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This present study aims to unravel physical properties of spinel oxides in cubic phase represented
by general empirical formula of ABi;04 (A=Zn, Cd) using full potential lineralized augmented plane
plus local orbital (LAPW+lo) method. The structural aspect of spinel oxides in cubic phase has
been investigated by Perdew-Burke-Ernzerhof generalized gradient approximation (PBEsol-GGA). The
thermodynamic stability of ABi,O4 is established by computing the cohesive energies. On the other hand,

born stability standard which is based on Chapin’s tensor analysis method revealed that the mechanical
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stability of the oxide compounds under considerations gives a stable cubic phase. For a better prediction
of electronic and thermoelectric properties of these compounds, the modified Tran-Bhala Becke and
Johnson (TB-mBJ) potential is used which revels very precise band gap. Other than these investigations,
thermoelectric characteristics i.e., Wiedman-Tranz constant, See-back coefficient and power factor are
calculated and it provides essential data for fabrication of thermoelectric devices.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The empirical formula AB;04 representing a spinel oxide is well
known as numerous technologically important materials adopt this
crystal structure. The spinel oxides constitute an interesting class
of material whose physical characteristics are categorized as novel
and promising materials, due to their diversity of potential ap-
plications ranging from electronic devices to their ability to be
used as water splitting, gas sensing [1], transparent conducting ox-
ides (TCO) [2,3] and photo-catalysis [4]. The AB,0O4 spinel oxides
are commonly known to exhibit wide band gap (Eg) and adopt a
close packed cubic structure belonging to the space group # 227,
Fd-3m. In this crystallographic structure, the (1/8, 1/8, 1/8) and
(1/2, 1/2, 1/2) positions are occupied by cations A and B, respec-
tively, whereas the O atoms surround these cations in tetrahedral
and octahedral coordination. As a result, the A cation adopts a 2+
charge state, while the B cation is trivalent. It has been estab-
lished in literature that B site cations are geometrically frustrated
and produce a specific lattice known as pyrochlore lattice [5-7].
These pyrochlore lattices are attributed in literature to unorthodox
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and alluring scientific characteristics demonstrating diverse scope
of material aspects [8,9].

Several classes of AB,04 spinel oxides have been reported in
literature [10-12]. Among these classes the bismuth contain spinel
oxides ABi;O4 (with A=Zn and Cd) are of great interest owing to
their promise for device fabrication and application. It has been
demonstrated in previous investigations that ZnBi,O4 is formed
due to interaction of ZnO with oxides of bismuth trivalent cations,
where the difference of interstitial radius between Zn and Bi is ap-
proximately 0.15 A [13]. For zinc bismuth Nano-particles (ZnBi; O4)
cubic spinel structure has already been reported by Vijay Kumar et
al. [14] who used the citrate gel auto combustion technique for
stable synthesis of ZnBi,O4 Nano-particles. Analogously, the crys-
tallographic structure of CdBi;O4 is similar to ZnBi;04. Although
synthesis, structural characterization and various other properties
of ABi»04 have been reported, there is a scarcity of thorough and
in-depth investigations regarding stability and thermoelectric re-
sponse of these materials.

In this paper, we report the first-principles calculations per-
formed for ABi;O3 spinel compounds for exploring the effect of
changing A from Zn to Cd in order in terms of mechanical stability
in cubic phase and their corresponding thermoelectric properties.
These facts have inspired us to perform a comprehensive inves-
tigation concerning the mechanical and thermoelectric properties
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of this novel class of materials in their cubic phase for exploring
their promising device fabrication. The spinel oxides ABi;04 (with
A=Zn and Cd) have been investigated using density functional the-
ory (DFT). We use the modified Tran-Bhala Becke and Johnson
(TB-mBJ) [15] for exploring the electronic structure of these com-
pounds since TB-mB] potential provides information about similar
compounds which is comparable to experimental observations and
provides accurate approximation for addressing realistic technolog-
ical applications of wide band gap compounds. Moreover, BoltzTrap
code [16] is used to simulate thermoelectric response of ABiyO4
(A=Zn, Cd) spinel oxides.

