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Abstract

The mechanical and electronic properties of NiCo,O, crystal under high pressure are explored based on the
density functional theory method. The pressure in the range from 0 to 50 GPa is applied to NiCo,O,, and the
behaviour concerning electronic properties is studied. The energy band gap of NiCo,O,, gradually decreases
from 2.196 eV (0 GPa) to 1.785 eV (50 GPa). The elastic constants for cubic NiCo,O, are calculated and bulk,
shear and Young’s modulus are further computed. Furthermore, Cauchy’s pressure, Pugh’s criterion and Pois-
son’s ratio of NiCo, O, are calculated and reported under high pressure. The NiCo,O,, exhibits ductile property
under high pressure, which is evident from Pugh’s criterion. In addition, hardness and anisotropy factor is also
calculated and reported.
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I. Introduction of Co atoms and all Ni atoms occupies octahedral sites
(B sites) [6]. Spinel oxide nanostructures of general for-
mula AB,O, are known to be potential energy storage
materials [7].

NiCo,O, has become immensely popular due to its
cost-effectiveness, diverse valence state, environmental
friendliness, high specific capacitance and electrochem-
ical active sites [8]. Li et al. [9] studied the electromag-
netic wave absorption features of NiCo,O, prepared by
hydrothermal process. Moreover, 3D multilayer flower-
like NiCo,O, prepared with a calcination temperature
of 400 °C exhibits excellent electromagnetic wave ab-
sorption characteristics [9]. Besides, NiCo,O, is widely
used as supercapacitors, photocatalysis, magnetic de-
vices and in H,O, reduction reactions [10]. Guo et
al. [6] synthesized NiCo,O, films at a lower tempera-
ture (T < 450 °C) which exhibit ferrimagnetic proper-
ties. Raja et al. [11] synthesised NiCo,O, nanosheets
using the hydrothermal method with a large surface
area for high-performance asymmetric supercapacitors.
NiCo,O, prepared by the solvothermal process was re-
ported by Sethi et al. [12], which was used in su-
percapacitors. Furthermore, hydrothermal, microwave-
assisted, solvothermal, sol-gel approaches, coprecipita-

Oxides constitute a major class of materials that
find their potential importance as catalysts, chemi-
cal sensors, biosensors and energy materials [1]. Be-
sides, metal oxide nanopowders are used in microwave
absorption devices, electronic devices and chemical
nanosensors [2]. Moreover, all electrochemical, mag-
netic, electrical and catalytic properties of nanostruc-
tured metal oxides are influenced by their morphology,
structure, size and chemical composition [3]. Nickel
cobaltite (NiCo,0O,) is one of the broadly used and im-
mensely popular spinel-structured metal oxides, which
finds its potential importance in supercapacitors [4]. It
has the generic formula AB,O,, which exhibits a spinel
structure. Besides, NiCo,O, with the general formula
AB,O, is considered to be a cubic spinel structure [5].
The cations A and B are organized in tetrahedral and
octahedral sites partially with oxygen atoms spread in a
cubic close-packed structure [5]. In the case of the in-
verse spinel structure of NiCo,O,, half of the Co ions
occupies the tetrahedral sites (A sites) and the other half
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tion and thermal decomposition are the most common
ways of synthesizing transition metal oxides. Ferrimag-
netic cubic spinel structure with good electrical conduc-
tivity and multiple redox sites has been observed in p-
type semiconductor NiCo,O, with an optical band gap
of 2.1eV in which cobalt cations reside along the tetra-
hedral and octahedral interstitial sites and nickel cation
in the octahedral sites [S]. Zhu et al. [13] reported that
spinel oxide nanostructures like NiCo,O, are used as
potential energy storage materials owing to their bet-
ter chemical performances, achievable oxidation states
and high electrical conductivity. Besides, redox reac-
tions from both Co and Ni ions bring high specific ca-
pacitance for the NiCo,O, electrode. [13]. The high
electronic conductivity of NiCo, O, is necessary for fast
electron transfer in electrochemical reactions. It also
favours the electrocatalytic activity which is also due to
the mixed valence state of the spinel structure. These
can be further enhanced by modifying the morphol-
ogy of urchin and sheaf-like nanostructures of NiCo, O,
[14]. Tomboc et al. [15] has reported that NiCo,O, can
be used as a substitute for Pt-free electrocatalysts for
direct methanol fuel cells owing to its excellent corro-
sion stability in alkaline solution and higher electronic
conductivity. The three-dimensional hierarchical struc-
ture of NiCo,O, and the mesoporous surface has more
electro-active for electrochemical reactions. It helps in
the conduction of electrolyte ions which increases the
electrochemical activity of the materials [15].

