spheres, respectively, and

H atoms are the pink spheres. BaO;o and VO, polyhedra are shown as well as the H,O molecules. (b) Projection of the structure showing only inter-
connected VO, tetrahedra. (c) Infinite twisted spiral [V,O¢l,, chains of corner-sharing VO, tetrahedra. (d) and (e) are projections of the structure

showing only VO, and BaO;, polyhedra.

b-axis, resembling PbVO,.>° This fact makes it suitable for a
wide range of potential applications in complex extreme
environments.*®

The anisotropic deformation of the crystal structure under
compression is a direct consequence of the two-dimensional
layered crystal structure of BaV,0H,0. As we described
above, the structure is formed by layers running perpendicular
to the c-axis. The interlayer distance is determined by BaOj,
polyhedra, which are much more compressible than the VO,
tetrahedra, and therefore it is more compressible than layers
that have a compressibility determined by VO, tetrahedra.
Consequently, the c-axis is more compressible than the other
two axes. Within the layers, the different responses to pressure
of the g-axis and b-axis are related to the deformation induced
in the infinite [V,O¢] chains. This can be understood by ana-

6996 | Dalton Trans., 2025, 54, 6993-7003

lyzing how the volume of the VO, tetrahedra and the V-O-V
angles change with pressure. This information is shown in
Fig. 4. The infinite twisted spiral [V,0¢] chains run along the
a-axis. Therefore, the change in the ag-axis is in the first
approximation determined by the change in the volume of the
VO, tetrahedra. The volume of the tetrahedra decreases by 4%
from 0 to 7.1 GPa. This change is of the same magnitude as
the change in the g-axis in the same pressure range, which is
consistent with our hypothesis. The incompressibility of the
b-axis could be related to changes in V-O-V angles.*® These
angles show opposite behavior. On the one hand, the V;-O;-
V, angle increases under compression, becoming nearly 180°.
On the other hand, the V,-0,-V, angle decreases under com-
pression. The first phenomenon will cause an expansion of the
b-axis, and the second one a compression of the ag-axis. Then,

This journal is © The Royal Society of Chemistry 2025
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Table 3 Unit-cell parameters determined from experiments HP1, HP2,
and HP3 at different pressures

P (GPa) a(A) b (A) c(A) Experiment
0 7.3993(2) 8.9942(1) 9.7220(2) HP1
0.47(4) 7.3645(3) 8.9747(4) 9.645(6) HP1
0.80(4) 7.3557(3) 8.9771(4) 9.579(7) HP1
1.26(4) 7.2997(2) 8.9413(3) 9.582(6) HP1
1.62(4) 7.2711(3) 8.9335(4) 9.540(6) HP1
2.03(4) 7.2596(3) 8.9436(3) 9.454(6) HP1
2.52(4) 7.2339(2) 8.9403(3) 9.386(6) HP1
3.20(4) 7.1946(3) 8.9330(4) 9.321(6) HP1
0 7.40211(11)  8.99924(15)  9.72468(15)  HP2
0.77(6) 7.3484(3) 8.9762(4) 9.593(6) HP2
1.45(4) 7.3056(3) 8.9632(4) 9.513(6) HP2
2.24(4) 7.2539(4) 8.9475(5) 9.411(8) HP2
2.97(4) 7.2115(4) 8.9426(5) 9.323(8) HP2
3.77(4) 7.1752(3) 8.9447(4) 9.211(6) HP2
4.25(4) 7.1542(4) 8.9356(5) 9.178(9) HP2
4.92(4) 7.1359(4) 8.9492(7) 9.073(9) HP2
0 7.4017(1) 8.9957(2) 9.7218(2) HP3
1.03(4) 7.3282(3) 8.977(4) 9.5427(4) HP3
4.60(4) 7.1365(4) 8.938(5) 9.1313(4) HP3
5.44(4) 7.1041(3) 8.941(6) 9.0395(4) HP3
5.93(4) 7.0816(4) 8.951(6) 8.9868(4) HP3
6.61(4) 7.0672(4) 8.937(6) 8.9271(4) HP3
7.10(4) 7.0483(3) 8.944(5) 8.8711(4) HP3

