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Introduction:-

The development of lithium ion batteries is important to improve the energy and power efficiency of such devices,
cost effective and their impact on the environment. Research to develop positive materials for such applications is of
major importance. Mixing proper levels of these three transition metals to get the advantageous qualities of each led
to the discovery of this material. This material is derived from LiNij.,.,Mn,Co,0, family group (where y = z = 1/3)
which were first published in 1999 by Liu et al [1] and in 2000 by Yoshio et al [2]. Yoshio hypothesized that the
addition of cobalt to LiMn,;yNi,O, would stabilize the structure in a strictly two-dimensional way by jamming the
nickel atoms from inflowing the lithium layer while Mn and Ni content would grant increased structural stability and
high capacities respectively. Mixing these three cations at finest levels is very important since too much of Co would
lead to decrease in capacity, too much of Ni will result in cation mixing and too much of Mn can lead to structural
change. Since the layered transition metal oxide LiNiy3C0,3Mny30, was initially proposed by Ohzuku and
Makimura [3] in 2001, it has been extensively studied[4-6] due to its higher reversible capacity, lower cost, less
toxicity, and enhanced safety features compared to conventional LiCoO,. The LiNiy3Co13Mny30, powder has a
typical hexagonal a-NaFeO, structure with a space group of R3m . The LiNiy3Co1,3Mny30, cathode material can
deliver a high capacity of ca 200 mAh-g™ when it is charged to 4.6 V (vs Li/ Li*) [7-11]. It is considered to be one of
the best candidate cathode materials for high-power applications [12]. On the other hand, there are still two
important problems limiting the applications of LiNiy3Coy3Mny30, cathode material in high power lithium ion
batteries. One is the serious capacity fading, especially if cycled at 4.6 V (vs Li/Li") [7, 8] and its poor rate capacity
due to its low Li ion diffusion as well as the electronic conductivity. To overcome both problems of
LiNiy3Coy3Mny30, cathode material, one significant approach is doping by transition or non-transition metals such
as Ti, Cr, La, Cu, Al, Zn and Mg [13-15]. Partial substitution Zn in place of Co has been proved an effective method
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in modifying the electronic structure and improving the electrochemical performances as well as to minimize the
cost and environment issues associated with cobalt. In this work, we are reporting partial substitution of Zn on the
LiNiy3C0 (1739 Mny3 Zn, 0, (0.05 < x < 0.2) cathode materials synthesized by high temperature solid-state reaction
method and the effects on structure, morphology, electrical and dielectric properties were investigated in detail in
order to overcome the above mentioned problems.

Preparation and experimental techniques:-

The cathode compositions are synthesized by high temperature solid-state reaction method from stoichiometric
amounts of Li,CO; (Himedia 99.9%), NiO (Himedia 99.9%), C0,0; (Himedia 99.9%), MnO, (Himedia 99.9%) and
ZnO (Himedia 99.9%).

0.5Li2c03 3+1/3N|O +0.1417C0203+0.052“0+1/3Mn02_}|_iNi1/3C00.283332n0.05Mn1/302 + gas T
0.5Li,c03 +1/3NiO + 0.117C0,05+5.1Zn0 +1/3Mn0O, = LiNiy3C00 2333320 1mN1z0 2 + gas T
05L|2CO3 +1/3N|O+00917C0203+0152“0 +1/3MnQO, —* LiNi1/3C00.183332n0.15Mn1/302 + gas T

05L|2CO3 +1/3NiO+ 0.067C0,03; + 0.2Zn0O +1/3Mn0O, —* LiNi1/3C00.133332n0.2Mn1/302 + 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 temperature. The solid state reaction synthesis method involves three steps. First, the
precursors, as raw materials, are well mixed and thoroughly ground with agate mortar, then subjected to heat
treatment at a temperature of 500°C for 5 hours and 800°C for 10 hours to dry the samples free from gases and
impurities. Then, this powder was cooled at the rate of 5 °C/ min. Finally, the mixture is reground and sintered at
temperatures 900 °C for 18 hours to complete the chemical reaction in air using a muffle box furnace. For electrical
study, pellets with diameter around 11-13 mm in diameter and 1.1 to 1.3 mm in thickness are used.

The powder X-ray diffraction (XRD) data of the sample is collected on a PANalytical X-pert pro diffractometer with
diffraction angles of 10° and 90° in increments of 0.02°. The unit cell lattice parameter is obtained by the unit cell
software from the 20 and (h k 1) values. Further, the crystallite size of the sample is obtained by applying the
Scherrer’s equation from XRD pattern. The electrical measurements are performed using a Phase Sensitive
Multimeter (Model: PSM 1700, UK) over the frequency range from 1 Hz to 1 MHz from room temperature to
393.15 K.

