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Vanadium based X VO; (X = Na, K, Rb) as promising
thermoelectric materials: First-principle DFT calculations
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We investigate structural, mechanical, thermodynamic, and thermoelectric properties of vanadium-based XVO3 (X =
Na, K, Rb) materials using density functional theory (DFT) based calculations. The structural and thermodynamic stabilities
are probed by the tolerance factor (0.98, 1.01, and 1.02) with the negative value of enthalpy of formation. Mechanical
properties are analyzed in the form of Born stability criteria, ductile/brittle nature (Poisson and Pugh’s ratios) and anisotropy
factor. To explore the electronic transport properties, we study the electrical conductivity, thermal conductivity, Seebeck
coefficient and power factor in terms of chemical potential and temperature. High values of Seebeck coefficient at room
temperature may find the potential of the studied perovskites in thermo-electrics devices.
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1. Introduction

Perovskite materials have been recognized as possible
low-cost materials owing to their tremendous applications in
technologies and in industries. In the cubic unit cell of ABO3
perovskites, A, B, and O have coordinates (0, 0, 0), (1/2, 1/2,
1/2) and (1/2, 1/2, 0), respectively.[!] In the family of per-
ovskites, V-based compounds support an astounding variety
of properties from metallic, insulating, and semiconducting
behavior to ferroelectric, ferromagnetic, and potentially multi-
ferroic phases. [2.3] Moreover, vanadium due to its variable oxi-
dation states (3+, 4+, and 5+) along with its ability to make a
strong bond with oxygen gives rise to particular physical prop-
erties and grow in a variety of crystalline structures.!* The
unique versatility of such an oxide perovskite crystal structure
finds novel functionalities in material science and enormous
potential for novel device applications. [>-¢!

Shpanchenko et al.l’! and Belik ez al.’®! reported that
such materials undergo a unique transformation from metallic-
like behavior to and insulator when they are exposed to
high external pressure. ~Among transition metal oxides,
AVO;3 (3d' electronic configuration) is a potential candi-
date for high-temperature solid oxide fuel cells, multifer-
roic devices and show novel applications in the field of high
T, superconductivity.[”) Regardless of their potential signifi-
cance, appropriate investigations on the AVO3 compounds are

relativity rare. Thus, it is essential to investigate the numer-
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ous physical characteristics of AVO3 (where A = alkali metal
divalent cation) as well as their electronic structure. Sodium
vanadate (NV) is an anti-ferroelectric material used in Na-ion
batteries (NIBs) that have been considered best for energy stor-
age systems due to the apparent advantages of indefinite Na
resources and being inexpensive against the extensively used

Li-ion batteries.[10-11]

Moreover, NaVOs3 has made a resurgence of research in-
terest due to its considerable value of electric polarizations,
the formation of short V-O bonds and significant off cen-
tering of the B-site sublattice.l'”! We present some new in-
sights into XVO3 (X = Na, K, Rb) here as some new materials
for energy-saving and light-emitting diodes.[!>!4! Efficacious
high-pressure development of AVO3 (A = Na and Rb) with cu-
bic structures was described earlier in the literature.[!>1° Our
preeminent knowledge shows that no complete report is doc-
umented on cubic XVO3 (X = Na, K, Rb) perovskites, which
show influence of cationic distribution on the physical proper-
ties. This work analyze the mechanical, thermodynamic and
thermoelectric properties of XVO3, which are determined by
using a density functional theory (DFT) that is eminent in find-
ing the material properties of perovskites, best correlated with

the experimental results.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

097101-1


http://dx.doi.org/10.1088/1674-1056/ab99ad
mailto:naveedcssp@gmail.com
mailto:ahayat@ksu.edu.sa
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 29, No. 9 (2020) 097101

