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Abstract: At present, the promising cathode materials for lithium ion batteries are layered structure
LiCoO, and LiNiO,. The LiCoO, (LiNiO,) have some disadvantages due to structural instability at high
temperatures. In the present paper, we discuss the effect of Co, Zn and Mg substitution in LiNiO, for
cathode materials on structural and electrical properties. The layered structure LiNij9,Mgg0o(M)g.0602
(M = Co and Zn) cathode materials were synthesized by the solid state reaction method at high
temperature. The materials were systematically characterized by TG/DTA, XRD, FESEM, FT-IR and
electrical impedance spectroscopy (EIS) studies. The synthesized material has configuration temperature
is confirmed from thermogravimetry by differential thermal analysis. All the characterizations show that
the cathode materials with their Ni compound substituted by Co, Zn and Mg keep a typical o-NaFeO,
layered structure with R3m space group. The FESEM reveals that the particle size of the samples is
about 2 to 4 pm. The local cation (Li-O) of the materials is understood from Fourier transform infrared
spectroscopy (FT-IR) studies. The electrical conductivity is calculated from the synthesized sample Co
content it is found to be 9.26x10° S cm™ at 110 °C temperature is compared to Zn content. The dielectric
constant studies are also discussed through impedance spectroscopy.
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Introduction

High specific energy density and long cycle life are simultaneously required for a high
performance discharge, charge discharge lithium-ion battery. Therefore, some aspects
should be considered in the design of new electrode materials for lithium-ion batteries. In
general, structure, chemical stability and the available redox couples of electroactive
materials are the primary points'™.

The typical cathode material is layered metal oxides with a general formula of LiMeO,
(Me = M (to make it consistent with the lower one) Transition metal elements such as Co, Ni
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and Mn), in which the lithium-ion and Me ion occupy the alternate (111) planes of the rock
salt structure. The layered structure LiNiO, is one of the most shown (known) potential
cathode materials for lithium-ion batteries due to its high specific capacity, low cost and low
toxicity™®.

This compound has the advantage of presenting a higher specific capacity for lithium
cycling, nevertheless, it is difficult to prepare in the layered structure due to the tendency of
lithium and nickel to disorder, leading to a deterioration of their electrochemical
performance. Many researches have been undertaken to search for new cathode materials to
overcome these shortcomings’.

To reduce the cost and to improve the cell voltage and specific energy, other transition
and non-transition metals which have fixed/variable oxidation states such as Cr, Mn, Fe, Al,
Ca, Mg, Zn, Mn, Co, Cu and Rh are used® ' in LiNiO,. In these materials many researchers
have been prepared by the sol - gel method, combustion method, co-precipitation method
and solid-state reaction method. But, the solid-state reaction method easy to synthesis and
low cost, and then we used in this work. In this present paper we report that, the compounds
LiNig9:Mgp 12Mo.0602 (M = Co and Zn) were synthesized through the solid state reaction at
850 °C for 20 hours followed by structural characterization and conductivity studies at
different temperatures by impedance spectroscopy.

Preparation and experimental techniques

The cathode compositions were synthesized by a solid-state reaction method from
stoichiometric amounts of Li,CO; (Merck 99.9%), MgO (Merck 99.9%) and NiO (Merck
99.9%), CoO (Merck 99.9%) and ZnO (Merck 99.9%).

05L12C03 + 0.92NiO + OOZMgO + 0.06Co0 — LiNiO‘QzMgOA()zCO()AO(,Oz + gas T
05L12CO3 + 0.92NiO + OOZMgO +0.06Zn0O — LiNio‘gzMgo'ozzno‘(mOz + gas T

A slight excess amount of lithium (5%) was used to compensate for any loss of the
metal which might have occurred during the calcination at high temperatures. The mixture
of the starting materials was sufficiently mixed and after grinding the powder it was then
heat treated in air at 500 °C for 5 h and it was again grounded and mixed, and calcined again at
750 °C for 20 h. Then, this powder was cooled at the rate of 5 °C/ min. Finally, the powder
was ground and mixed and calcined again at 850 °C for 20 h in air using a muffle box
furnace. The powder samples added with polyvinyl alcohol (PVA) as a binder was ground
and then pressed at 5 tons / 6 minutes pressure into a circular disk shaped pellet. The pellet
was then sintered at 850 °C for 20 h in air at heating and cooling rates of 5° C/min. The
surface layers of the sintered pellet were carefully polished and washed with acetone and
then the pellet was coated with silver paste on the opposite faces which act as electrodes.

TG/DTA measurements were conducted using Mettler Toledo TG/DTA 851e instrument
from room temperature to 1000 °C in a nitrogen atmosphere at a heating rate of 10 °C /min.
The powder x-ray diffraction (XRD) data of the sample were collected on a Rigaku Cu-Ka
diffractometer with diffraction angles of 20° and 80° in increments of 0.02°. The unit cell
lattice parameter was obtained by the least square fitting method from the d-spacing and (hkl)
values. Further, the crystal size of the sample was obtained by applying the Scherrer’s equation
from XRD pattern. The particle morphology of the powders was observed using a field effect
scanning electron microscopy image taken from CarlZeiss, EVOMA 15, Oxford Instruments,
Inca Penta FETx3.JPG. Fourier transform infrared (FT-IR) spectra were obtained on
a Shimadzu FT-IR-8900 spectrometer using a KBr pellet technique in the wave number
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range between 350 and 800 cm™'. The impedance study was performed by a Hioki 3532-50
LCR Hitester in the frequency range 42 Hz to 5 MHz at temperature range from room
temperature to 110 °C.