Results and Discussion:-

XRD Studies:-

Figure 1 shows the XRD patterns of LiNiy3Co0/a-x) Mn1sZnx0O, (x=0, 0.05, 0.1, 0.15, and 0.2) cathode materials. All
the LiNiy3Cops-x) MnysZnxO, (x=0, 0.05, 0.1, 0.15, and 0.2) cathode material samples have a typical hexagonal a-
NaFeO, structure (JCPDS card number 50-0653); almost no diffraction peaks of impurity can be found for
LiNiy3Cog/3-x)Mny3Znx0, (x=0, 0.05, 0.1, 0.15 and 0.2) revealing that partial substitution of Zn in the
LiNiy3Co13Mny30, cannot change the crystal structure. This result could indicate that the Zn element is totally
inserted into the lattice of LiNiy3Co;5Mny30,. Moreover, the diffraction patterns show clear splitting of the
hexagonal characteristic doublets of (006)/(102) and (108)/(110); this can be ascribed to the layered structure of
LiNiy3Coy3Mny50, [16]. Table 1 gives the refined lattice parameters of LiNiy;3C01/3.x) MNnysZnxO, (x=0, 0.05, 0.1,
0.15 and 0.2). The lattice expansions are slightly increased with Zn-doped content, which further illustrates that the
Zn** ions have doped into the lattice of LiNiy3Coy5Mny30, during the calcined process. Since the metal ions, for
example, Ni** (0.069 nm), Co®*" (0.0545 nm), and Mn** (0.054 nm), have smaller ion radius than that of Zn®*, when
they are replaced by the Zn®* (0.074 nm), Zn** ions would enlarge the lattice parameter. Besides, the values of
1(003)/1(104) are >1.2, indicating that the samples have low cation mixing [17].The cation mixing will lead to an
incensement of disorder, making an undesirable electrochemical performance of LiNiy3Co13Mny30,, for example,
low lithium conductivity, low capacity, and poor cyclic performance [18]. For layered compounds, a higher value of
c/a is desirable for better hexagonal structure [19].

Crystallite sizes for LiNiy3Co0s-x) M1 3Znx0, (x=0, 0.05, 0.1, 0.15 and 0.2) cathode materials are calculated by the
Scherrer’s equation as:
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L= K
[ cosé

maximum intensity broadening (FWHM) in radians corrected for the instruments standard line width, and 0 is the
Bragg angle. L is the calculated mean size of the crystalline domains, equal to the particle size of single crystallites.
In order to evaluate the influence of the substituted Zn ions on the structural properties of LiNi1;3C0(1/3.x)Mn13Znx0;
(x=0, 0.05, 0.1, 0.15 and 0.2), we calculated the lattice parameters, the volume of the unit cells, R-factor and the
crystallite sizes of all samples from the XRD patterns. The obtained results are summarized in Table 1.

, where K is the shape factor of 0.9 for spherical crystals, A is the X-ray wavelength, f is half

Table 1:- Lattice constants, c/a value, cell volume and crystallite sizes of synthesized LiNiy3C0(y/3.x) Mny3ZnxO, (X
=0.05, 0.1, 0.15 and 0.2) compounds

Compound a(A) c (A cla Vv (A)’ 1(003)/1 (10) Crystallite size
R-factor (nm)
LiNi1/3C00.28333Zn0.05Mn1/302 2.867 14.208 4.96 101.13 1.48 6.09
LiNi1/3C00.23333Zn0.1Mn1/302 2.864 14.24 497 101.19 1.46 5.8
LiNiy3C00.183332N0.15MN;30, 2.860 14.32 5.00 101.49 1.45 6.01
LiNi1/3C00.13333Zn0.2Mn1/302 2.85 14.23 497 101.47 1.43 6.12

LiNiy3C0g 28333ZN0,0sMN 130,
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Figure 1:- XRD patterns for LiNi1/3C00.28333Zn0.05Mnl/goz, LiNi1/3C00.233332n0.1Mn1/302,
LiNi13C00.18333ZN0.15Mn1/30;, and LiNiy3C0g 13333ZN0.2MN 130, samples

Impedance Analysis:-
This technique is useful to investigate the electrical conduction across intra-grain, grain boundary and electrode

specimen interface. Moreover, the CIS measurement technique is also useful to investigate the temperature and
frequency dependent behaviour of AC conductivity and dielectric constant. In general, electrochemical impedance
studies are carried out to have better understanding of certain aspects of a lithium cell such as failure mechanism
[20], self discharge [21], lithium cycling efficiency [22], interfacial phenomenon between electrode and electrolyte
[23] and lithium cation diffusion in the electrode and the electrolyte [24].
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Nyquist plots:-

