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ABSTRACT: In this paper, we present a comprehensive theoretical study, based on
density-functional theory calculations, and which focuses on the structural and
electronic properties of silver vanadium oxide (AgVO;) in the monoclinic [Cm (-
AgV0,), C2/c (a-AgV0s5), and Cc], orthorhombic (Amm?2), and cubic (Pm3m) phases
from 0—30 GPa. The structural and electronic properties, the stability of different
phases, and the pressure-induced solid—solid phase transitions of AgVO; have been
previously studied. The effects of pressure on the band structures, energy—gap values,
density of states, and vibrational frequencies are also studied. Numerical and analytical
calculations are conducted to obtain the lattice parameters, the bulk modulus K and

AH (Hy)

P (GPa)

their pressure derivative K', and the energy-volume equations of state. The influence of

different parametrizations of the exchange-correlation functional (B3LYP, HSE06, and PBE) on the investigated properties is
analyzed, and the results are compared to available experimental data. For the first time, a complex and unexpected structural and
chemical behavior as a function of pressure is reported. The B-phase is the most stable and the first phase transition between the
monoclinic #-AgVO; and Cc phase takes place at S GPa (B3LYP), 3 GPa (HSE06), and 2 GPa (PBE). There are pressure-
induced transitions among the f-, @-monoclinic, and cubic structures, and the corresponding values for the pressure transitions
are dependent on the functional used. Two new polymorphs, monoclinic Cc and orthorhombic (Amm2), have been characterized
for the first time, and their contrasting structural stabilities as well as their transition mechanisms can be understood from the
intrinsic characteristics of the crystal lattices. The Badger’s rule is fulfilled for Cm, Amm2, and Pm3m polymorphs, while it is
invalid for the C2/c and Cc phases. Theoretical results show that the studied reactive channels from f-AgVO; toward binary
oxides, Ag,O and V,0;, AgO and VO,; the elements Ag, V and O,; silver pyrovanadate, Ag,V,0- and V, O, as well as Ag,V,O,
and Ag,O are not thermodynamic favorable processes at pressures up to 30 GPa. These results contribute to the understanding
of the pressure behavior of AgVOs-based compounds. In addition, it would be interesting to determine whether further
measurements and calculations would confirm the predicted structural and thermodynamic properties as well as the solid-state

transformations of AgVO; polymorphs, which have not yet been experimentally shown.

1. INTRODUCTION

External perturbations provoked by pressure are used to modify
the electric and optical properties as well as reactivity of solid
materials.' > The results derived from high-pressure studies are
useful in determining unexpected solid-state transformations as
well as the rational design synthesis of inaccessible phases with
novel properties which cannot be obtained under ambient
pressure.*™"" Thus, in situ pressure-processing is considered as a
fast and clean mechanical method to fabricate new forms of
materials with novel properties without the need for chemical
reactions or postpurification processes. These innovative
materials can appear under high pressure and exhibit physical
and chemical properties that are different from their
thermodynamically stable counterparts.'' ~>' Therefore, analyz-
ing the changes in response to the external pressure yields
valuable information that explains the pressure behavior of these
materials, providing insight into the factors governing the
variation in the structural and electronic changes.'”'”****

-4 ACS Publications  ©2017 American Chemical Society

Over the past decade, high-pressure structural studies have
gained tremendous momentum, owing to the development of X-
ray transparent diamond anvil cells, which provide the
foundation for understanding observed high-pressure properties.
This has opened the door to studies into polymorphism (i.e., the
ability of a material to adopt more than one crystalline
structure).”* The prediction of the propensity of a material
toward polymorphism and details of the structure and stability of
these phases have attracted significant attention from basic and
applied research fields in physics, chemistry, and materials.”* In
recent years, not only the structural stability but also the peculiar
physicochemical properties of AgVO; have attracted consid-
erable interest for practical applications such as batteries, sensors,
antibacterial agent, and photocatalysts.”>~** Their excellent
properties can be attributed to the flexibility of their geometric
structure, in which both Ag and V cations can adopt different
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local coordination, as well as the electronic properties associated
with the hybridization of the valence bands of the V 3d, O 2p, and
Ag 4d orbitals, which yield a narrow band gap and highly
dispersed valence band.*

The understanding of the polymorphism in AgVOj; provides
an exciting platform to explore this issue owing to its versatile
properties, such as the result of the diverse phase transitions.
However, it is very difficult to analyze and characterize the
complete polymorph space, presenting a substantial challenge.
AgVO; is known to be polymorphic and exhibits up to four
different crystallographic forms, namely @, 3, y, and 6. However,
over the past several decades, the structures of both y and §-
AgVO; phases have not been well-resolved. Fleury and
Kohlmuller presented X-ray diffraction results without structural
analysis™ and further attempts were made to explore the
structural chemistry of these phases.**~**

P-AgVOs; is a stable phase with a monoclinic space group of
Cm,* while a-AgVO; is a metastable phase with a monoclinic
space group of C2/¢,*” which is formed instantaneously just
below the melting point when cooled slowly and frozen quickly.
An a-AgVO; polymorph will be irreversibly transformed to j-
AgVO; at 200 °C,*******" hile the metastable so-called &-
AgVO; can be formed by reacting vanadium pentoxide hydrate
V,04-nH,0 with AgNO; and their synthesis requires high
temperatures.””*” Meanwhile, Al-Zaghayer et al.>’ have
theoretically characterized the crystalline structure, electronic,
optical, and thermoelectric properties of AgVO; with cubic
perovskite, which belongs to the Pm3m space group.

From a basic scientific viewpoint, interest has been mainly
fueled by both novel synthesis routes to stable, #-AgVO;, and
metastable, a-AgVOj;, phases, which were developed by our
research group.”"”” Meanwhile, the so-called y(5)-AgVO,
polymorph can only be synthesized using dedicated high-
pressure and high-temperature treatment, and it usually
undergoes partial phase transitions upon decompression. In
order to pave the way for future investigations along these lines,
we perform a complete study to solve the three-dimensional
(3D) structure and electronic properties of polymorphs of
AgVO;. This study is challenging, especially for metastable
systems (i.e., materials that do not occupy the state at the global
minimum of the free energy).

First-principles calculations offer the most powerful theoreti-
cal tool for studies of the electronic, structural, and optical
properties of solid—state materials, and based on our interest in
the high-pressure chemistry of complex silver metal oxides such
as Ag,MoQ,,>” we decided to broaden our research activities into
the field of silver vanadium oxides. To the best of our knowledge,
a fundamental understanding of the behavior of the different
AgVO; phases at high pressures has not been investigated, either
theoretically or experimentally, and information about its
physical origin remains unclear. Therefore, their physicochemical
characterization is very limited, owing to the inherent phase
transition toward to the thermodynamically stable phase. This
encouraged us to investigate their geometry, cluster coordina-
tion, and electronic structure. The importance of these local
coordination environments of Ag and V cations in the lattice and
their response to pressure cannot be overstated in providing an
understanding into their structure—property relations; these
exciting findings have inspired our present theoretical study.
However, it is important to recognize that experimentally driven
structural refinement approaches typically rely on minimizing the
error between simulations from atomic models and the
experiment data. This procedure is difficult in complex metal

oxides such as AgVOj systems and, in particular, their metastable
phases owing to a large number of available atomic positions and
unit cell crystals. In contrast, first-principle calculations can be
used to find the correct minimal energy of the metastable
configuration for all possible structures with very similar energy.