2. Method of calculations

Spinel oxides investigations of stability, electronic and thermo-
electric characteristics are carried out using Wein2k package [17].
The full-potential linearized augmented plane wave plus local or-
bital (FP-LAPW+lo) method which is implemented in Wien2k code
is used. The exchange co-relation potential by solving Kohn-Sham
equations reveals the stability of cubic structural phase in terms of
Perdew Burke Ernzerhof (PBE-Sol) provided the generalized gra-
dient approximation (GGA) technique [18]. However, band gaps
revealed by this GGA are found to be quite underestimated and un-
dervalued within the boundaries set by DFT. This shortcoming can
be surpassed by integrating modified Tran-Bhala Becke and John-
son (TB-mB]J) exchange potential [15]. Becke and Jhonson not only
suggested but also established modified Becke and Jhonsons poten-
tial from a semi-local exchange potential. This very amalgamates
exchange potential and correlation of mBJ as well as generalized
gradient approximation respectively yielding meticulous and con-
scientious wide bandgap semiconductors [19,20] and spinel oxides
[21,22].

The core electrons states in FP-LAPW+lo are determined by
considering relativistic solution of Dirac equation and relativistic
approximation is exploited for valence electron states which for-
saking spin orbit coupling. The 2.38, 2.35, 2.41 and 1.98 a.u, is
considered be most appropriate values for Ry (i.e. muffin tin ra-
dius) of Zn, Cd, Bi and O respectively. The maximum values for an-
gular momentum is Iyax = 10 considered inside the atomic sphere
for expansion of wave function. Similarly, the longest vectors in
forces expansion is set at Gmax = 16 (Ryd)!/? for charge density.
Uniforms Monkhosrte pack [23] k-mesh 12 x 12 x 12 has been
considered for irreducible Brillouin zone (IBZ). The expansion of
wave function is authorized by the relation i.e., Kmax X Rymr = 8.
In the relation Kmax X Rmr = 8, Kmax symbolizes reciprocal lattice
wave vector ‘K’ and its maximum permissible values, whereas Ryt
symbolizes muffins-tin radii. This optimize structure are subjected
to self-consistent iterative calculations and yield ground state char-
acteristics only when the iteration converges for energy and charge
to the value less than 0.00001 Ry and 0.0001 e, respectively.

Through quasi-harmonic Debye model [24], the thermodynamic
properties are computed through the Gibbs function G*(V; P, T)
which is given by:

G*(V;P,T)=E(V)+ PV + Ayp[O®(V); T] (1)

here, the total energy is represented by E(V), V is the unit cell
volume, P is the pressure, Ayj, is the vibrational term and ©(V)
denotes the Debye temperature.

At constant pressure and temperature, Gibb’s function has been
attained with respect to volume as under:

(ewrny o)
Vv (P.T)

while using equation (2), for the values of the specific heat ca-
pacity (Cy ), which is itself a thermodynamic property at constant

volume with thermal expansion coefficient (&) is constructed with
the help of following equation:

0 30/T
CV :3“’(3 [4D¥ — m] (3)
C
a=T=" (4)
BtV

where the calculation of y, the Griineisen parameter, is performed
using:

_ dIng(V)
= dinv (5)

Using above model different thermal properties like heat capacity,
Griineisen parameter and thermal expansion have been calculated.

In order to find out transport properties of the spinels under
consideration, Boltzmann theory along with the BoltzTraP [16,25]
was applied under the constant relaxation time approximation. In
order to achieve convergence in Brillouin zone, 2000 k-points have
been utilized. To get direction independency, in our current calcu-
lations, Relaxation time (7) has been treated as constant (10~1° s)
within the carrier concentration and temperature range.