The Cole-Cole plots of a series of LiNiy3C0g/3-x) Mn15Znx0, (x= 0.05, 0.1and 0.15) powder materials measured at
various temperatures are shown in Figure 2 (a) to (c). The plots clearly show that there is an inclined straight line at
lower frequency region followed by a semi circular arc at the higher frequency region. The low frequency semicircle
is due to the grain and the higher depicts the bulk (grain) effect. The obtained curves for each sample appeared in the
form of single semicircles at various temperatures. No other curves are observed in the lower frequency regions.
Therefore, the semicircles of each sample are attributed to bulk conductivity, suggesting that the conductivity is
mixed electronic and ionic in character. The intersections of the semicircles at lower frequencies with the Z'-axis are
taken as the sample grain or bulk resistance. It is observed that resistivity of the samples dramatically decreases
with the increase in temperature. As a result the diameter of the semicircle decreases with increasing temperature.
On the other hand, it is observed that all arcs in the impedance plots are not perfect semicircles, which means that
the highest frequency arcs do not intersect with the Z' axis.
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Figure 2:- (a'C) cole-cole plOtS for LiNi1/3C00.283332n0.05Mn1/302, LiNi1/3C00,233332n0,1Mn1,302 and
LiNiy3C00.18333ZN0.15MN130;

AC conductivity and Activation energy:-

A.C conductivity is one of the studies done on solids in order to characterize the bulk resistance of the crystalline
sample. Measurement of A.C conductivity can be done by different techniques. In the present work the A.C
conductivity is calculated from dielectric data using the relation:

O, =W taNSd  Where =27 f

The variation of A.C electrical conductivity for LiNiyzCo (15-x) Mnys ZnxO, (x= 0.05, 0.1 and 0.15) as a function of
frequency at different temperatures is shown in Figure 3(a-c). The conductivity spectrum displays characteristic
conductivity dispersion throughout the frequency ranges b/n 50 Hz and 5.2 KHz. At high frequency independent
plateau is observed, whereas in the low frequency region dispersion of conductivity is still retained. The crossover
from the frequency independent region to the frequency dependent regions shows the onset of the conductivity
relaxation, indicating the transition from long range hopping to the short range ionic motion. The frequency of onset
of conductivity relaxation shifts with temperature to higher frequency side.
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Figure 3:- (a'C): Variation of log o with frequency for LiNiy3C0q 28333ZN0 0sMN1505 , LiNi1/3C00.23333Zn0.1Mn1/302
and LiNiy3C00.18333ZM0.15MN 1302,

Figures 4(a-c) show the variation of AC conductivity as a function of temperatures for some selected frequencies for
LiNiy5C0 (1/3-x) Mny3 ZnxO, (x= 0.05, 0.1and 0.15). From the slope of the graph, activation energies are calculated
to be in the range from 0.34 to 0.8 eV. It is also found that the increase in conductivity with increasing temperature
indicates a characteristic activated behaviour for the temperature range studied as indicated in table 2. The analysis
of the frequency-dependent conductivity suggests that the electrical conduction in LiNiy3C0 (1/3.x) MNnyz ZnxO, (x=
0.05, 0.1 and 0.15) is presumably caused by the hopping of lithium-ions between octahedral sites of the layered
framework.
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Table 2:- AC CondUCtiVity values for LiNi1/3C00.23333Zn0.05Mn1/302, LiNi1/3C00.23333Zn0.1Mn1/302 and
LiNi13C00.18333ZN0.15MN1130;

Temperature AC conductivity (S/cm)

(°C) LiNiy3C00.28333ZN0,0sMN1130; LiNiy3C0p.23333ZN0.1MnN1/50, LiNiy3C0g.18333ZN0.1sMN150;
40 5.71x10” 4.1x10” 3x10”7
50 1.05x10° 1.3x10° 7.16x107
60 9x10° 2.1x10° 4.6x10°
70 8x10° 2.7x 10° 4.7x10®
80 7.3x10° 5x 10° 5.46x10°
90 x10°® 1.3x 10° 1.19x10°
100 6.8x10° 1.7x 10° 2.21x10°
110 1.2x10° 1.4x 10° 5.02x10°
120 2.74x10° 3.5x 107 7.56x10°
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Figure 4:- (a-c) Arrhenius plots of AC conductivity for LiNiy3C0p 28333ZN0,0sMN 130, , LiNi13C0q 233332N0.1MN130,
and LiNiy3C0g18333ZN0.15MN 1130,