Results and Discussion

The thermogravimetric and differential thermal analysis was examined in all the synthesized
samples. Thermogravimetric analysis exhibits a gradual and an initial weight loss up to
about 730 °C due to the initial evaporation of water (below 200 °C) and a subsequent
decomposition of precursors (200-730 °C) from the in situ formed meta stable complex as
shown in Figure 1 (a) and (b). In other words, the decomposition of carbonates with the
evolution of gasses followed by the final decomposition which shows the larger exothermic
peak observed at 330 °C in the DTA curve, which results in the formation of LiNiO, and
doped samples. Herein, the compound formation process starts at a temperature as low as
600 °C and the same gets completed around'' 730 °C. However, the samples of the present
study have been heat treated up to 850 °C in order to get phase pure and better crystalline
product.

From Figure 2 shows the XRD patterns of the synthesized samples of calcined at 850 °C
for 20 h in air atmosphere. Both the samples possess the a-NaFeO, structure of the
rhombohedral system with space group R3m and no evidence of any impurities. The R3n
structure is distorted in the c-axis direction of the hexagonal structure'?. This is reflected by
the split of the (006) and (102) peaks and of the (108) and (110) peaks in the XRD patterns.
It is evident that electrochemically reactive LiNiO, showed a larger integrated intensity ratio
of the (003) peak to the (1040 peak (Iy3/1;04) and a clear split of the 108 and 110 peaks in its
XRD patterns'”. The degree of cation mixing, i.e. displacement of nickel and lithium ions is
low if the value of Ig;/1¢4 is large and the (108) and (110) peaks are clearly split. The value
of (Inps+1102)/T101, called the R-factor, are known to decrease as the unit cell volume of Li Ni,.
,O, decrease. The R-factor increases as y in Li,Ni,.,O, decreases for y near 1.
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Figure 1. TG/DTA curves for LiNig ¢,Mgy02(M)0,0602 (M= Co (a) and Zn (b) )
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Figure 2. XRD pattern for LiNig 9oMgj.02(M)g.0602 (M= Co and Zn)

This indicates that the R-factor increases as the degree of cation mixing increases
Table 1 presents the values of a, c, c/a, Iyp3/1jp4, R-factor, unit cell volume calculated from
XRD patterns of the samples calcined at 850 °C for 20 h in air atmosphere.
LiNig9pMgo 02C00060> has the largest value of Igps/ljo4 and its value decreases in
LiNig 9oMgg 022100 960,. But the R-factor LiNig Mg 02C00 060, has the smallest value and its
increases in the case of LiNij9,Mgg 0Z10,060>.

14-16

The field effect scanning electron microscopy micrographs of LiNigg,Mgp0,C00060, and
LiNij Mg 12Zng 060, materials are shown in Figure 3 (a) and (b). It seems that a very fine
surface morphology and that the crystal grains'’. The two samples except that some particles of
the LiNig 9,Mg( 02Zn 060, sample are larger than those of the LiNij ¢,Mg 2C00,060;-
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Table 1. Lattice parameter, unit cell volume, Iyy3/I,04 and R-factor of LiNij ¢yMgg.02(M)0.0602
(M= Co and Zn)

Compound aA cA c/a Cell volume Cr.ystalhte Intensity R-factor
(A)3 size, nm

i ¥l (MY IR N o ) )

B e o S A o -
(a) Co (b) Zn
Figure 3. FESEM images for LiNij Mg 02(M).0602 (M= Co (a) and Zn (b))

Figure 4 (a) and (b) shown the FT-IR spectra of synthesized samples prepared by solid
state reaction method calcined at 850 °C / 20 h. The band found around 536 cm'l, it has
been assigned to Li-O stretching vibration, which indicates the formation of LiOg
octahedra. The characteristic vibrations of Co-O, Ni-O, Zn-O and Mg-O are 560-590, 579,
611-735 and 630 cm’, respectively'®. In this present work, the broadband located at
around 638.69 cm' is attributed to the asymmetric stretching modes of MOg (M = Ni, Mg,
Co and Zn) group'. The wavenumber variation of the synthesized samples for different
regions are shown in Table 2.
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Figure 4. FT-IR spectra for LiNiy 9,Mgg ¢2(M).0602, (M= Co and Zn)

Table 2. FT-IR wavenumber variation of the compounds LiNiyoMgg¢2(M)y 00, (M= Co
and Zn)

Compound Wavenumbers (cm™)
LiNiO‘QzMgOA()zCO()AO(,Oz 421.46 476.37 532.13 638.69
LiNiO‘gzMgvozzno‘O(,Oz 421.53 475.01 533.01 638.69

The electrochemical impedance spectroscopy (EIS) is a powerful technique for
understanding electrochemical systems. The conductivity (o) value has been calculated
using the formula,

o= L S/cm
b

Where, Ry, is the bulk resistance of the sample, L is the thickness of the pellet and A is
the effective area. The Arrhenius plots of a.c conductivity for LiNig Mg 0:Mo 0602 (M =
Co and Zn) are shown in Figures 5 (a) and (b). Curves appear to be close to each other at
high temperatures indicting predominance of an onset of intrinsic conductivity
mechanism. The conductivity in the cathode materials takes place at low frequencies and
it increases with an increase in the temperature is estimated®’. The calculated a.c
conductivity is listed in Table 3.