In the current work, NiCo, O, structure is studied un-
der high pressure ranging from O up to 50 GPa and the
electronic and mechanical properties are reported. The
motivation of the present work is to fine-tune the me-
chanical as well as the electronic properties of NiCo,O,
under high pressure and to check the suitability of
NiCo,0O, as a pressure sensor.

II. Computational specifications

The first-principles calculations on NiCo,O, crys-
tal are studied based on the density functional theory
(DFT) method using Quantum-Atomistic Toolkit (ATK)
package [16]. The NiCo,O, structures are studied uti-

N

NiCo,0, structure

Figure 1. Illustration of NiCo,0, structure
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lizing the generalized gradient approximation within
the framework of the B3LYP level of theory [17,18].
The Brillouin zone of NiCo,O, is sampled with a
Monkhorst-Pack grid of 12 X 12 x 12 k-points. The dou-
ble zeta polarization basis set is employed during the
relaxation of NiCo, O, in the current work [19,20]. The
energy cut off was kept at 500 eV and the energy conver-
gence is maintained at 10~° eV. The atomic positions of
NiCo,0, were optimized until the force of 0.003 eV/A
achieved.

II1. Results and discussion

3.1. Band structure of NiCo,0Oy4 at high pressure

The structure of NiCo,O, possesses a space group
of Fd3m. As we mentioned above that the proposed
NiCo,0O, belongs to a cubic spinel structure with gen-
eral formula AB,O, in which the cations A and B are lo-
cated partially in octahedral and tetrahedral sites along
with distributed oxygen atoms in close-packed cubic
structure as shown in Fig. 1. The optimized lattice pa-
rameters of the proposed NiCo,O, cubic structure are
found to be a = b = ¢ = 8.21 A. The bond length be-
tween Ni—O and Co-O is calculated to be 1.927 A each.
The obtained lattice parameter in the present work is
consistent with the former computational report [21].
In the present work, the elastic properties of NiCo,O,
are calculated [22]. Initially, we studied the electronic
and mechanical properties of cubic NiCo,O, at 0 GPa.
Figure 1 represents the illustration of NiCo,O,. Subse-
quently, NiCo,O, is subjected to high pressures of 10,
20, 30, 40 and 50 GPa, and their changes in the elec-
tronic and mechanical properties are explored.

Figure 2 represents the band structure of NiCo,O, at
different pressures. The insights on the energy band gap
of NiCo,0, are ascertained based on the energy band
structure [23-27]. At 0 GPa, it is observed that the en-
ergy band gap is 2.196eV along the gamma point. The
obtained band gap is in accordance with the previously
reported experimental value of 2.32eV [28]. Chang et
al. [29] reported the band gap of NiCo,0O, as 0.9 eV us-
ing the GGA/PBE level of theory. In the present work,
we use the hybrid-GGA/B3LYP level of theory to cal-
culate the band gap to avoid the underestimation is-
sue. Interestingly, on increasing the pressure, the energy
band gap of NiCo,O, decreases gradually and it reaches
1.785eV at 50 GPa. Moreover, on applying pressure to
NiCo,0,, the small vibration occurs in the crystal lat-
tice leading to slight variation in the lattice constant.
The variation in lattice constant leads to the variation in
the band gap [30]. Furthermore, the band gap variation
is found to be less upon applying pressure to NiCo,O,,
which infers that the lattice distortion does not happen
up to 50 GPa.