both the change in the V;-0,-V, angle and the contraction of
the VO, tetrahedra favor the compression of the g-axis. In con-
trast, the change in the V;-03-V, angle favors the expansion of
the b-axis, which compensates for the decrease in the volume
of the VO, tetrahedra making the b-axis nearly incompressible.
In other words, pressure causes rearrangement of the [V,0¢]
chains in a way that if the volume of the VO, polyhedra would
not be modified, the a-axis would contract and the b-axis
would expand. The reduction in the volume of VO, tetrahedra

10.0 — T T T T

95 |

90 |

85| _

Unit-cell parameter (A)

75F .

70 F

Pressure (GPa)

Fig. 3
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under compression favors the decrease in the g-axis and com-
pensates for the increase in the b-axis, making this axis incom-
pressible. We would like to add here that after the maximum
value of the V;-O3-V, angle is reached at 6 GPa, this angle
remains nearly constant. The understanding of this phenom-
enon remains an open issue for future studies.

We have also analyzed the pressure dependence of the unit-
cell volume. The results are shown in Fig. 5. We have analyzed
them, including the three sets of data, using a third-order
Birch-Murnaghan equation of state (EoS).** The analysis was
carried out using the EosFit7-GUI package.*” From this fit, we
obtained the unit-cell volume at zero pressure, V, = 647.4(5)
A?, the bulk modulus at zero pressure, B, = 33.0(5) GPa, and its
pressure derivative, By = 5.3(3). The obtained bulk modulus is
smaller than the same parameter in anhydrous BaV,0s, By =
50.4(8) GPa, and the rest of metavanadates."' This makes
BaV,04-H,0 the most compressible vanadate among those
studied so far. Indeed, the reported value for the bulk
modulus is comparable to that of compounds with halogen
bonds®® which is not very common for a compound with a
framework formed by covalent bonds like BaV,0¢-H,0. To con-
clude this part of the discussion, we would like to comment
on how H,O affects compression behavior. The bulk modulus
of BaV,04-H,0, By = 33 GPa, is 66% smaller than the bulk
modulus of anhydrous BaV,0q, By = 50 GPa.'! This result is
consistent with the well-established fact that hydrated oxides
exhibit greater compressibility than their dehydrated forms.**
Specifically, the presence of water (H,0) can significantly affect
the characteristics of oxides.>®> For instance, gypsum
(CaS0,4-2H,0, By = 44 GPa)*® has a bulk modulus that is
approximately 70% of that of the anhydride (CaSO,, B, = 64
GPa).*” Similarly, hydrated MgSO, (B, = 50 GPa)’® has a bulk
modulus that is roughly 80% of the bulk modulus of MgSO,

1.00

)

0.96 -

0.94

Unit-cell parameter

0.92 |-

0.90 1 Il 1 1 Il

Pressure (GPa)

(a) Pressure dependence of unit-cell parameters. (b) Relative change of unit cell parameters versus pressure. In (a) and (b), squares represent

data from experiment HP1, circles from HP2, and diamonds from HP3, and the lines represent the results of DFT calculations.
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Fig. 4 (a) Pressure dependence of the volume of the VO, tetrahedron. Black (red) color represents the tetrahedron of the V1 (V2) atom. (b) Pressure

dependence of the V-O-V angles. The V;-03-V; (V;—-0,4—V2) angle is represented in black (red). Different symbols correspond to different experi-
ments which are identified within the plots. In (c), we show a network of VO, tetrahedra for the identification of V-O-V angles.
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Fig. 5 Unit-cell volume versus pressure as obtained from experiments
and DFT calculations. Symbols represent data from three experiments;

the black line shows the DFT results and the red line represents the
fitted EoS.
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(B, = 62 GPa).>* Based on these observations, we would expect
that other vanadate monohydrates, like K;VO,-H,O,
MnV,06-H,0, SrV,04-H,0, and Na,V,0,-H,0, would be more
compressible than the related dehydrated vanadates. Future
studies on hydrated vanadates are needed to confirm this
hypothesis.