In this study, we aim to fulfill two objectives. First, we employ
first-principle calculations that are based on density functional
theory (DFT). It is well-known that the results of DFT depend
on the exchange—correlation functional.”* The influence of
different parametrizations of the exchange-correlation functional
on the investigated properties will be discussed in detail, and the
results are compared to available experimental data. We expect to
obtain significant advances in our understanding of the
properties and applications of these compounds on the
qualitative or semiquantitative level. To do this, we combine
experimental data and first-principles calculations. An assessment
of the performance of different functional is highly desirable. To
guarantee the reliability of our calculations and determine the
dependence of our results on the choice of functional, we employ
the B3LYP,”>*° HSE06,””°® and PBE® functionals. Possible
phase transformations have been explored by analyzing the
respective equations-of-state (EOS) parameters and by obtaining
the corresponding bulk modulus and transition phase pressures.
Electronic structures, including DOS and band structures, were
calculated based on optimized geometries. The behaviors of
these compounds under pressure can be rationalized in terms of
the local polyhedral present in the structure. In addition, we
analyzed energetic aspects of different dissociation channels used
to obtain binary and complex metal oxides, metal, and oxygen.
We believe that these novel results may attract sufficient interest
because they contribute to broadening the fundamental
knowledge of AgVOs-based compounds, in particular, informa-
tion related to the structural, electronic, and vibrational studies of
their polymorphs. Second, a microscopic interpretation of the
variation of the relative stability with pressure allows us to
construct the high-pressure trend and propose the geometry and
electronic structures of new high- pressure polymorphs of
AgVO,.

This paper is organized as follows. In section 2, we give an
overview of the theoretical procedures and computational
methods. In section 3, the results are presented and discussed
for the optimized atomic geometries of the five considered
phases of AgVOj;. In addition, we compare the performances of
different exchange-correlation functionals. Finally, we summarize
our conclusions in section 4.

2. THEORETICAL METHODS

First-principles total-energy calculations have been carried out
within the periodic DFT framework using the CRYSTAL14
software package.”” The applied density functional approxima-
tions were the popular B3LYP**° and HSE06°""® hybrid
functionals as well as the widely used PBE functional.’’
Moreover, standard functionals do not provide a satisfactory
description of van der Waals interactions, which may be
important in some compressed systems.(’1 For this reason, for
the three functionals, the empirical correction scheme to energy
that considers the long-range dispersion contributions proposed
by Grimme®” and implemented by Bucko et al.”* for periodic
systems was used. The basic strategy in the development is to
restrict the density functional description to shorter electron
correlation lengths scales and to describe situations with medium
to large interatomic distances using damped Cg-R;6 terms, where
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(a) C2/c AgVO; (o)

(b) Cm AgVOs(B)

(e) Amm2 AgVO,

7

a

Figure 1. Bulk structure of (a) a -AgVOs, (b) # -AgVOs3, (c) monoclinic Cc-AgVO; (d) cubic Pm3m, and (e) orthorhombic Amm2.

CY denotes the dispersion coefficient for atom pair ij, and Ry;is the
corresponding interatomic distance.

Ag, Vand O centers have been described by 97-6631d41G, 86-
411d31G, and 6-31d1G all electron basis sets, respectively, and
are available at the CRYSTAL basis-set site.”* The diagonaliza-
tion of the Fock matrix was performed at adequate k-point grids
in the reciprocal space, which depend on the phase under
treatment using Pack—Monkhorst/Gilat shrinking factors (IS =
ISP = 4).

The total number of k-points was 24 (C2/c), 24 (Cm), 24 (C2/
¢), 21 (Amm2), 10 (Pm3m) for the AgVO, polymorphs, 27 for
V,05 (Pmmn) and 10 for Ag,O (Pn3m), 18 for VO, (P4,/mnm)
and 14 for AgO (I4,/a), 27 for Ag,V,0, (Pbca), and 24 for
Ag,V,0,; (C2/m) phases, respectively. The vibrational
frequencies were obtained at the I" point within the harmonic
approximation; the dynamic matrix was computed by the
numerical evaluation of the first derivative of analytical atomic
gradients. To consider the effect of pressure on the vibrational
frequencies and the electronic structure of this system, we
optimized geometric parameters and internal positions of all
phases, at a number of fixed external pressures that range from
0—30 GPa. The technical details of corresponding optimization
procedures are given in the Supporting Information.

The CRYSTAL program can perform an automated scan over
the volume to compute energy—volume (E—V) curves.®
Optimized E—V data are fitted to the 3th order static Birch—

Murnaghan (BM) EOS.°*” From: P = —3—5, the pressure—

volume (P—V) connection is established. As a result, the
pressure-dependence of the atomic and electronic structure was
determined, such as the zero-pressure bulk modulus, K, given by
K, = —V;—i = V%, and its pressure derivative, K,’, values as
well as V—P dependence of the total energy and enthalpy.
Following this procedure, enthalpy—pressure curves have been
obtained for the five AgVO; polymorphs as well as for the
constituent oxides Ag,O and V,0Oj and the corresponding values
of pressure for induced phase transitions have been calculated.
The electronic structures, including the density of state (DOS)
and band structures, were calculated based on the optimized
geometries.

We also calculated the dependence of the enthalpy on pressure
for the polymorphs of AgVO; with different types of functional:

B3LYP, HSE06, and PBE. Four types of reactive channels have
been studied and the corresponding enthalpy, A H, is calculated
using the following equations:

(i) Formation of metal oxides

metaloxides

AH= H; - HAgVO3

r
i

(ii) Formation of metals and oxygen

3
AH= Hy, + Hy + EHOZ — Hygvo,

(iii) Formation of Ag,V,0, and V,0;

1 1

A"H = Z AgV,0, + ZHVZOS - HAgV03

(iv) Formation of Ag,V,0;; and Ag,O

1 1
AH= ZHAgZ\qon + ZHAgzO = Hygvo,
where HY = E; + pV. Here, E7 is the total energy, for the most
stable solid polymorphs of each structure at P = 0 are considered
in our calculations, and the corresponding equilibrium structures
were obtained by optimizing all of the geometric parameters.
To minimize errors due to the incorrect estimation of the O,
binding energy, which is significantly overestimated by 1—-1.5 eV
when the standard DFT functional is used,”*””" we employed a
water reference instead of a molecular oxygen-based reference,”'

following the equation: %Hoz =Hg, — H?{Z.

3. RESULTS

3.1. Crystalline Structure and Equation of State. In
order to study the influence of different approximations for
exchange and correlation on the DFT results for AgVO;, we
perform complete structure optimizations of the lattice
parameters and the atomic displacements for five phases using
the B3LYP, HSE06, and PBE functionals. A polyhedral
representation for the monoclinic (Cm, C2/c) and cubic
(Pm3m) together with two predicted novel phases: monoclinic
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Table 1. Calculated B3LYP and Available Experimental Values of the Cell Parameters as well as Bulk Modulus (K;) and its Pressure
Derivative (K,") for AgVO; Geometries”