2. Method of calculations

The DFT calculations based on the Wien2k code!!”! in-
clude all free and core electrons to execute electronic struc-
tures. This code is used to optimize and characterize the
XVOs-type perovskite oxides based on the full potential
linearized augmented plane wave approach (FP-LAPW), in
which the core region (muffin-tin) and interstitial region are
treated under the influence of constant potential even though
the solution to the Schrodinger wave equation is harmonic
type in the core region and plane wave-like in the intersti-
tial region. The studied oxides are optimized by Perdew—
Burke—-Ernzerhof (PBEsol-GGA)!'®! for exact Hamiltonian
calculation. Moreover, the energy is converged by most
versatile Trans and Blaha modified Becke—Johnson potential
(mBJ)[1%20] for exact band gap and electronic structures of
studied oxides because the mBJ potential averages the devi-
ations of LDA and GGA approximations.*! The mBJ ap-
proach is used to investigate better and more reliable band
structures in comparison to other approaches.?>-2%]

For these calculations, we use Ryt (muffin-tin radius) and
Kwmax (wave vector in reciprocal lattice) as 8, while the Gaus-
sian factor Gy« and the angular momentum vector £, are
taken as 16 units and 10 units, respectively. The most crucial
factor is the selection of k-points/k-mesh for energy conver-
gence. For optimization, we have made a k-mesh in different
orders such as 10 x 10 x 10, 12 x 12 x 12, 15 x 15 x 15, ...,
30 x 30 x 30. It is found that energy released during optimiza-
tion increases up to the k-mesh in order of 30x30 x 30 and
then becomes constant. Therefore, we run all the calculations
of optimization for ground state parameters and self-consistent
field (SCF) for thermoelectric properties with 30 x 30 x 30 -
point mesh. The size of the unit cell is in the order of 1 x 1 x 1,
and we take the energy released from the optimized system up
to the accuracy of 4 digits (0.00001 Ryd/unit cell) during the
iteration process. To find the thermoelectric response of the
studied oxides, we use the BoltzTraP code?”! that is formu-
lated according to classical Boltzmann transport theory. The
parameters such as electrical conductivity ¢, thermal conduc-
tivity k, and Seebeck coefficient S obtained from BoltzTrap
are scaled by the constant relaxation time of unity, their ac-
tual values should be estimated using an appropriate relaxation
time, giving the temperature and carrier concentration. Fur-
thermore, Chapin’s method!®! for the solution to the tensor
matrix of nonlinear first-order differential equations is used to

calculate the elastic constant.

3. Results and discussion

The studied compounds are optimized to relax their cu-

bic structures (Pm3m, No. 221) and remove the strain forces

involved in the structures. The optimized plots of these com-
pounds are presented in Fig. 1(a) along with cubic structures in
which alkali metals (Na, K and Rb)[?*! are located at the edges
of the cubic, the V atom is located at the central position of a
tetrahedron of oxygen atoms (see Fig. 1(b)). It is clear from
the optimized plots that lattice constant increases because of
increasing the atomic radii of the alkali earth metals. The in-
creasing lattice constant results in a decrease in bulk modulus.

The calculated values of these parameters are listed in Table 1.
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Fig. 1. Energy versus volume using PBEsol-GGA, and the optimized
cubic structure (inset) using the Xcrysden software[?! for NavOs;,
KVO3, and RbVO3.

Table 1. The calculated lattice constant aq (A), bulk modulus By (GPa),
tolerance factor ¢, enthalpy of formation AH (eV), elastic constant (Cy;
(GPa), Cy; (GPa), C44 (GPa)), Shear modulus G (GPa), Young modulus
Y (GPa), Pugh ratio B/G, and 6p (K) of NaVO3, KVO3 and RbVOs3
in cubic phase by using the PBEsol-GGA approximation. TF(#): com-
patibility of an ion with perovskite crystal structure, with #, being the
Goldsmidth tolerance factor.