Variation of Impedance with Frequency:-

Figures 5(a-c) and 6(a-c) show the variation of real and imaginary impedance (Z' and Z") with frequency at different
temperatures for the cathode LiNiy3C0 (15.x) Mz ZnxO, (x= 0.05, 0.1 and 0.15) materials. The Z' value is found to
decrease with increasing frequency at all temperatures. The Z" also decreased with increasing temperature, which is
due to an increase in the conducting losses. The graph is composed of a semicircular area at high frequency and a
curve at low frequency. The semicircle is probably due to resistance of the active material inside and on the
interfaces of the electrodes, and the curve is due to diffused resistance of Li-ions in the electrolyte [25]. The
frequency corresponding to Z" ma shifted to higher values with increasing temperature. The peak heights for both the
peaks are decreased with increase of temperature indicating an increase in the conducting loss. The conductivity
relaxation mechanism is temperature independent and slight deviation in higher temperature may be due to the ionic
transport in materials is affected by structural aspects. Layered structured cathode materials had constant ionic
concentration, but at higher temperature, the volume of the unit cell is increasing with temperature.
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Figure 5:- (a-c) :Variation of real part of impedance (Z) with frequency for LiNiy3C0g28333ZN0.0sMnN 130, ,
LiNi13C00.23333ZN0.1MnN130;, and LiNiysC0g18333ZN0.15MN1/30,.
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Figure 6:- (a-c) :Variation of imaginary part of impedance (Z') with frequency for LiNi;3C0p.28333ZN0.05MnN130,,
LiNi13C00.23333ZN0.1Mn130; and LiNiy3C0g18333ZN0.15MN1/30,.
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Electrical permittivity:

Fig.7 (a-c) shows the frequency dependence of the dielectric constant (&) at different temperatures for LiNi;;3Co (13-
x) Mnys ZnxO, (x= 0.05, 0.1and 0.15). It is observed that ¢ gradually decreases with increasing frequency in a given
temperature range. On increasing temperature, ¢’ increases apparently, which becomes even more significant at low
frequency. The decrease in ¢’ is due to the space charges, which leads to the high dielectric constant and significant
frequency dispersion [26, 27]. This indicates the thermally activated nature of the dielectric relaxation of the system
[28]. From the frequency dependent plot of €', it is observed that the value of &' decreases sharply as the frequency
increases and attains a constant limiting value, at which €' becomes almost frequency independent. The higher
values of dielectric constant at low frequencies can be due to pile-up of charges at the interfaces between the sample
and the electrode. This can be explained based on the behaviour of the dipole movement as follows. Dielectric
behaviour of samples with frequency is related to the applied electric field. An alternating electric field changes its
direction with time. With each direction reversal, the polarization components are required to follow the field
reversal. So, the polarization depends on the ability of dipoles to orient themselves in the direction of the field
during each alternative change of the field. At low frequency regions the dipoles will get sufficient time to orient
themselves completely along the direction of the field, resulting in larger values of €' of the samples [29]. As the
frequency increases further, the dipoles in the sample cannot reorient themselves fast enough to respond to the
applied electric field, resulting in the decrease in €' of the samples and becoming almost constant [30-31].

Dielectric Constant (z,)
Dielectric Constant ()

T T T T T T T T J U A S S
44 46 48 50 52 54 56 58 60 62 44 45 48 50‘5,2 54 56 58 60 62 44 48 48 50 52 54 55 58 60 62
og

log f o

Figure 7:- (a-d): Frequency dependence of the dielectric constant (g;) for LiNi;3C0g 28333ZN0.0sMN 11307 ,
LiNiy3C00.23333ZN0.1Mn130,and  LiNiy3C00.18333ZM0.15MN130,.

Conclusion:-

The Zinc substituted layered LiNiy3Coqsxy MnysZnxO, (0.05 < x < 0.2) cathode materials are successfully
synthesized by high temperature solid-state reaction method. Different properties of the materials are studied using
different techniques. The X-ray diffraction (XRD) patterns possessed the layered structure of the hexagonal a-
NaFeO, structure with a space group of R3m. An AC impedance spectroscopic technique was used to correlate
between the microstructure and electrical properties of the compound. The presence of grain bulk effect in the
compound was observed. The frequency-dependent electrical data were used to study the conductivity mechanism.
An analysis of the electric impedance with frequency at different temperatures has provided some information to
support suggested conduction mechanism.
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