(2
C2/c B3LYP HSE06 PBE exptl?’ exptl®
a(A) 11.4094 (+9.3) 11.5684 (+10.8) 11.6471 (+11.6) 10.4370 10.4355—10.4561
b (A) 8.1853 (—17.3) 7.2751 (=26.5) 7.3732 (=25.5) 9.8970 9.9221-9.9245
c(h) 5.8926 (+6.5) 5.9700 (+6.1) 6.0691 (+9.7) 5.5320 5.5171-5.5223
S (deg) 106.38 (+6.7) 108.25 (+8.6) 109.43 (+9.8) 99.69 99.54—99.59
v, (A%) 527.98 (—6.4) 493.34 (—12.4) 491.66 (—12.7) 563.28 563.36—565.07
K, (GPa) 40.68 68.30 91.27
Ky 1045 10.53 435
Cm B3LYP HSE06 PBE exp® exp”!
a(A) 17.7588 (—1.9) 174793 (-3.5) 174244 (-3.8) 18.1060 18.104—18.123
b (A) 3.5564 (—0.6) 3.5452 (—0.9) 3.5448 (—0.9) 3.5787 3.578—3.579
c(A) 8.2060 (+2.0) 8.1161 (+0.9) 8.1379 (+1.2) 8.0430 8.043—8.044
B (deg) 103.51 (—0.9) 103.65 (—0.8) 103.48 (—0.9) 104.44 104.47—104.50
v, (A%) 503.94 (—0.14) 488.90 (=3.1) 493.10 (-2.3) 504.69
K, (GPa) 118.09 126.26 121.68
Ky 4.83 4.44 4.63
Cc B3LYP HSE06 PBE
a(A) 10.6182 10.3800 10.4050
b (A) 5.0466 5.0214 5.0568
c(A) 5.0249 5.0003 5.0338
B (deg) 117.91 118.36 118.57
V, (A%) 237.95 229.34 232.61
K, (GPa) 127.86 119.37 115.95
Ky 0.86 0.37 2.36
(b)
Pm3m B3LYP HSE06 PBE theor™”
a(A) 3.7734 3.7674 3.7818 3.752
V, (A%) 53.75 5221 54.09 52.82
K, (GPa) 232.55 247.79 221.49 21945
Ky 3.88 3.85 391 4.86
Amm?2 B3LYP HSE06 PBE
a (A) 3.4079 3.4487 3.5446
b (A) 6.0098 5.7993 5.7284
c(A) 5.9852 5.8014 5.7299
V, (A%) 122.58 116.03 116.35
K, (GPa) 66.79 63.57 76.57
Ky 421 9.91 13.80

“Data in brackets represent relative deviations from the experimental (a) and (c) values in percent, for C2/c and Cm structures, respectively.

Cc and orthorhombic (Amm?2) are shown at ambient pressure in
Figure 1.

In addition, we searched for a minimum in the AgVO,
tetragonal (P4mm) and hexagonal (P6;/mmc) structures.
However, all attempts were unsuccessful; for the AgVO;
tetragonal, the optimized geometry presents one imaginary
frequency, around —380 cm™’, which is associated with the E
mode of the O—V—O bending mode, while for the AgVO,
hexagonal, several imaginary frequencies have been found.
Therefore, these structures are unstable and were not considered
(in Table S1 and Figure S1 the corresponding geometries are
given).

Optimized lattice parameters and equilibrium volume for the
five AgVOj; phases, together with the available experimental data
for the C2/c and Cm monoclinic phases, at ambient pressure are
presented in Table 1. An analysis and comparison of the results
reported in Table la shows that calculated parameters for both
C2/c and Cm-AgVOj structures are in reasonable agreement
with previous experimental reported data. At the B3LYP level,

27627

the relaxed lattice parameters obtained from calculations differed
(in percent) from the experimental values by —1.9%, —0.6%, +
2.0%, and —0.9% for a, b, and c lattice parameters and /3 angle of
Cm AgVOj, respectively; however, the difference in volume is
less than —0.15%. However, for the C2/c AgVOj structure, the
agreement with the experimental data is lower, with the
differences +9.3%, —17.3%, + 6.5%, and +6.7% for the a, b, and
¢ lattice parameters, and the S angle, respectively, with the
volume difference being —6.4%.

The calculated geometric HSEO6 values are close to the PBE
ones, and also a lower accord with the C2/c-AgVO; experimental
data is found (—12.4% and —12.7%, for the relaxed volumes). For
—Cm-AgVO;—, the corresponding discrepancies with the
experimental volume are only —3.1% and 2.3%, for those
calculated at the HSEO06 and PBE levels, respectively.

For the cubic phase, the calculated structural data are in
agreement with the PBE calculations reported by Al-Zaghayer et
al>® The corresponding cell parameters calculated using the
three functionals are given in Table 1b.
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The local coordination of V cations in both @-AgvVO3 (C2/c)
and #-AgVO3 (Cm) is four, forming [VO,] tetrahedral clusters.
Only one type of Vsite is present in the C2/c-AgVO3, forming an
almost regular tetrahedron with O anions, in contrast to the four
types of distorted tetrahedral polyhedra in Cm—AgVO; (see
Figure 1). There are two types of Ag sites in C2/c—AgVO;,
forming distorted octahedra, [AgOs], which are expanded to the
c-direction by sharing the edges. a-AgVO; presents empty
polyhedra that comprise six oxygen atoms that form a distorted
triangular O6 prism linked to empty O8 polyhedra in which eight
oxygen anions are coordinated. The total empty volume
represents 72.7% of the total cell volume at ambient pressure.

The f-AgVO; structure forms zigzag chains of [VO,]
tetrahedra in which S-, 6-, and 7-coordinated polyhedra formed
by O atoms are occupied by three types of Ag cations: the first Ag
cation forms [AgOg] distorted octahedra (Agl), with a mean
bond distance of 2.417 A; the second and third Ag cations (Ag2
and Ag3) were positioned in a [AgO;] square pyramid, where the
Ag—O bonds were similar in magnitude and have a mean bond
distance of 2.400 A; the fourth Ag cation was a seven coordinate,
[AgO,] distorted deltahedra, where the Ag—O bond lengths
ranged from 2.368 to 3.026 A.***’> B.AgVO3 presents an
unoccupied volume that consists mainly of channels of
rhombohedral section of O8 polyhedra linked to form channels
along the b direction as well as channels of O7 polyhedra linked
to form channels of triangular section also along the b direction.
Here the empty volume represents 58.4% of the unit cell volume
at ambient pressure.

The Cc monoclinic AgVO; contains only one type of Ag
cation, coordinated with seven oxygen anions, [AgO,], while the
number of oxygen anions coordinated with the V cations is five
(actually 3 + 2), forming a distorted [VO;] cluster. Cc -AgVO3
presents empty channels along the ¢ direction with a triangular
section formed by unoccupied 7-fold coordinated O7 polyhedra,
which represents 56.2% of the unit cell volume at ambient
pressure. The corresponding cell parameters can be found in
Table 1. A lower coordination number of the V cations is
associated with strong interactions between the V cations and
oxygen anions.

In the cubic (Pm3m) structure, the V cations are located at the
centers of regular oxygen octahedral, [VOg], forming layers and
are linked by the oxygen atoms in [AgO,,] regular polyhedra, and
they completely fill the unit cell volume.

The orthorhombic (Amm2) structure shows silver atoms that
are 9-fold-coordinated to oxygen atoms forming [AgO,]
polyhedral chains linked between them by [VO,] units. They
present empty channels along the a direction, having triangular
section formed by unoccupied 8-fold-coordinated O8 polyhedra.
Here the total volume of the empty polyhedra represents 68.8%
of the total cell volume at ambient pressure. Calculated cell
parameters for this structure can be found in Table 1b.

The energetic ordering of the different phases at ambient
pressure for the three functionals is monoclinic (Cm) <
monoclinic (Cc) < orthorhombic (Amm2) < monoclinic (C2/
¢) < cubic (Pm3m), where the relative energy of the cubic
structure is very high. It is well-known that the choice of the
exchange-correlation functional as well as the fraction of exact
exchange in various hybrid functionals alter the phase stability of
oxide systems (see Table 2).>%

Figure 2 illustrates the correlation between the equilibrium
unit-cell volume V and the total energy difference per formula
unit AE with respect to the Cm monoclinic phase calculated with
different functionals. The dashed bars indicate the total volume

Table 2. Computed Energy Differences [a.u. (/107%) /f.u.]
between Different Structural Phases of AgVO; at P = 0 GPa
Relative to the Monoclinic Cm Phase [E-E(Cm)]

B3LYP HSE06 PBE
monoclinic (Cc) 3.7 1.7 1.1
orthorhombic (Amm2) 5.0 3.5 3.6
monoclinic (C2/c) 6.4 6.9 6.8
cubic (Pm3m) 473 29.1 20.2

and energy ranges, encompassing all five phases for a particular
functional. The remarkably widespread at both the relative
energy and volume of the B3LYP results for the different phases
are clearly visible. Figure 2 shows a close dependence between
the relative and unit-cell volume, indicating that there is a
dominant volume effect on the phase stability of the AgVO,
polymorphs [i.e.,, the most stable phases (Cm, Cc, Amm2, and
C2/c) present the largest volume with respect to the less stable
(Pm3m). An analysis of the results shows that each polymorph
can be associated with a specific region on this representation for
the three functionals. At these regions, the B3LYP results exhibit
the largest values for the volume, except for the Pm3m phase. The
body of data for the structure, geometry, and phase energetics
suggests that there is no good justification for sticking with
B3LYP, HSE06, or PBE when dealing with complex oxide
materials such as AgVO;. All three functionals provide a sound
basis for subsequent calculations.