Parameters NaVOs; KVO; RbVO;3
ag/A 3.72 3.79 3.85
Other Calc. 3.68%,3.77° 3.75%, 3.85P 3.91°
By/GPa 201 193 187
TF(ty) 0.98 1.01 1.02
AH/eV 232 2.14 -2.08
C11/GPa 304 311 279
C1/GPa 130 123 126
Cy4/GPa 99 124 136
BIGPa 188 186 177
G/GPa 94 112 112
Y/GPa 243 279 278
B/G 1.98 1.66 1.57
Op/K 747 765 658

aRef. [47], PRef. [48].

3.1. Structural and thermodynamic stability

The analyses of the XVO3 (X =Na, K, Rb) perovskite ox-
ides for device fabrication should concentrate on the structural

and thermodynamic stability to improve its reliability. The
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structural stability is ensured by the tolerance factor(3"!
ty _ 07073 =r0) )
(rv—ro)

The X—-O and V-O are the average bond lengths between
atoms at the center of at octahedral and tetrahedral positions
of oxygen. For cubic structures, the ideal range of tolerance
factor is 0.94—-1.02. Our calculated values of the tolerance fac-
tor lies in this range that ensures the studied oxides can be
easily grown in the cubic phase (see Table 1). Moreover, the
thermodynamic stability is also important for device reliabil-
ity. Therefore, thermal stability is reported by the enthalpy of

formation by[?!!
AHf = Etoal (X VinOy) — lEx —mEv —nEo, 2

where Eto (X;V,O,) is the total energy of the studied ox-
ides while Ex, Ey and Eg are separated energies of X, V and
O atoms, respectively. The negative formation energies of the
perovskite oxides ensure that they are thermally stable in the

existing cubic phase (see Table 1).

3.2. Mechanical and electronic properties

To know the mechanical behavior of the XVO3 (X = Na,
K, Rb), the information of the elastic tensor matrix is nec-
essary to generate three elastic constants Cij, Cjp, and Cyy,
respectively. These three elastic constants explain complete
mechanical behavior.??) The mechanical stability of studied
oxides is confirmed from the Born mechanical stability condi-
tions on elastic constants (Cj; —Cj2 >0, Cyq >0, C11 +2C12 >
0 and Cj» < By < C11), and this approach has been used for
numerous studies.!33-30] The elastic moduli (B, ¥, and G) de-
termine the tensile deformation, change in volume and shape
of the studied oxides, when stress is applied on them. The
values of B decreases while E and G increase, because of the
increasing size of alkali metal ions (X). Furthermore, the bulk
moduli obtained from elastic constants By = (Cj1 +2Cy2)/3
and optimization are equivalent, which shows that the DFT
calculations are reliable. The ductile and brittle properties of
the studied oxides are also important for device fabrication,
analyzed from Poisson’s ratio v having critical limit v = 0.26
and the Pugh ratio By/G having critical limit By /G = 1.75.537!
Above these critical limits, the materials are ductile, and be-
low them are brittle. Our reported values in Table 1 show that
NaVOs; is ductile, while NaVO3; and NaVOs3 are brittle.

Furthermore, the specific heat capacity C,, which mea-
sures how much heat a material can withstand without chang-
ing its phase, has been measured up to 900 K. The specific
heat capacity also has electronic and lattice contribution like

thermal conductivity, but we ignore the phonon contribution

to make calculations simple and due to less contribution of
phonons as compared to electrons. Figure 2(a) illustrates
that with increasing temperature, the specific heat capacity in-
creases. It is also noticed that the specific heat capacity of
RbVO3 is greater than the NaVO3 and KVOs. In high temper-
ature region, C, is well explained by the Einstein model, which
could not meet the experimental function C,, o< T3, because of
dominant behavior of acoustic phonons in the low-temperature
range and out of phase vibrations.?®3°! Later on, the problem
of low-temperature region has been solved by Debye consid-
ering the atomic vibrations are frequency dependent. These
frequencies are joined to gather by the set of a large num-
ber of frequencies rather than a single frequency that meet ex-
actly with experimental results.[*"! The number electron den-
sity (see Fig. 2(b)) increases with increasing temperature that
shows direct relation with specific heat capacity.
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Fig. 2. (a) The calculated specific heat capacity and (b) the number
electron density of NaVO3, KVO3, and RbVO3 plotted against temper-
ature.