3. Results and discussion
3.1. Structural behavior

Generally, in order to determine and investigate the energy re-
leased from relaxed structures are optimized by differential con-
trasting of the unit cell. The spinel oxides of the empirical for
ABi;04 (A=Zn, Cd) comprised of face centered (FCC) cubic struc-
ture and associated with 227-Fd-3m space group (Fig. 1b). The
spinel oxides unit cell is comprised of both cubic tetrahedral and
octahedral structures. In case of tetrahedral cubic structures, the
central position are occupied by A=Zn, Cd atoms and in contrast
to tetrahedral structures, central position is occupied by Bi atom
in octahedral structures. In both tetrahedral and octahedral crys-
tal structures, ionic sites are always occupied by 32-oxygen atoms,
cationic sites are divided between A and Bi, 8a sites of A cation
and 16-d sites of B cations are occupied in case of octahedral
structure. Due to stress and Hellman-Feynman forces interactions
in the structures, the self-consistent total energy dictates the op-
timization of such geometrical structures. Thorough and precise
evaluation of Kohn-Sham equations along with significant and suit-
able atomic relaxation in a unit cell yields these variables. These
parameters, i.e. Hellman-Feynman interaction forces and an inte-
gral stress must be at minimum value for an ideal and optimum
a relaxation state and considered minimum value of 0.03 eVA~!
and 0.05 GPa respectively [26]. Fig. 1a depicts the spinel oxides
ABi;04 (A=Zn, Cd) that are optimized in cubic phase. Murnaghan
formalisms [27] yields lattice constant (ag) and bulk modules (Bg)
for maximum energy released at minimum occupied volume of a
unit cell. The yielded lattice constants for spinel oxides compounds
increase from ZnBiy04 to CdBi»04 and for yielded bulk modules
for these spinel compounds is found to be decreasing respectively
(see Table 1), which is due to cationic (Zn, Cd) contrast.

3.2. Thermodynamic and mechanical stability

Stability of oxides is one of the fundamental features and nec-
essary for requisition for fabrication of devices. Cohesive energies,
Debye temperature and specific heat capacity are basic parameters
that are required for validation of thermodynamic stability for un-
der consideration oxides. Similarly, Borns stability criteria are also
obligatory parameters for establishing structural and mechanical
stability. To examine the stability of spinels under consideration
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Fig. 1. (a) Energy versus volume plots using PBEsol-GGA for ABi;O4 (A=Zn, Cd) oxides and (b) the optimized cubic structure using Xcrysden Software.

Table 1

The calculated lattice constant ag (A), bulk modulus Bg (GPa), Cohesive Energy Econ
(eV), Elastic constant (Cq7 (GPa), Ci2 (GPa), C44 (GPa)), Shear modulus G (GPa),
Young Modulus Y (GPa), Pugh ratio B/G, Average sound velocity up, (m/s) and 6p
(K) of ZnBi» 04 and CdBi»04 spinels by using PBEsol-GGA approximation.

Parameters ZnBiy 04 CdBiy 04
ao (A) 9.84 9.92
Other Cal. 9.65¢

Bo (GPa) 113.97 113.08
Econ (€V) 1.64 145
C11 (GPa) 232.94 246.68
C12 (GPa) 51.80 58.25
Caq (GPa) 29.65 3742
B (GPa) 11218 121.34
G (GPa) 4729 5427
Y (GPa) 124.39 142.67
B/G 2.37 227

v 0.32 0.30
ve (mfs) 6057.49 6194.6
U (m/s) 3162.82 3269.8
U (m/s) 3521.71 3676.2
Op (K) 3229 3119
2 Ref. [43].

cohesive energies are computed which is the energy required to
keep the atoms of any solid bound in order to retain the stability
of the material. The calculation of cohesive energy is given as:

Ecoh = (XEA + YEg; + 2E0,) — Eotal (AxBiayO4;) (6)

where, total energy of the spinels is represented by
Etotal (AxBizy04;), while, Ea, Epj, Eo, represent the ground state
energies of the constituent atoms. It is clear from the spinels
that the cohesive energy of is larger than that of their respec-
tive A=Zn/Cd. It is because the higher the chemical bond strength,
the more the stability of the material will be [28]. The positive
value of the cohesive energies is clearly shown in the Table 1 indi-
cating structural stability. Energy releases during oxides formation
state and its corresponding negative value as demonstrated in Ta-
ble 1, establishes that these oxides formation occur in cubic phase.
This can also be accounted from Table 1 that the cohesive energy

for spinel oxides ZnBi;O4 is much more negative in comparison
to CdBiy0y4, thus stabling and corroborating the fact that stability
increases as traversing down from Zn to Cd in group.