Future studies appear to be well-suited as a starting point not
only for hybrid-functional DFT involving more recent para-
metrizations, such as PBEsol, AMOS, or meta-GGAs, which are
constructed to satisfy a maximum number of exact constraints for
the exchange-correlation functional without empirical parame-
ters, but also for higher level perturbative approaches within the
framework of many-body perturbation theory,”" which can offer
areliable and numerically efficient way of improving the accuracy
of state-of-the-art ab initio simulations.

3.2. Vibrational Properties. Lattice vibrations and their
behavior under pressure provides useful information regarding
structural instabilities and phase transformations. Group
theoretical considerations of the f-AgVO; structure in the Cm
space group indicates 57 Raman-active modes matching the
following decomposition at the I" point: (I" = 38A’ + 19A”), to
which the acoustic modes (2A’ + 1A”) should be added.®” Table
3 shows the calculated B3LYP frequencies (@) of the Raman-
active modes at the I" point for the (a) C2/c, (b) Cm, (c) Cc, and
(d) Amm2 structures as well as the Griineisen parameters, y = [B,
/®y] dw/dP, which have been calculated using the B, value
reported in Table 1.

For simplicity, the results of the B3LYP calculations are first
discussed, and, if necessary, the deviations with respect to the two
other functionals are highlighted. de Oliveira et al. identified Cm-
AgVO, 15 Raman-active modes experimentally.”’ The peak at
943 cm™' (experimental 947 cm™') corresponds to the
symmetric stretching of the VO, units. The peak that is located
at 885 (exptl 884) cm ™' is due to stretching vibrations of O—V—
O. The band at 862 (exptl 845) cm™' may be associated with the
stretching vibrations of VO groups in the (V,0,)* ion. The
band at 820 (exptl 804) cm™' may be assigned to stretching
vibrations of the Ag—O—Ag bridges. In addition, the bridging V—
O—Ag and V=0O—V asymmetric stretching in the polymeric
metavanadate chains and the bending modes of [VO,] give rise
to bands that are located at 711 (exptl 701) and 755 (exptl 731)
cm™". The bridging V—O—Ag asymmetric stretching bonds in
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functional.

the metavanadate chains and to the V—O—V stretches bond is
reflected by the band located at 520 (exptl 514 exptl) cm™.. The
Raman bands at 393 (exptl 383) and 335 (exptl 334) cm™ may
be assigned to the asymmetric deformation modes of the [VO,]
tetrahedron. These peaks along with those located at 272 (exptl
272), 256 (exptl 246), 233 (exptl 226), 124 (exptl 121), and 169
(exptl 161) cm™" indicate the channel-structured f-AgVO,
structure. All of the Cm-AgVO; Raman-active modes are
characterized by an increase of the vibrational frequency with
pressure (positive Griineisen parameter), and they do not
present discontinuities in the pressure dependence of the total
energy (see below). This feature confirms that the transition Cm-
to-Cc monoclinic structures is a first-order transition.

The a-AgVO; structure in the C2/c space group presents the
following 30 Raman active modes: (I" = 14Ag + 16Bg). The
corresponding calculated frequencies are provided in Table 3a
together with recently published experimental data.*> On the
other hand, six C2/c-AgVO; modes have negative values for y at
67544 (Ag), 833.45 (Bg), 937.51(Ag), 954.34 (Ag), 1007.70
(Bg), and 1008.81 (Ag) cm™".

The monoclinic Cc-AgVOj structure presents the following
Raman active modes: (I' = 13A’ + 14A") to which the acoustic
modes (2A” + 1A”) should be added. The calculated values of the
corresponding frequencies can be found in Table 3¢ from
ambient to 10 GPa. For this structure, the evolution of the
frequency values with pressure can be divided into three different
regions: from ambient to 10 GPa, from 10 to 15 GPa and from 15
to 30 GPa. For instance, the A” mode of 534.46 cm™" at ambient
pressure has a frequency of 532.65 cm™' at 10 GPa, but it is
493.53 cm ™" at 15 GPa and 515.95 cm™" at 30 GPa. Three Cc-
AgVOj; modes have negative values for y between 0 and 10 GPa
but have positive ¥ values that are between 15 and 30 GPa. On
the other hand, there are four modes that present positive y
values between 0 and 10 GPa, while between 15 and 30 GPa
there are negative values for y. As we can see in Table 3¢, all the y
values between 15 and 30 GPa are lower than the corresponding

values between 0 and 10 GPa. This behavior may be related to
the change of the cell parameters versus pressure, which takes
place between 10 and 15 GPa (see the next section). The cubic
Pm3m-AgVO; does not present any Raman active mode and all
of the IR active frequencies increase uniformly with pressure.

The orthorhombic Amm2-AgVO; structure presents the
following Raman active modes: (I = 4A; + A, + 3B, + 4B,) to
which the acoustic modes (A, + B; + B,) should be added. With
the exception of A,, all modes are also IR active. Details are
provided in Table 3d. Six Amm2-AgVO; modes have negative
values for y, and it is important to note that the B, mode of 105
cm™ at ambient pressure presents a particular behavior, in that
its frequency increases from ambient to 10 GPa and decreases
above 10 GPa being negative at 15 GPa and above. At ambient
pressure, this vibrational mode is associated with the bending of
the Ag—O—V angle, but at 15 GPa, the B, mode of —58 cm ™" is
characterized by the torsion of the [VO,] tetrahedron with
respect to the [AgO,] polyhedral chains. The impracticability of
further compressing this structure along the [100] direction leads
to the torsion of the [VO,] units, which causes structural. In
addition, HSE06 and PBE calculations show negative frequency
values for the B, mode above 15 and 5 GPa, respectively.

3.3. Pressure Effects. The overall effect of pressure on the
volume and unit cell parameters for the five polymorphs is
presented in Figure 3.

The volumes of all AgVO; structures decrease uniformly
against pressure with all functionals, and near 30 GPa the
volumes of the Cc and Pm3m polymorphs become practically the
same as B3LYP, as well as those of the Cm and C2/c AgVO; with
B3LYP and PBE functionals. The B3LYP Pm3m structure always
has the lowest volume (per unit formula) up to 28 GPa, and
above this pressure, it is the Cc phase, while with HSE06
calculations, the Cc phase has the lowest volume above 19 GPa.