The activation energy is a phenomenological quantity. It may be said to indicate the free
energy barrier an ion has to overcome for a successful jump between the sites. Among the
various factors that influence the ionic conductivity of a crystal the activation energy is of
utmost importance since the dependence is exponential®’®. Tt can be measured quiet,
conveniently by experiments. The activation energies are most commonly deduced using the
Arrhenius expression, given by,

a

k,T

O =0, exp—
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Figure 5. (a) and (b): Arrhenius plots of A.C conductivity for LiNig¢yMg02(M)o.0602 (M=
Co and Zn)

Table 3. ac conductivity values for LiNig 9,Mgg.02(M)g.0602 (M= Co and Zn)

AC conductivity, S/cm
LiNig oM g0.00C0.0602 LiNig oM g0.00Zn0,060,

Temperature °C

30 3.14x10°® 2.01x10°®
40 2.89x10° 2.41x10°°
50 3.58x10° 3.25x10°¢
60 4.34x10°° 3.65x10°¢
70 5.23x10° 4.42x10°°
80 6.21x10° 5.29x10°¢
90 7.58x10°® 6.27x10°®
100 8.34x10°® 8.16x10°°

110 9.24x10° 8.66x10°
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Where ¢ is the conductivity at temperature T in K, kp is the Boltzmann’s constant, E, is
the activation energy and o is called the pre-exponential factor. The pre-exponential factor,
contains all the remaining factors, i.e., other than the activation energy%’zg, that influence the
ionic conductivity. The activation energy E, may be deduced easily from the slope.

The activation energies for LiNig¢oMgo 02(M)o.0602 (M = Co and Zn) are in the range of
0.67 to 0.54 eV and 0.19 to 0.75 eV respectively. The calculated activation energies are
listed in Table 4. From Figure 6 (a) and (b) show the variation of log ¢ with frequency for
synthesizing samples, it gives the room temperature, conductivity increase, which is
attributed to the formation of holes responsible for increased electrical conductivity.

22 +11o:c
J (a) Co —®—100 C
24 —A—'c
E —¥—scC
26 ——n’c
g 1 ——ec
% 28 ——sc
<)
o i ——yc
< 304 0
—®—3cC
-3.2 1
-3.4 1
-3.6
T T T T T T T T T T T T |
1 2 3 4 5 6 7
Log f, Hz
22| —a—%
1 —®—100 C
-2.4 4 — s
1 0
-26- rwe
1 —&—nc
E -2.84 ——a'c
w
9 1 ——xc
&g -30- ——u'c
A ——uc
-3.2 1
-3.4 1
-3.6 1
-3.8 , T , T , T , T T T T
1 2 3 4 5 6 7

Logf, Hz

Figure 6. Variation of log ¢ with frequency for LiNij¢,Mgg 02(M).060> (M= Co (a) and
Zn (b))
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Table 4. Activation energy values for LiNij9Mgp 02(M)g.060> (M= Co and Zn)

Frequency Activation energy (eV)

(Hz) LiNig.0o;Mg0,00C00,060;  LiNig9sMgg,00Z00,0602
42 0.29 0.88
100 0.32 0.89
1k 0.43 0.87
10k 0.27 0.81

100k 0.22 0.76
M 0.26 0.31

Figure 7 (a) and (b) shows the variation of dielectric constant for synthesized samples at
from room temperature to 110 °C. It has been found the dispersion of dielectric constant at
the lower frequency range and it maintains constant at higher frequencies™".
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Figure 7. (a) and (b): Frequency dependence of the dielectric constant (er) of
LiNig 9oMgo.02(M)0.0602 (M= Co and Zn)
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Conclusion

The cathode materials LiNig¢oMgy 02(M)o.0s0>. (M= Co and Zn) are synthesized by the solid
state reaction method at high temperature. From x-ray diffraction analysis, both the
compounds possess a typical a-NaFeO, layered structure with R3m space group. The
FESEM morphology shows a very fine surface morphology and that the crystal grains. The
broadband located at around 638.69 cm™ is attributed to the asymmetric stretching modes of
MO (M=Ni, Mg, Co and Zn) group from FT-IR spectra. From the impedance measurements
LiNig Mg 02C0¢.060> found the low conductivity and activation energy. We conclude that
the LiNijp9oMg0C000s0, may be suitable for cathode materials due their low activation
energy of lithium-ion batteries. The high value of dielectric constant reflects the effect of
space charge polarization and/or conducting ionic motion.
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