The elastic constants are yielded by solving first order non-
linear differential equations of tensor matrix via Chapin technique
[29]. Every aspect of mechanical stability is expressed using these
yielded elastic constants foremost norm of inspecting mechanically
stability is by Born stability criterion [30,31] i.e. Ci1 — C12 > 0,
C44 >0, C11 +2C12 > 0 and Cq2 < Bg < Cq1. However, bulk modu-
lus can be determined using following mathematical relation By =
(C11 + 2C132)/3. The calculated value bulk moduli are determined
using optimized structures thus analogously these calculated value
of mathematical relation yields veracious results. Additionally, duc-
tility has major contribution in producing reliable and infallible de-
vices as brittle devices can be easily broken, due to minor increase
in stress. Thus ductile and brittle behavior analysis is mandatory
and illustrated by Poisson’s ratio (v) and Pugh ratio (Bo/G). The
boundary conditions for ductility and brittlity is mentioned in lit-
erature as v > 0.26 and By/G > 1.75 [32]. Materials are found to
be ductile above this boundary limits and are found to be brittle
below these limits. As these parameters are also listed in Table 1
and it can be easily concluded that these studied oxides are ductile
in nature.

As it has been stated above thermodynamic stability depends
upon not only on negative value of enthalpy of formation but also
upon specific heat capacity which is linked to Debye temperature
(0p). It yields information about heat tolerance of material. Fol-
lowing mathematical formula yield 6p by solving tensor matrix of
Charpin methods [33,34] and deduces its value as a function of
sound velocity.

1
h [3n Nap'|3
bp=—|-——| v 7
o= [ el] u )
where molar mass is represented by M. Avagadro’s number by Ny,
density by p and v, by density and average sound velocity. The
longitudinal and transversal parts of Navior equations [35] can be
utilized to determine average sound velocity via following relation.

_1
1(2 1 3
Un=|-|=+— 8
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where v; and vy are the transverse and longitudinal velocity writ-
ten from the relations.

1 1
G\? 3B+4G\?2
U = (—) and v = <L> 9)
P 3p

v and v, represents the transverse and longitudinal parts of Nav-
ior equations.

The findings are mentioned in Table 1 and it indicates a general
trend of decreasing magnitude from ZnBiyO4 to CdBi,O4 because
elasticity also drops in same manner. It is found that 6p is in di-
rect relation thus its value decreases from ZnBi;O4 to CdBi;O4. The
Op is significant variable, provides inspiring insight about specific
heat capacity (Cy) of under consideration materials as depicted in
Fig. 2a. The specific heat capacity is found to be operating in con-
junct ion with temperature and found to be increasing till 800 K
which is due to free charge carriers and vibrations associated with
lattice, both tend to increase with the temperature. The C, of
CdBiy04 is higher than ZnBi04.

The characteristic plot of C, is discussed in detail for higher
temperatures (Cy o< T3) in literatures [36,37] and are found to be
in accordance with Dulong-Petit law and Einstein model. However,
for lower ranges of temperature results are found not to be in

12
9
X
= 6f
=
=)
S
O 3t
O 1 1 1 1 1 1 1

0 100 200 300 400 500 600 700 800
Temperature (K)

(b)
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5

- -

o N
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T T

[0
o
T
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()]
o

Fig. 2. Calculated (a) The Specific heat capacity and (b) number electron density of
ABiy04 (A=Zn, Cd) oxides plotted against temperature.

Table 2

agreement with experimental results. The reasoning behind this
disagreement and deviation is the dominance of acoustic phonons
and lattice phonons vibrations are out of phase at lower temper-
atures. Debye proposed that these lattices vibrations are coupled
together via immense number of frequency in comparison to iso-
lated individual frequency. Table 1 and Fig. 2a demonstrates that
specific heat capacity and Debye temperature are co-related. As
Fermi-Dirac distribution is a function of temperature [38], both
heat capacity (Cy) and electron density (n) derived in the present
work from electronic structure calculations become a function of
temperature. As increasing temperature are known to cause the
electrons below the Fermi level to deplete, both the heat capac-
ity and electron density of a material change with temperature.
Through the calculation of specific heat capacity (C,) and the car-
rier density (n) by keeping it at the constant volume, the ther-
modynamic behavior has been explored which has clearly been
shown in Fig. 2a and Fig. 2b as well. The heat retained by the
spinels and the heat absorbed are described by the specific heat
capacity. The heat contributed by the both photons as well as elec-
trons called net heat capacity is possessed by the semiconductors
[Cy = Cy(phonon) + Cy (electrons)]. It thus appears to be most im-
portant for indirect band gap semiconductors. Following the Debye
law Cy « T3, T is the temperature with which the C, is linearly
increased reaching at higher temperature where C, turns to be
Cy = 3R, in which the gas constant is symbolizes as R as shown in
Fig. 2a. The computation of the electrons density (n) that has been
set against temperature has been shown in Fig. 2b. With the in-
crease in the temperature, the carriers are thermally excited which
causes the increase in n. Since, specific heat capacity is also depen-
dent on n and is inversely proportional to one another as displayed
in Fig. 2b.