b. Optical absorption

In Fig. 6, we present the optical-absorption spectra of
BaV,04-H,0 measured at selected pressures. The absorption
coefficient shows that the studied compound has a large gap
that linearly decreases under compression. The absorption
around 4.6 eV does not have any excitonic contribution. In a
previous study,” as well as in our calculations, it was found
that BaV,06-H,O is an indirect-gap material. Knowing this
and that excitons are not relevant, we have determined the
band-gap energy (E,) using a Tauc plot analysis.’ The linear
fit used to determine the band-gap energy at 0.03 GPa, the

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Optical-absorption coefficient (a) versus energy at different
pressures. The inset shows the Tauc plot used to determine the band-
gap energy.

lowest pressure we measured, is shown in the inset of Fig. 6.
We determined a band-gap energy of 4.62(5) eV, which
agrees with the value measured by Chen et al.> The smooth
evolution of the absorption spectrum with pressure indi-
cates that there are no structural phase transitions up to
10.12(5) GPa.

We have also determined the influence of pressure on the
band-gap energy. The results are shown in Fig. 7. The band
gap closes with pressure following a linear behavior, and the
pressure coefficient given by dE,/dP = —14(1) meV GPa™'. This
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Fig. 7 Band-gap energy (Eg) at different pressures. We show results
from the experiment and DFT calculations.
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value resembles the pressure coefficient of anhydrous BaV,Og,
dEy/dP = -16 meV GPa '.''" The band-gap energy of
BaV,04-H,0 reaches a value of 4.48(5) eV at 10.1 GPa. This
phenomenon is a consequence of the increased hybridization
between the 2p orbitals of oxygen and the 3d orbitals of
vanadium as we will show when discussing the results of DFT
calculations.

c. Density-functional theory

In Fig. 3, we show that DFT gives a good description of the
crystal structure at ambient pressure and high pressure. The
unit-cell parameters at ambient pressure agree within 1% with
experimental data. The unit-cell volume at ambient pressure is
overestimated by 2% by DFT as shown in Fig. 5. Such a small
discrepancy is typical of DFT calculations. DFT gives a good
description of the pressure dependence of the unit-cell para-
meters and volume; see Fig. 3 and 5. According to DFT, the
parameters of the third-order EoS describing the pressure
dependence of the volume are as follows: V, = 662.6(5) A*, the
bulk modulus at zero pressure, B, = 39(1) GPa, and its pressure
derivative, By = 3.5(3). They show good agreement with experi-
mental data.

Given the good description of the effect of pressure on the
crystal structure provided by DFT, we used this method to cal-
culate the electronic properties of BaV,04H,0. The calculated
band structure and electronic density of states at 0 GPa are pre-
sented in Fig. 8 and 9, respectively. The band structure shows
that the material is an indirect-gap wide-gap semiconductor
with the top of the valence band at the I" point of the Brillouin
zone and the bottom of the conduction band at the S point.
The band gap connecting both points is shown with a green
arrow in Fig. 8. The bands are flat near the valence-band
maximum and the conduction-band minimum. Notice that
calculations performed using the PBE functional® give a
similar topology for the band structure as our calculations per-
formed with the HSE06 functional. The emergence of these

SE - f 1 — T
P e E— ——— _
4
r 0GPa
350
3F 3
s 2 E, =43eV 7
5 of 7
s F ]
[55) lvij -
1S =
05k =
op - Er
7()‘5%
iq e e —  —— N R R =
I z T Y S U R

Fig. 8 Calculated band structure of BaV,04-H,O. The green arrow con-
nects the maximum of the valence band at G with the minimum of the
conduction band at S. The Fermi energy (Ef) is at O eV. The horizontal
blue line is drawn to show that the minimum of the conduction band is
at S.
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Fig. 10 Calculated total and partial electronic density of states of BaV,0¢-H,O at 10 GPa.
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low-dispersion bands is an indication that they are formed
from states that have weak orbital overlap between the lattice
sites. In our calculations, we obtained a band-gap energy of 4.3
eV which aligns much better with the experimental value than
previous calculations® which gave E, = 3.23 eV. In Fig. 9, it is
evident that our calculations yield a comparable pressure
dependence of E,. In our calculations, dE,/dP = —13 meV
GPa™', which within one standard deviation agrees with
experimental results.