As we can see in Figure 3a, the unit—cell volume of the C2/c¢
AgVO; exhibits a high compressible trend with a volume
reduction of about 12.2% from ambient up to 10 GPa, followed
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Table 3. Calculated Raman Frequencies and the Corresponding Griineisen Parameters for the (a) C2/c, (b) Cm, (c) Cc, and (d)
Amm2 Structures

(a) C2/c
Raman mode ® (cm™) r® exptl83 (em™)
Bg 68.08 0.89
Ag 68.27 1.86
A, 74.49 1.63
B, 74.62 191
B, 95.28 0.96
Bg 111.86 0.41
B‘g 128.85 0.53
Ag 138.77 0.83
Ag 153.93 142
Ag 185.02 0.92
Bg 194.69 0.81
Ag 217.88 0.50
Bg 226.09 0.80
Bg 248.76 0.93
Ag 257.44 0.80
Bg 298.14 0.20
Ag 301.98 0.17
Bg 334.54 0.46 330
Bg 381.75 0.49
Ag 403.58 0.25
B‘g 444.73 0.30
Ag 449.22 0.44
A, 554.47 0.12
B, 579.43 0.15
Ag 675.44 —0.04 737
Bg 83345 —-0.19 812
Ag 937.51 —0.36 849
Bg 954.34 —0.01 892
B{g 1007.70 —0.08 924
Ag 1008.81 —-0.09 956
(b) Cm
Raman mode ® (cm™) a exptl (cm™) Raman mode ® (cm™) 7’ exptl (cm™)
(a) 54.95 2.55 (A") 326.65 0.95
(A") 65.12 1.13 (A" 33092 1.11
(A" 83.41 0.32 A" 335.03 1.04 334.29
(A") 84.59 0.39 (A") 344.38 1.46
(a) 90.46 0.28 A" 376.71 0.32
(A" 9121 0.21 (A" 393.30 0.24 383.12
(A" 93.65 1.17 (A" 405.98 0.35
(A") 102.90 1.77 a” 435.24 0.28
(a) 119.23 1.81 (A" 452.18 0.57 442.08
(A") 124.45 1.36 121.70 (A) 465.93 0.29
(A" 129.41 1.89 (a) 488.62 0.18
(A" 133.43 1.86 (A") 520.00 0.45 514.58
9] 142.69 2.31 (A" 525.04 0.63
a) 169.68 2.19 161.90 A" 537.23 0.40
9 173.38 2.54 (A") 546.69 0.64
(A) 184.88 1.90 (A" 549.12 0.56
a) 191.94 1.45 (a) 562.74 0.65
(A") 194.39 1.52 (A") 711.40 0.67 701.55
(A") 196.82 1.78 (A”) 754.88 0.68 731.88—737"
(A") 210.73 1.72 (A") 820.03 027 804.39—815"
(A" 233.05 133 226.72 (a) 862.78 0.22 845.26
(A") 256.23 0.42 246.86 (A" 885.38 0.13 884.42-892"
(A" 258.39 1.01 (a) 909.00 021
A 26147 1.11 A" 943.00 0.29 947.46
(A") 267.15 1.00
a) 272.77 1.35 272.54
27630 DOI: 10.1021/acs.jpcc.7b09865
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Table 3. continued

(b) Cm
Raman mode ® (ecm™) a exptl (cm™) Raman mode o (cm™) a exptl (cm™)
(A" 290.11 0.85
7% 290.81 0.90
(A") 29541 118
(a”) 30270 1.34
(c) Cc
Raman and IR Mode ® (cm™) y® (0—10 GPa) 7" (15-30 GPa)
A’ 89.47 2.243 —0.011
A" 105.64 1.962 —0.010
A’ 117.32 1.614 0.003
A’ 125.65 2.124 0.004
A" 127.67 2.267 0.005
A’ 140.38 3.062 0.003
A" 141.75 3.312 0.001
A’ 164.50 1.738 0.003
A’ 198.25 0.082 0.008
A" 212.84 1.086 0.004
A" 234.43 1.386 0.005
A’ 273.18 0.663 0.003
A" 303.12 0.179 0.006
A’ 312.33 0.942 0.005
A 339.78 0.693 —0.003
A’ 348.69 0.682 —0.003
A’ 398.84 0.964 0.000
A’ 422.36 0.609 0.006
A’ 47191 —0.069 0.001
A" 476.98 0.319 0.002
A" 534.46 —0.043 0.003
A 615.53 0.350 0.002
A’ 646.39 0.326 0.003
A’ 724.06 0.055 0.000
A" 858.77 0.160 0.000
A’ 906.73 —0.233 0.001
A 948.30 0.284 0.002
(d) Amm2
Raman mode ® (cm™) 7*(0—10 GPa)
B, 105.07 —6.04
B, 139.41 0.68
A, 163.67 040
B, 167.76 094
A, 264.19 0.18
B, 342.56 ~1.03
A 347.44 —026
B, 409.96 -022
A 535.96 ~0.54
B, 573.44 0.18
B, 830.95 —0.20

%y = [B, /w,) dw/dP (0—10 GPa). “Exp 51. “Exp 83.

by the Amm2 AgVOj; with a volume reduction of about 11.0%
over the same range. Amm2 EOS parameters, K, = 66.82 GPa and
K,y = 4.20, characterize an open structure with an empty space
(low electron density) among cations and anions. Its K, value lies
between that of the monoclinic C2/c (40.68 GPa [K,’ = 10.45])
and those of the Cm and Cc—AgVO; monoclinic structures
(118.09 GPa [K,’ = 4.83] and 127.86 GPa [K, = 0.86],
respectively). The three monoclinic polymorphs (C2/c, Cm, and
Cc) exhibit noticeable volume reduction of 12.2, 7.0, and 7.5%
between 0 and 10 GPa, respectively; meanwhile, the cubic Pm3m

27631

structure presents higher K and is obviously less compressible
and presents a volume reduction, within the same pressure range
of 3.9%.

As we can see in Figurel, the three monoclinic and
orthorhombic structures present empty volumes that are formed
by unoccupied O polyhedra among the [AgOx] and [VOx]
occupied clusters. At ambient pressure, BALYP empty volumes
represent 72.7%, 68.8%, 58.4%, and 56.2% of the corresponding
optimized unit—cell volumes, for C2/c, Amm2, Cm, and Cc
structures, respectively. This fact can explain the compressibility
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Figure 3. Volume dependence (per unit formula) with pressure of the
seven polymorphs calculated with the (a) B3LYP, (b) HSE06, and (c)
PBE functionals.

order between the five studied polymorphs as well as the high
compressibility that is exhibited, especially by the C2/m and
Amm2 polymorphs. On the other hand, the cubic (Pm3m)
polymorph does not present empty space between the occupied
polyhedra, and consequently, this structure is less compressible.
The corresponding EOS calculated with the HSE06 and PBE can
be found in Figure3 (panels b and c, respectively) and Table 1.
An analysis of the results shows that both functionals provide

different values of the equilibrium volume for the five
polymorphs; however, a similar trend is observed in the plot of
volume versus pressure. It should be noted that the results, which
were obtained at BALYP and HSEOG levels, have large values for
Ky’ (>10) for a- AgVOs. In addition, the Amm2 structure also has
a large K,)’ value at both HSE06 and PBE functionals.

In Figure4 (panels a—e), the behavior of the B3LYP-
normalized geometric parameters (a/aq, b/by, ¢/co, and f/f,)
with pressure is depicted from 0 to 30 GPa. In the case of C2/c-
AgVOj, the lattice parameter b decreases by about —18% in the
0—30 GPa pressure range, while the ¢ and a parameters change to
alower extent, by about —6% and —1%, respectively, with respect
to the zero—pressure value. Thus, the b axis is more compressible
than the a and ¢ directions. This behavior can be associated with
the presence of empty space between the [AgO,] units linked by
the [VO,] polyhedra. Note that the a and ¢ C2/c-AgVO; cell
parameters increase, and above 4 GPa, they decrease, whereas the
b parameter always decreases with pressure (see Figure 4a). The
compression along the [010] direction causes a decrease in the
parameter b, which is due to the presence of unoccupied volume
between the [VO,] polyhedra. This behavior is not possible
along the [100] or [001] directions.