3.3. Electronic properties

In order to describe and understand electronic properties in
elaborate manners band gaps and density of states are plotted for
spinel oxides i.e. ABi;O4 (A=Zn, Cd) in Fig. 3 (a, b). It is evident
from these plots studied oxides exhibits indirect bandgap in first
BZ at high symmetry points investigational data are registered in
Table 2, principally all electronics states are completely filled be-
low the Fermi level and all the electronic states are vacant above
the Fermi level where the Fermi level is set at zero. Shift in the
conduction band minima is recorded away from Fermi level that

5 ZnBigO4 6 Zl’lBigO4
4_\\ /\ 4 \ /<
L 1]
IS=E===E N
%
éoéh\ I 0 = | EF
AN SN
== =
W L T XWKW L T X WK

Fig. 3a. The calculated band structures of ABi,O4 (A=Zn, Cd) oxides by using mB]
potential.

The calculated bandgap Eg (eV) and room temperature values of electrical conductivity (o), thermal conductivity («) and See-beck coefficient (S), power factor (0S%) and

figure of merit (ZT) of ZnBi»O4 and CdBi;O4 oxides.

Spinel oxides Eg (eV) o (x107/Qms) Ke (x10' W/mKs) S (uV/K) PF (x10"" W/mK?s)
ZnBiy 04 1.93 0.60 1.04 210.12 2.67
CdBi04 1.98 0.58 1.01 209.50 2.58
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also ensures the shift in bandgap appear visible portion of EM
spectrum. This observable shift is due to replaceable elements (A)
in under consideration spinel oxides and this shift opens up new
possibilities for potential applications in optoelectronic and solar
cell fields. The observations recorded and as shown in Fig. 3a for
states in valance bond conduction band. The states are found to be
flat for valance band maximum and curved for conduction band
minimum which endeavors ionic character and strong covalent
character for understudy spinel oxides respectively. Thus general
examination of these plots reveals the partial covalent character
for spinel oxides. As, it has been clearly demonstrated that oxygen
2p states are assertive at 0 to 6 eV, 6 s Bi states are in conduc-
tion band and p states of Zn/Cd in Fig. 3b for total density of sates
(TDOS).

50

E.
I ()0to-6eV : i
()02 Zn31204
-2p .
,\ 40 CdB120 "
3 L
Q
@ 30
[72]
Q L
® (i) 2to 6 eV
]
o 20 Bi-6)
8 Zn/C(Z{—p
e L
|_
10
O 1 1 1 L L 1 1
-6 -4 2 4 6

Energy (eV)

Fig. 3b. The total density of states (TDOS) along with partial density of states (PDOS)
calculated for ABi;O4 (A=Zn, Cd) oxides by using mBJ potential.
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3.4. Thermoelectric properties

The temptations to developed and design electrical power gen-
erator, which can recycle its wasted heat energy have led the pi-
oneers and researchers in this specific field for couple of decades.
The motivation behind this temptation is because of diminishing
energy sources day by day. Thermoelectric processes provide an
appropriate perspective, as it converts heat energy directly into
electrical [39]. The currents of charge carries and phonon vibra-
tions are the main sources of gradient deviations of heat energy
and thus, producing potential difference. Based on these principles,
thermoelectric devices are integrated in refrigerators and other
power generating devices. The Fermi-Dirac distribution is a func-
tion of temperature [38] and the Boltzmann transport equations
[16,25] utilize distribution function to compute the thermoelectric
behavior of spinels. Electrical and thermal conductivities, power
factors and See-back co-efficients are parameters to interpret ther-
moelectric behavior indispensable.