3.2. Elastic constants of cubic NiCo;0y4

The examination of elastic constants gives in-depth
information with regard to mechanical stability, chemi-
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Figure 2. Band structure of NiCo,O, at different pressures from 0 to 50 GPa

cal bond and electronic and mechanical properties [31—
33]. Moreover, the properties such as anisotropy, duc-
tility, brittleness and stability of NiCo,O, crystal can
be explored with the help of elastic constants. Table 1
depicts the elastic constants of cubic NiCo,O, crystal
at different pressures. The elastic constant Cy;, Cj, and
Cy4 for a cubic structure and the Born stability criterion

Table 1. Elastic constants of cubic NiCo,O, structure at
different pressures

Pressure

[GPa] Cn Cn Cuy
0 138.92 87.19 79.90
10 193.58 111.36  90.09
20 222.97 140.98 100.22
30 291.50 178.67 111.40
40 348.43 212.61 121.26
50 391.28 247.17 129.61

are given as follows:
Ci1—-Ci2>0,Ci;1+2C12>0, Caa >0 (D

From Table 1 it can be revealed that NiCo,O, struc-
ture is mechanically stable based on the Born stability
criterion.

3.3. Mechanical properties of cubic NiCo,0y4
The Voigt-Reuss-Hill averaging schemes are used to
analyze the mechanical properties of NiCo,O, [34,35].
The Reuss and Voigt bulk (Bg, By) and shear modu-
lus (Gg, Gy) are given as:

C 2C
By = By = — 2 @)
Gy = Cu —C152 +3Cy4 3)
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Table 2. Bulk (B), shear (G) and Young’s modulus (E) of NiCo,0, structure under high pressure

Pressure

[GPa] B By By Gr Gy Gy Egr Ey Ey
0 10443 10443 10443 43,53 5829 5091 71.68 71.68  71.68
10 138.76 138.76 138.76 61.01 70.50 65.76 11224 112.24 112.24
20 168.31 16831 16831 63.52 76.53 70.02 113.76 113.76 113.76
30 216.28 216.28 216.28 80.15 89.41 84.78 15571 15571 155.71
40 257.88 257.88 257.88 9226 99.92 96.09 187.28 187.28 187.28
50 29521 29521 29521 9823 10659 102.41 19991 19991 199.91
Table 3. Pugh’s criterion and Poisson’s ratio for NiCo,0,
5C44(C11 = C12) 4 structure under high pressure
Gr =
k 4Cy4 +3(Ci1 — C12) “) Pressure  Pugh’s criterion  Poisson’s ratio
Hill bulk and shear moduli are given by the following [GPa] (B/G) ™
formulas: 0 2.400 0.386
10 2.274 0.365
By + Bg 20 2.650 0.387
Br="3 ©) 30 2.698 0.380
_ Gy +Gg 40 2.795 0.379
Gn=—"5 (6) 50 3.005 0.387

Young’s modulus (E) and Poisson’s ratio (v) are given
by the following relations:

9B -G

E:3B+G )
3B-2G
=GB 0) ®

Bulk modulus (B) gives the measurement of vol-
ume detention whereas shear modulus (G) gives the
material’s impedance to reversible deformation [36].
Young’s modulus gives the ductility and stiffness mea-
surement of materials. The shear modulus, Young’s
modulus and bulk modulus of NiCo, O, structure at var-
ied pressure till 50 GPa are presented in Table 2.

It is observed that the values of shear modulus, Bulk
modulus and Young’s modulus increase with the in-
crease in pressure. Voigt-Reuss-Hill bulk modulus and
Young’s modulus are the same at all varied pressures
but differences are noticed in shear modulus, nonethe-
less, the trend is increasing with an increase in pressure.
It is well known that the hardness of NiCo,O, depends
on the shear modulus. The large value of shear modulus
for increasing temperature indicates the ductile nature
of NiCo,O, under high pressure [37]. To understand the
brittleness and ductility of a material, the required me-
chanical characteristic is Pugh’s criterion (B/G) [38].

At 0 GPa, Pugh’s criterion value of NiCo,O, is 2.400
(Table 3). It is observed that Pugh’s criterion increases
remarkably on increasing the pressure to 50 GPa. It is
a known fact that if (B/G) > 1.75, the material pos-
sesses ductile nature [38]. The first, on applying 10 GPa
pressure, Pugh’s criterion decreases to a value of 2.274,
and increasing the pressure up to 50 GPa, the ductility
of NiCo,O, also escalates. It can be inferred that the
valence electrons in NiCo,O, get delocalised which al-
lows the atoms to slide easily. This happens effortlessly
and efficiently as the pressure increases and therefore