In the case of Cm-AgVO;, lattice parameters ¢ and a decrease
by about —9% and —8% in the 0—30 GPa pressure range, while b
changes by less than a —1% (see Figure 4b). In this case, the
compression along both [001] and [100] easily reduces the
section of the rhombohedral and triangular channels and,
consequently, the vacuum space between the occupied
polyhedra. The parameter a of the monoclinic Cc-AgVO;,
decreases by —5% with pressure from 0 to 10 GPa, and this
decrease is more evident from 10 to 12.5 (an additional —9%),
while it is small in the 12.5—30 GPa pressure range (by only
—1%). From 0 to 10 GPa, the parameters b and ¢ remain
practically constant, and from 10 to 12.5 GPa, they show an
increase of 5% and 6%, respectively. From 12.5 to 30 GPa,
decrease of 2% and 3%, are respectively observed (see Figure 4c),
with the overall effect being an increase of around 2.4% in both
cases. As shown by the decrease of parameter g, compression
along the [100] direction reduces the vacuum space between the
[AgOq] polyhedra, especially from the pressure at 12.5 GPa. The
value of the parameter a at the cubic (Pm3m) structure decreases
uniformly about 3%, in the same pressure range (see Figure 4d).
The lattice parameter a of the orthorhombic (Amm2) structure
increases by +5% from 0 to 14 GPa and the b and ¢ parameters
decrease uniformly by —9% and —8% from 0 to 14 GPa,
respectively (see Figure 4e). In this case, the biaxial compression
at the (100) plane is favored, owing to the presence of empty O8
polyhedra between the [AgO,] and [VO,] clusters. For the
orthorhombic structure, we obtain a very large PBE value for the
first pressure derivative of the bulk modulus. Together with the
appearance of a negative vibrational frequency at pressures
greater than 5 GPa, this suggests that the structure becomes less
compressible and unstable above 5 GPa.

The pressure affects the local geometry by changing the
interatomic distances and bond angles. In response to pressure,
the inorganic framework is modified by the contractions of Ag—
O and V=0 bond lengths, changes in the O—Ag—O and O—V—
O bonding angles, and/or Ag—O—V bridges coupled with the
[AgO,] (x=4,5,6,7,9, and 12) and [VO,] (x = 4, S, and 6)
polyhedral tilting. The behavior of the main bonds lengths, V-0
and Ag—O, is illustrated in Figure S. In the AgVO; structures, the
V-0 bond is approximately 1.4 times shorter than the Ag—O
bond. As expected, for the three monoclinic structures, the mean
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Figure 4. Dependence with pressure of the normalized geometric parameters (a/ay; b/by; c/c;, and /f3;): dependence with pressure from 0 up to 30
GPa (a) a-, (b) 8, (c) Cc-, (d) cubic Pm3m-, and (e) from 0 up to 14 GPa for orthorhombic Amm2-AgVOs,.

Ag—O distances generally decrease by around —6% as the
hydrostatic pressure increases in the range from 0 to 30 GPa, and
significant reductions of —10% and —8% are observed in mean
Ag—O distance for the Cm [AgO,] and C2/c [AgO,] polyhedra,
respectively. The mean V—O distance shows a reduction of —1.3
and —0.8% in the case of the C2/m and Cm structures,
respectively. In the case of the Cc structure, the mean V—-O
distance slightly decreases from 0 to 10 GPa and from 12.5 to 30
GPa but the distance increases from 10 to 12.5 GPa, with a
general increase of +1%; at the same time, the mean Ag—O
distance in the [AgO,] cluster shows a large decrease between 10
and 12.5 GPa (see Figure Sa). This behavior as well as the change
of the cell parameters versus pressure shown in Figure 4c appear
to indicate the presence of a displacive isomorphic phase
transition (IPT) at 12.5 GPa, as observed in the abrupt change of
the vibrational frequencies between 10 and 15 GPa and the
change in the electronic band structure (see next section).

The mean V—O and Ag—O distances of the Pm3m and Amm2
structures are shown in Figure Sb. All of the Ag—O distances
decrease as pressure increases. The [VOx] polyhedra are always
less compressible than the [AgOx] ones; the mean V—O distance

27633

slightly decreases in the cubic (Pm3m) (—3.4%) structure and
remains practically constant (from 0 to 14 GPa) in the
orthorhombic (Amm2) (+0.7%) structure. The Ag—O bonds
decrease by around —3.5% in the cubic (Pm3m) structure and by
—3.2% (from 0 to 14 GPa) in the orthorhombic (Amm2)
polymorph.

Overall, our results indicate that the different response of the
AgVOj; polymorphs under hydrostatic pressure can be associated
with a specific anisotropy in terms of the structure for each
polymorph. B3LYP calculations give the following compressi-
bility order of the different polymorphs C2/c > Amm2 > Cm > Cc
> Pm3m, owing to the presence of a larger empty volume among
the occupied polyhedra (i.e., [AgOx] and [VOx] clusters). This
order is obviously the same as reflected by the values of the
corresponding bulk modulus shown in Table 1. HSE06 and PBE
calculations show that the cubic structure is also less
compressible, but they both give different compressibility orders
(e, Amm2 > C2/c > Cc > Cm > Pm3m), with Amm2 being the
most compressible structure. The difference is in the
compressibility of both Cc and Cm polymorphs, and this change
may be associated with the fact that the EOS Cc polymorph, at
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Figure S. Behavior of the main bonds lengths, V—O and Ag—O, with
pressure for (a) monoclinic polymorphs and (b) for Pm3m and Amm2
structures.

the B3LYP and HSEO6 levels, displays an unusually low value for
Ky, (Ky'<1), whereas the Cm polymorph has more standard
values of K/, (K, ~ 4),

In addition to structural data, vibrational stretching
frequencies were calculated in order to determine their
correlation with V=0 and Ag—O bond lengths as well as the
charge transferred. To this end, we employed the Badger’s rule®*
to analyze the presence of electron charge processes along with
the compression of different polymorphs. This rule states that the
strength of a bond correlates with the frequency (@) of its
vibrational mode, @ = A/(ryo — B)*? where A and B are
constants and ryo the metal—oxygen distance. If this rule is
followed by the breathing or stretching vibrational modes of the
[AgO,] and [VO,] clusters, we can assert that the behavior of the
frequencies with pressure is due only to geometrical factors,
while if the rule is not fulfilled, charge transfer or other factors are
involved.

The Cm—AgVO; presents breathing modes for the four types
of [VO,] polyhedra and two combined stretching and bending
modes for the [AgO,] and [AgO;] ones. As pressure is applied,
the variation of the Ag—O and V—O distances follows the
Badger’s rule.

For cubic Pm3m—AgVOs;, there is only an IR active mode
(Flu) owing to the breathing of [VOg] clusters. The [VOq]
clusters follow the Badger’s rule, whereas the mechanical effect of
the applied pressure is the dominant factor that leads to a
shortening of Ag—O and V-0 distances.

3.4. Energetics. The calculated values for the pressure of the
phase transition among the five polymorphs are summarized in
Table 4. In order to study the energetic stability of the selected

Table 4. Calculated Pressure Transitions between the Five
Studied AgVO; Polymorphs with the B3LYP, HSE06, and
PBE Functionals

P; (GPa)
Cm to Cm to Cm to C2/cto
Cc Amm2 Pm3m Pm3m Cm to C2/c
B3LYP S 8 22 19 -
HSE06 3 S 18 15 -
PBE 2 N 15 11 23

phases of AgVO; under high pressure, we plotted the variation of
total energy, E, as a function of volume, and the relative
enthalpy—pressure (AH—P) curves for each phase relative to the
P phase, as shown in Figures 6 and 7 for the five polymorphs.

An analysis of the results of Figure 7 and Table 4 shows that
the values of pressure for the phase transition are dependent on
the functional used. The minimum enthalpy path involves one
transition phase along Cm—Cc, at 5 GPa, at the B3LYP level,
while for both HSE06 and PBE functionals, the transition
between Cm and Cc polymorphs, takes place at 3 and 2 GPa,
respectively.