These parameters are predetermined versus span of tempera-
ture gradient ranging from 0 to 800 K for spinel oxides ABi;Og4
(A=Zn and Cd). Fig. 4(a) is illustration of determined electrical
conductivities of under considered spinel oxides plotted against
temperature. The electrical conductivities for ZnBi»04 and CdBi; 04
at 200 K are 0.42 x 10'® (Qms)~! and 0.40 x 10" (Qms)™!
respectively. As these values distinctively demonstrated that the
decrease in electrical conductivity from Zn to Cd. At 800 K, the
electrical conductivity for ZnBi,O4 and CdBi,O4 are 1.3 x 10!°
(@2ms)~1, 1.22 x 10" (2ms)~! respectively. This indicates an in-
crease in electrical conductivities as temperature increases. It quite
fascinating, there are decreases in electrical conductivities for Zn
to Cd cations for the positive temperature gradient. This is due
to positive change in metallic character from Zn to Cd cations,
which is also in harmony to bandgap analysis as it also decrease
due to rise in metallic character. Heat transference in materials
are by thermal conductivities and in accordance to Fourier’s law,
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Fig. 4. Calculated (a) electrical conductivity, (b) See-beck co-efficient, (c) thermal conductivity, and (d) power factor plotted against temperature 100-800 K of ABi»04 (A=Zn,

Cd) oxides by using BoltzTraP code.
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q= —kg—z and for unit time and unit area thermal energy is express
by k. Overall thermal energy of material consist of lattices vibra-
tions i.e. phononic (k;). Total thermal conductivity k (k = k; + ke)
is composed of phononic (k;) and the electronic (k) parts. In case
of metals phonon associated thermal energy is minimal and thus
neglected however both thermal energies are very significant in
semiconductors. For spinel oxides ABi;O4 (A=Zn and Cd), the plot
of electric thermal conductivities against temperature is shown in
Fig. 4(c). It is evident from the plot, that at low temp the elec-
tronic thermal conductivity is also quite low but it steadily in-
creases with the rise in temperature. At 200 K, the calculated value
of electronic thermal conductivity for ZnBi,O4 and CdBi,O4 are
0.54 x 10'* W/mKs and 0.49 x 10'* W/mKs, respectively. The de-
termine value is at its upper limits at 800 K. Thus, these spinel
oxides have a subdued prospective for TE devices applications.

See-back coefficient (S) is also known as thermoelectric power
and is exhibited in Fig. 4b. The free carries distinctiveness is rep-
resented by the positive or negative sign of See-back coefficient
in the understudied material. Materials which are inherently rich
in electrons (n-type) are assigned negative S, while material with
holes or free carries are assigned positive S [40]. Generally free
carries transfer themselves from material region with higher tem-
perature towards the material regions with lower temperature and
establish current because of potential difference. It has been es-
tablished that S are generally tended to reduce for wide band gap
semi-conductor. Analysis of ZnBi;O4 and CdBi;04 yields that the
magnitude of S dropped from common points.

Thermal efficiency can be deduced from thermal conductivity
and See-back coefficient. Basically thermal efficiency can be calcu-
lated by taking simple product of square of thermal conductivity
and See-back coefficients thus known as power factor (PF) [41,42]
and calculated values of PF are listed in Fig. 4d. As, it can be
summarized by considering Fig. 4d PF of spinel oxides ABi»QO4
(A=Zn and Cd) increases with the rise in temperature till 800 K
tangential derivatives of curve for CdBi,O4 is much lower than
that of ZnBi; 04 respectively due to its thermal conductivity lower
value. Among the studied spinel oxides, ZnBi» 04 has the highest PF
since its thermal conductivity has the highest value. Investigational
data regarding electrical and thermal conductivities, See-back co-
efficient, PF at room temperature are recorded and displayed in
Table 2.

4. Conclusion

The investigations of stability, electronic and thermo-electric
characteristics of spinel oxides ABi;04 (A=Zn and Cd) are deter-
mined by using Wein2k simulation tool kit, which is based on
FP-LAPW+lo techniques with DFT. Studied spinel oxides thermo-
dynamic stability, structural and mechanical stability has been es-
tablished by determined negative values of enthalpy of formation,
Goldschmidt tolerance factors unity and mechanical stability by
Born’s criterion. Electronic band structure plots studied oxides ex-
hibits indirect bandgap and shift in the conduction band minima
is recorded away from Fermi level that also ensures the shift in
bandgap appear invisible region. Thermal efficiency improvement
has been also confined from Zn to Cd in the order due to increase
in electrical conductivity. Entire analysis and study demonstrates
that spinel oxides are substantially preferable for energy yielding
and generating device applications
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