The variation of lattice constant also affects the electronic
structures and band gap of the studied compounds. The band
gap decreases from NaVOs3 to RbVO3 as shown in Fig. 3. The
indirect nature of the band gap is due to the hybridization be-
tween electronic states of V in the conduction band and O in
valence band along with the minor contribution of alkali met-
als (see Fig. 4). The indirect band gap involves the contribu-
tion of phonons that directly affect the thermoelectric proper-
ties, as discussed in the next part of this article.
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Fig. 3. Electronic band structures of NaVO3, KVO3, and RbVO3 using mBJ.
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Fig. 4. The total density of states (TDOS) along with partial density of

states (PDOS) calculated for NaVO3, KVO3; and RbVO3 by using the

mBJ potential.

3.3. Thermoelectric properties

The increase in energy consumption demands new
sources of energy to fulfill the global shortage of energy. For
this purpose, a variety of materials and methods are tested to
dig out the cheap, economical and easy ways to produce the
energy. The oxide-based compounds are useful in converting
wasted heat into useful electrical energy due to high thermal

(411 Therefore,

stability and low lattice thermal conductivity.
the thermoelectric behavior of the XVO3 (where X = Na, K
and Rb) has been analyzed with the electronic transport co-
efficients 6/7, ke/7, and Seebeck coefficient S. The ther-
moelectric efficiency has been calculated from power factor
052 /7.142-441 BoltzTraP simulations are trustworthy to predict
electronic contributions to thermal transports under the um-
brella of constant relaxation time approximation. One can use
the deformation potential theory, whereas it always overesti-
mates relaxation time because the theory accounts only the
acoustical phonons in carrier scattering phenomena. There-
fore, we have reported electronic coefficients with the influ-
ence of relaxation time (see Figs. 5 and 6) to help experimen-
talists to directly compare the reported values. Our calculated
room-temperature values of 6 /7, k. /7, S, and 0S? /T are listed
in Table 2.

Table 2. The calculated indirect bandgap Eg (eV) and room-temperature values of electrical conductivity o, thermal conductivity k and
Seebeck coefficient S and power factor 052 of NaVO3, KVO3 and RbVO3 perovskites.

Perovskites EgleV (o/7)/10"8 (Q-m-s)~! (ke/7)/10'* W/m-K S/(1V/K) PF/10'0 W/m-K?-s
NaVO; 0.7 20.0 2.27 145 41.8
KVO; 0.6 13.8 1.87 169 39.1
RbVO; 0.55 145 1.88 161 37.7

The calculated results against chemical potential and
Kelvin temperature are presented in Figs. 5-7. The electri-
cal conductivity depends upon the free carriers available for
conduction, which discriminate them as n-type (electrons) and
p-type (holes) semiconductors. The Fermi level lies the va-
lence band edge, showing that the free holes for conduction

are easily available than electrons. The electrical conductivity

in the chemical potential ranges from —2 eV to 2 eV and tem-
perature ranges in the range 0-900 K as shown in Figs. 5(a)
and 5(b).

The chemical potential u is the energy required to in-
troduce or remove the electron by overcoming the Coulomb
repulsive and attractive forces. The value of electrical con-

ductivity increases up to —0.8 eV for all the studied oxides,
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after it NaVO; reaches to the peak value 5.7 x 102 (Q-m-s)~!
at —1.3 eV. At the same time, for KVO3; and RbVOs3, it de-
creases to 1.8 x 10 (Q-m-s)~! and 1.5 x 10% (Q-m-s)~! re-
spectively, because of Coulomb repulsive and attractive forces
provide different resistances to the movement of carriers (see
Fig. 5(a)). For the positive value of chemical potential (n-type
region), the carriers are electrons that increase the electrical
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conduction with increasing chemical potential linearly. More-
over, the temperature effect on electrical conduction shows the
linearly increasing trend of electrical conductivity, because the
electrons/holes at the higher temperature become more mobile
for conduction. The slope of NaVO3 has a greater value than
KVO3 and RbVO3 because Na metal provides more electrons
per unit cell.
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Fig. 5. The electrical and thermal conductivities of NaVO3, KVO3; and RbVO3 against [(a), (c)] chemical potential and [(b), (d)] temperature,

respectively.