Note that the orthorhombic (Ammz2) structure at the B3LYP
level exceeds 8 GPa and is more stable than Cm-AgVO;. For the
HSEO06 and the PBE functionals, the Amm2 structure is more
stable than the Cm-AgVO; above 5 GPa with both functionals
and it always has a greater enthalpy than the Cc structure for the
three functionals used in this work.

Figure 7a shows that the monoclinic Cc-AgVO; structure
becomes the most stable above 5 GPa and at 5 GPa, which is a
decrease of volume (—5.5%), 3.38 A3, and can be observed with
respect to J-AgVO; (see Figure 3a).

The analysis of the B3LYP results shows that the cubic
polymorph becomes more stable than C2/c— and Cm—AgVO; at
19 and 22 GPa, respectively. No pressure-induced transition was
found between the C2/c— and Cm—monoclinic AgVO;. The
difference between the pressures of the phase transition of Cm—
AgVO; into the Cc phase, which is calculated with a different
functional, is up to S GPa (B3LYP), 3 GPa (HSE06), and 2 GPa
(PBE). The calculated HSEO6 transition pressures of C2/c— and
Cm—AgVO; into the cubic Pm3m phase are 15 and 18 GPa,
respectively, whereas the corresponding PBE values are 11 and
15 GPa, respectively (see Table 4).

The Pm3m phase is the least compressible polymorphs. This
structure does not present unoccupied polyhedra. The Amm2
polymorph presents an unoccupied volume of 68.8%, and it
shows the largest relative stabilization with respect to other
polymorphs up to a pressure of 14 GPa. There are several
breathing modes but only for the [VO,] clusters [i.e., 830.9 cm™
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Figure 6. Total energy vs volume for the seven AgVO; polymorphs
calculated with the (A) B3LYP, (b) HSE06, and (c) PBE functionals.

(B,) and 919.4 cm™ (A,;) at ambient pressure] that follow the
Badger’s rule; therefore, the relative stabilization of this structure
up to 14 GPa is also due to structural factors. The Cc— structure
with an unoccupied volume of 56.2% also shows good
stabilization as pressure is applied. Only the [VO;] polyhedra
present breathing modes [i.e., 615.53 (A”) and 646.39 (A’) cm™
at ambient pressure], which do not follow the Badger’s rule, and
the stabilization of this structure is due mainly to electronic
factors (see the next section). However, the C2/c structure has
the greatest empty volume (72.7%) and is more compressible. In
this polymorph, there are breathing modes for the [VO,] clusters
lie, 937 cm™ (Ag)] and stretching modes for the [AgOq]

B3LYP
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Figure 7. Variation in enthalpy vs pressure (with the f structure as a
reference) for the AgVO; polymorphs calculated with the (A) B3LYP,
(b) HSE06, and (c) PBE functionals.

clusters [i.e., 226 cm™" (Bg)]. The breathing modes of the [VO;]
clusters and the stretching modes of the two [AgOg] clusters do
not follow the Badger’s rule.

Table S shows the calculated B3LYP values for variations of
enthalpy, AH at zero pressure and temperature for the
investigated reactive channels. At zero pressure, the analysis of
our results shows that all channels have A H positive values, and
the reactive channel: 4AgVO; — Ag,V,0;; + Ag,0 presents the
lower value of AH (0.41 eV) and AV (1.58 A®) of all the
investigated reactive channels (the values are with reference to a
unit formula of AgVOj;). Calculations also show that the AgVO,
decomposition process into their constituent oxides V,04 and
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Table 5. Calculated B3LYP Values of the Reaction Enthalpy,
A H, for the Different Reactive Channels of AgVO; Studied
and the Corresponding Volume Variation, A,V

dissociation channel AH (eV) AV (A%)
AgVO; — Ag O + ;0 1.03 9.80
AVO, — AgO + VO, 242 —4.86
AgVO; — Ag+ V + 30, 721 -
AgVO, — %Ag4V7_O7 + %VZOS 11.13 3.84

1 1
AgVO; — JAg V0, + Ag,0 041 1.58

Ag,0 are not energetically favorable, having positive values (1.03
eV) and AV (9.80 A%) at zero pressure; the other processes
studied have greater reaction enthalpies. Therefore, for these two
reactions with lower enthalpies, we studied the stability of AgVO,
versus that of Ag,V,0,, and Ag,O and against binary oxides at
different pressures. With an increase of pressure, AH (not shown
in Figure 7) and AV values of these reactive processes are always
positive.

Calculations with HSE06 and PBE functionals show the same
behavior as those that were performed using the B3LYP
functional.

3.5. Electronic Properties. A high pressure is capable of
modulating the electronic structure, as with the density of state
(DOS) and energy gap. The resultant DOS and band gap depend
on the contributions of the competitive structural pressure
effects, such as the shortening of Ag—O and V—O bonds as well
as the Ag—O—Ag and V—0O-V angle bending,

The calculated B3LYP band structures, as well as the DOS
projected on atoms at ambient pressure, are displayed in Figure
8. The analysis of the band structures indicates that a- and f-
AgVO; present an indirect band gap from A (1/2,0,0) and a point
near M (1/2,1/2,1/2), whereas the Cc structure has a direct band
gap at I'; however, at pressures greater than 12.5 GPa, it becomes
indirect from the point (1/4,0,0) near A (1/2,0,0) and I". The
DOS of the three monoclinic polymorphs indicates that the
upper part of the valence band (VB) consists of noninteracting
Ag 4d and O 2p orbitals, and a high contribution of 3d V and Ag
Ss orbitals are observed in the lower part of the conduction band
(CB). The cubic Pm3m structure presents an indirect band gap
from I" to X (0, 1/2,0), and the orthorhombic Amm2 structure
presents an indirect band gap from T (1/2,1/2,1/2) to " and
here too the upper VB consists mainly of Ag 4d and O 2p orbitals
and of 3d V orbitals in the lower CB in both cases. The values of
the band gap energies (E,) at ambient pressure calculated with
the three functionals as well as the available experimental data are
shown in Table 6. The B3LYP and HSE06 band gap energies are
larger than experimental values, whereas the PBE functional
underestimates the band gap; these differences between
calculations and experiments are typical of DFT calculations.

At ambient pressure, all of the structures studied present
indirect band gaps, except for the Cc monoclinic polymorph,
which shows a direct band, and the minimum E, values follow the
sequence Amm2 > C2/c > Cm > Cc > Pm3m.

The hydrostatic band gap deformation potential,*® a,, can be
defined as the product of the bulk modulus and the variation of

dEg
Oqp
pressure dependence of the indirect band gap E, for the five
polymorphs up to 30 GPa; that is Amm2, C2/c, and Cm cases
decrease with pressure, having their hydrostatic band gap
deformation potentials of —5.07, —2.62, and —2.49 eV,

the band gap with pressure a, = K(—". Figure 9 shows the

respectively. The indirect gap of the Cc polymorph decreases
from 12.5 up to 30 GPa. In Figure 9, we also represent the direct
gap of the Cc structure from ambient to 10 GPa using a dotted
line. The E; of the cubic polymorph remains practically constant
around 0.9 eV at all pressures and its a, is equal to —0.04 eV.

Between ambient pressure and 10 GPa, the E; of the Cc
structure is direct at I' and decreases from 2.92 to 2.83 eV;
however, from 12.5 GPa up to 30 GPa, it becomes indirect from
I' to A and jumps to 3.92 eV at 12.5 GPa, while it decreases to
2.93 eV at 30 GPa. The corresponding values of a, are —1.26 eV
from ambient to 10 GPaand —1.97 eV from 12.5 to 30 GPa. This
may be related to the behavior of the cell parameters when the
pressure increases from 10 to 12.5 GPa (ie., parameter a
decreases by —9%, whereas b and ¢ show increases of 5% and 6%,
respectively).