the ductile nature increases. To understand the plastic-
ity and how deformation occurs in the lateral direction
with respect to the axial direction, we should know the
values of Poisson’s ratio (v). For NiCo,0O, at 0 GPa v
= 0.386. On applying 10 GPa, the value of v drops to
0.365, which indicates that there is a deformation on ap-
plying the pressure. Moreover, for a pressure of 20 GPa,
the value of v is increased to 0.387. Further, v does not
increase for the applied pressure from 30 to 50 GPa. For
50 GPa, the value increases to 0.387. When Poisson’s
ratio is higher than 0.26 it refers to good ductility, in
contrast, the low value indicates the brittle nature [39].
Besides, the Poisson’s ratio calculated for NiCo,O, un-
der pressure ranges from 0.365 to 0.387, which indicates
the ductile nature of NiCo,O, upon applied pressure.
The larger values of v refer to large elastic deformation
compared to other values.

Hardness refers to the resistance against deformation
and it is given by the following equation [39—41]:

Hy = 0.92K"17G%7% )

where K = G/B. The hardness of NiCo,O, at 0 GPa is
4.919 GPa (Table 4). On increasing the pressure, the cal-
culated results show that the hardness increases and de-
creases at varied pressure. Besides, the maximum hard-
ness obtained at 40 GPa is 7.038 GPa. At first on ap-
plying 10 GPa, the hardness increases to 6.631 GPa. It
is observed from the graph as illustrated in Fig. 3 that
Cauchy’s pressure (C» — C44) increases proportionately
with increasing pressure. These variations of Cauchy’s
pressure with an increase in variations reflect the na-
ture of the bonding at the atomic level. The univer-
sal anisotropic index (AY) is given by the expression
[42,43]:

_5Gy By

AV=2Y 2V 650

1
G ' Ba (10)
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Table 4. Hardness value of NiCo,O, nanostructure under
high pressure

Pressure [GPa] Hardness [GPa]

0 4919
10 6.639
20 5.742
30 6.631
40 7.038
50 6.775
120 °
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Figure 3. Illustration of Cauchy’s pressure plot

Figure 4 illustrates the pressure versus anisotropy
factor plot. Moreover, it is known that for isotropic ma-
terials AY is 0. However, a larger value of AY refers
to the greater anisotropy of the material. Besides, the
AY values for NiCo,0O, were found to vary from O to
50 GPa. Using AY we can study the microcracks of the
proposed material and it can be related to nanoscale
precursor textures. Since the anisotropy of the mate-
rial mainly varies with respect to the degree of de-
viation from 0 to 50 GPa. We can also compare the
anisotropy with the hardness of the material. The higher

0.9

0.8 4
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Figure 4. Pressure versus anisotropy factor plot

the hardness, the smaller anisotropy is observed [30].
The anisotropy index of NiCo,O, is found to be high-
est at 0 GPa. Nonetheless, for 10 GPa, there is a large
drop in the AY. At 20 GPa, there is a small increase in
the value of AV and further increasing the pressure till
50 GPa, the value of AV decreases remarkably. Thus,
it is inferred that NiCo,O, crystal possesses different
chemical and physical properties in different directions
owing to its anisotropic properties [41].

IV. Conclusions

To sum up, the mechanical and electronic properties
of NiCo,0, are studied using the DFT method upon
varying the pressure from O up to 50 GPa. The elas-
tic constants of cubic NiCo,O, are calculated initially.
Furthermore, the elastic constants are used to compute
bulk, shear and Young’s modulus of NiCo,O, under
various pressures. Besides, Pugh’s criterion and Pois-
son’s ratio of NiCo,O, show that under high pressure,
NiCo, O, exhibits ductile-like properties. The Cauchy’s
pressure, hardness and anisotropy factor of NiCo,O,
are calculated under high pressure. The hardness of
NiCo,O, increases upon an increase in pressure. The
electronic properties of NiCo,O, under pressure are
studied based on the energy band structure diagrams.
Moreover, the energy gap gradually decreases from
2.196 eV to 1.785 eV upon increasing pressure from 0 to
50 GPa. Thus, the proposed study gives insights into the
electronic and mechanical properties of NiCo,O, struc-
ture under various pressures, where the energy band gap
and mechanical properties of NiCo,O, can be tailored
for various engineering applications.
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