The heat flow due to temperature change per unit length
named as thermal conductivity and can be expressed by
Fourier’s law as ¢ = —kV, T, where ¢, VT and k are heat ef-
flux, temperature gradient and coefficient of thermal conduc-
tivity. Thermal conductivity has two parts: one is the elec-
tronic contribution k. and the other is the lattice vibration k
(phonons). In n-type or p-type semiconductors the carriers are
available for conduction that depresses the lattice contribution.
Therefore, we have elaborated the electronic part of thermal
conductivity in the current report.

The calculated values of thermal conductivity versus
chemical potential and temperature are presented in Figs. 5(c)
and 5(d). The thermal conductivity follows the similar trend
as electrical conductivity, but its value is small as compared
to electrical conductivity to minimize the thermal-to-electrical
conductivity as explained in the Wiedemann—Franz formula
LT = k/o, with the value in order of 107° that makes them
applicable for thermoelectric applications. 43

The temperature gradient of potential between different
metallic contacts at J/ = 0 can be analyzed by the expression
J=—-0VV —0oSVT, where J, VV and VT represent the cur-
rent density, potential gradient and temperature gradient, re-
spectively. For the equilibrium condition of zero current den-

sity, the Seebeck coefficient is derived as VV = —SVT, its
value fluctuates from positive to negative in the n-type region
and remain zero in the p-type region!*®! because of mobile
hole carriers for electrical conductivity as shown in Fig. 6(a).
The Seebeck coefficient increases linearly with increase of
temperature up to 300 K and then becomes almost constant
with further increases of temperature up to 900 K. Moreover,
the Seebeck coefficient is high for RbVO3; than KVO3 and
NaVOs3 because of small electrical conductivity of RbVO3 as
shown in Fig. 6(b).

Thermoelectric efficiency can be measured by different
scales like power factor 652, which gives the rough estimated
value without including the thermal conductivity while the fig-
ure of merit measures the thermal efficiency by considering the
thermal effect. Our calculated results are considered and ap-
proximated up to some extent because these do not include the
phonon contribution. The reported power factor is reported in
Fig. 7(c), which shows that it has maximum values in two re-
gions: at zero chemical potential and at 1 eV because of the
cooperative consequence of electrical conductivity and See-
beck coefficient. Furthermore, its value increases linearly with

increasing temperature (see Fig. 7(a)).
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Fig. 6. The Seebeck coefficients S of NaVO3, KVO3, and RbVO3
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Fig. 7. The power factors 652 /7 of NaVO3, KVO3, and RbVO3 against
(a) chemical potential and (b) temperature.

The studied materials are low-cost oxides having high
value of electrical conductivity due to the smaller band gaps.
Therefore, they are suitable for thermoelectric applications.
Moreover, they are mechanically stable and fulfill the essen-

tial condition of stability for the device applications.

4. Conclusions

In summary, we have investigated the structural, me-
chanical and thermoelectric properties of alkaline earth metal-
based perovskites. The studied perovskites possess structural
and thermodynamic stabilities as confirmed by a tolerance fac-
tor and enthalpy formation. Moreover, NaVOs is ductile while
KVO3 and RbVOs; are brittle in nature. The room-temperature
Seebeck coefficients of 145 pV/K, 169 uV/K, and 161 pV/K
are obtained for NaVOj3, KVO3, and RbVOs3, respectively. The
RbVO3 has a high value of thermal efficiency than NaVO3 and
KVOs;, because of its smaller band gap and high electrical con-
ductivity.
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