According to the calculated electronic density of states
reported in Fig. 9, the states near the Fermi level are con-
tributed basically by the 2p orbitals of oxygen and the 3d
orbitals of vanadium. O 2p states are particularly prominent
in the upper region of the valence band, while V 3d states,
which are hybridized with O 2p states, are predominant in
the lower region of the conduction band. As pressure
increases the strength of hybridization is increased due to
changes induced in the crystal field.”* This phenomenon
can be seen in Fig. 10, where we show the electronic density
of states at 0 GPa. Notice that the contribution of V 3d
states and O 2p states to the bottom of the conduction
band is enhanced at 8 GPa. Such a phenomenon causes a
decrease in the gap between bonding and anti-bonding
states, making the band-gap energy decrease as observed in
our calculations and experiments. Thus, DFT provides a
rationale for the reduction of the band gap measured in our
study under compression.

To further characterize BaV,04-H,O, we calculated the
elastic constants. There are nine independent constants.
Their values are summarized in Table 4. We found that
C,, > Cq; > C33 which is consistent with the fact that the
compressibility of the axes decreases in the sequence b < a
< ¢. The calculated elastic constants meet the Born criteria
of stability.*> From these constants, we obtained the elastic
moduli using the Hill approximation.** The bulk modulus
extracted from elastic components, 31.1 GPa, agrees very
well with the value obtained from the EoS (calculated from
SC-XRD experiments). Regarding the other moduli, the
value of the Young’s modulus, 40.1 GPa, indicates that
tensile/compressive stiffness is larger than volumetric com-
pression. On the other hand, the shear modulus of 15.6
GPa reveals that shear deformation is favored over volume
contraction. The value of the B/G ratio is 1.99 which implies
that BaV,04-H,0 is a brittle material.** Finally, the calcu-
lated Poisson’s ratio is v = 0.285, a value comparable with
those of minerals with a similar density like amphibolite,
peridotite, and eclogite.*

Table 4 Calculated elastic constants (C; in GPa), and derived bulk
modulus (B in GPa), Young's modulus (E in GPa), shear modulus (G in
GPa), and Poisson’s ratio (v, dimensionless)

Ci1=53.4 Csy = 70.6 Cua=15.9 B=31.1

Cyp = 26.4 Cos =23.1 Css=18.5 E=40.1

Ciz=24.7 Cs3 =29.9 Ces = 25.1 G=15.6
v=0.285

This journal is © The Royal Society of Chemistry 2025
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IV. Conclusions

We present a comprehensive experimental and theoretical
investigation of the synthesized BaV,06-H,O. The crystal struc-
ture and band-gap energy have been meticulously character-
ized through both experimental and computational methods
at ambient pressure and under compression up to 10 GPa,
revealing a strong correlation between the two approaches.
Our findings indicate that the orthorhombic crystal structure
of BaV,04-H,0 at ambient pressure is retained up to 10 GPa.
Our findings indicate a significant anisotropic characteristic in
the linear compressibility of the crystallographic axes.
Interestingly, the b-axis was determined to have near zero axial
compressibility. The bulk modulus of BaV,04H,0 was deter-
mined to be 33.0(5) GPa. At ambient pressure, BaV,04-H,O
exhibits an indirect band gap of 4.62(5) eV, which decreases at
a rate of —14 meV GPa~'. According to our calculations, the
closing of the band gap is caused by the enhancement of
hybridization of O 2p and V 3d orbitals. Finally, the elastic
constants and moduli were also reported.
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