The same relative pressure dependences are found for HSE06
and PBE, and the primary difference is that in the cubic case, the
PBE calculations renders a conductor state; this is in agreement
with previous theoretical PBE calculations reported by Al-
Zaghayer et al.>’

In order to evaluate the influence of the electronic factors on
the pressure behavior of the different structures, we calculated
the atomic Mulliken charges, focusing mainly on the monoclinic
C2/c and Cc polymorphs. The choice of the Mulliken partition is
arbitrary because there is no unique method of performing the
partition of the charge density. However, the choice of the given
scheme remains extremely useful when comparing the results of
calculations performed using similar basis sets.”’

Figure 10 (panels a and b) shows the pressure dependence of
the variation of the Mulliken atomic charges of the Ag, V, and
oxygen atoms with respect to their values at zero pressure, for (a)
C2/c-and (c) Cc-AgVOs, respectively. In Figure 10 (panels c and
d), the Mulliken charges for the oxygen atoms of both
polymorphs are presented. An analysis of the results shows
that for C2/c-AgVO; and Cc-AgVOj; structures, a noticeable
charge transfer takes place from the Ag and V cations to the O2
anions (0.14 e-) and O1 anions (0.14 e-), respectively, when an
external pressure is applied, in the range of 0—30 GPa. This
behavior explain why the Badger’s rule is not followed in these
two polymorphs. Small variations in the values of Mulliken
charge with pressure are sensed at the Ag and V cations and O
anions of the Cm, Amm2, and Pm3m polymorphs; therefore, the
Badger’s rule is fulfilled (see Figure S2), showing the prevalence
of the geometrical factors.

4. CONCLUSIONS

Pressure is a versatile thermodynamic parameter that can be
exploited in the pursuit of new materials. Polymorphism opens
up the possibility of fine-tuning crystal packing without changing
the chemical structure and offers a new avenue for optimizing
device performance. For many technological applications, it is
necessary to find more details from their different phases and
their transformations induced by pressure. A specific rate of
pressure increase may trigger unexpected solid-state trans-
formations, producing otherwise inaccessible phases. High-
pressure polymorphs of complex oxides are of interest because
of their ability to produce unique geometries and electronic
structures with different bonding environments with respect to
the stable phase in ambient conditions.

This work is part of an ongoing study by our research group,
which is focused on the theoretical study of the properties of solid
materials under the influence of pressure. To the best of our
knowledge, there have been no studies on the high-pressure
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behavior of AgVOj; type structures. Here, we have performed a ties of silver vanadium oxide (AgVO,) in five phases as a function
comprehensive analysis of the structural and electronic proper- of the pressure. The present investigation provides new
27637 DOI: 10.1021/acs.jpcc.7b09865

J. Phys. Chem. C 2017, 121, 27624-27642


http://dx.doi.org/10.1021/acs.jpcc.7b09865

The Journal of Physical Chemistry C

Table 6. Calculated B3LYP, HSEO, and PBE Values of the
Indirect and Direct Band Gap, E, in eV, Together with the
Experimental Values for a- and #-AgVO,

exptl  B3LYP HSE06 PBE
a (C2/c) E, (A>~M) 2.5% 3.81 3.44 1.80
E () 4.15 3.68 208
B (Cm) E(A>~M) 2034 3.43 3.19 1.60
E () 3.97 372 203
Ce E(T) 2.93 2.60 1.26
Pm3m E,(M - X) 0.90 0.64 conductor
E(T) 1.98 1.98
Amm2 E(T-T) 3.92 3.39 1.68
E(T) 4.99 449 266

structural, electronic, vibrational, and optical results from first-
principles calculations, using B3LYP, HSE06, and PBE func-
tionals within the framework of DFT, to predict structural and
thermodynamic properties and to examine solid-state trans-
formations of AgVO; polymorphs, which are not yet
experimentally known. As the energetic separation and the
structural differences between the phases are small and thus
potentially sensitive to aspects of the computational procedure,
we have placed special emphasis on the influence of different
approximations on the exchange-correlation functional. To the
best of our knowledge, most of the properties studied here have
not been previously reported; however, these results need to be
confirmed by performing experiments.

The main conclusions of present of our work can be
summarized as follows: (i) five different bulk phases, monoclinic
(a, B, and Cc)-orthorhombic (Amm2) and cubic (Pm3m)
perovskite-type structures, have been characterized, and the
nature of their pressure-induced structural changes have been

analyzed. Therefore, new polymorphs of monoclinic-type
AgVO; with a space group Cc structure, orthorhombic, and
cubic phases are proposed. (ii) The first phase transition between
P-AgVO; and the new and previously unreported Cc phase,
which was calculated using different functionals, is up to 5 GPa
(B3LYP), 3 GPa (HSE06), and 2 GPa (PBE). (iii) Pressure-
induced transitions are found between the 8-, @-monoclinic and
cubic structures, and the corresponding values for the pressure
transitions are dependent on the functional used. (iv) Vibrational
frequency values as well as their pressure dependence for
monoclinic (@, f, and Cc)-Amm2 and cubic—AgVO; structures
were obtained. (v) On the basis of quantum chemical
simulations, we presented the energetics of the reactive channels
from AgVO; to Ag,O and V,0s, to AgO and VO, mixtures, to
silver pyrovanadate, Ag,V,0,, and V, O, to Ag,V,0, and Ag,O
structures, as well as to 02, V, and Ag. Theoretical results show
that the studied reactive channels of fS-AgVO; are not
thermodynamically favorable process routes at pressures up to
30 GPa. (vi) All of the structures studied present indirect band
gaps, with the exception of the Cc monoclinic polymorph, which
shows a direct band from ambient to 12.5 GPa. At ambient
pressure, the E_ values follow the sequence Amm2 > C2/c > Cm >
Cc > Pm3m and decrease in the three first cases with pressure.
The E, Cc structure increases with pressure, whereas the E; of the
cubic polymorph remains practically constant at all pressures. In
the three monoclinic polymorphs, the upper part of VB consists
of Ag 4d and O 2p orbitals, and the lower part of CB presents a
high contribution of 3d V and Ag Ss orbitals. In the cubic and
orthorhombic structures, the upper VB also consists of Ag 4d and
O 2p orbitals, and the lower CB consists only of 3d V orbitals in
both cases. (vii) An analysis of the pressure evolution of
geometric, vibrational, and electronic properties of the proposed
Cc-AgVO; monoclinic polymorph indicates that an IPS takes
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Figure 9. B3LYP E, dependence on pressure for the five AgVO; polymorphs.
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place around 12.5 GPa. (viii) We analyze the variations of
different vibrational frequencies and V—O and Ag—O bond
lengths as pressure is applied, and the results confirm that
Badger’s rule is fulfilled for Cm, Amm2, and Pm3m polymorphs,
while the Badger’s linear relationships were not found for the C2/
¢ and Cc phases.

In the case of AgVO;, to date, there are no experimental
reports on their behavior under pressure. We hope that our study
will further motivate theoretical and experimental studies of
AgVO; to further examine and confirm the high-pressure
behavior of AgVO;-type structures found in this work and to
interpret their different phases as well as their properties under
pressure. The findings reported here indicate that the method
used to predict relative phase stabilities should be chosen
carefully, and that the results should be scrutinized critically. The
present study underscores the importance of validating DFT
calculations, either by comparison using measurements or, when

27639

such results are unavailable, by verifying the accuracy of the
exchange-correlation functional that is being used. This is
especially important for extreme compressions when interactions
between strongly localized semicore electronic states begin to

play a role.
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