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ABSTRACT

In this work, Li12[Nio13C00.13Mnos4]o.9s5Zr0.015 O2 cathode material was synthesized via combustion synthesis method. The product was
annealed at different temperatures of 650, 750 and 850 <C for 12 h. The effect of annealing temperature on electrochemical performance of
synthesized powder was investigated using charge/discharge performance, cyclic voltammetry and impedance tests. X-ray diffraction (XRD)
analysis and scanning electron microscopy (SEM) were used for phase identification and investigating the morphology of the samples.
According to charge/discharge diagrams, the sample calcined at 750 <C exhibited the highest initial discharge capacity of 254 mAh/g at current
density of 25 mA/g. The highest cyclic stability was obtained at 750 <C so that the remained capacity after 50 cycles was about 97%. Impedance
tests and Nyquist diagrams revealed that the lowest impedance is observed at 750 <C.
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1. INTRODUCTION

Ever-increasing advances in transportation has provided a
great opportunity for developing battery cathode materials.
Among different kinds of batteries, Li-ion batteries have
gained a lot of interest due to high energy density and rather
simple reactions. Relative slow progress of cathode materials
has limited the development on Li-ion batteries. NCM cathode
materials have been proposed as the main choice for cathode
material in Li-ion batteries [1-4]. NCM Li-ion batteries offer
high efficiency, high capacity, long life and better safety. In
NCM beatteries, Li[Lio2 Mno.saNio.13C00.13]O2 rich materials
have been suggested as an efficient cathode material due to
high capacity of about 250 mAh/g, low cost and lower
pollution because of lower amount of cobalt content [5-8].
However, a major limitation of irreversible capacity loss has
been observed for these batteries which is caused by extraction
of lithium in the form of Li,O at high potentials. In other words,
the first charging cycle is accompanied by extraction of
lithium as well as removal of oxygen vacancies at higher
potentials leading to reduction of active sites for storage of Li*
ions during subsequent cycles [9, 10]. Another result, the
formation of SEI film reduces the Li* diffusion coefficient and
electrical conductivity [5, 11, 12].

In recent years, several methods have been proposed in
order to improve the electrochemical performance of Li-ion
batteries including novel synthesis techniques [13-15], doping
[16-22], surface coating [23-26] and using composite
materials [27]. It has been shown that doping in cathode
material structure is an efficient way to enhance cycle stability.
By incorporation of the doping elements in the crystalline
structure of the cathode material, lattice parameter is changed
resulting in improvement of electrochemical performance of
the material [28, 29]. Song et al. [18] reported that doping
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appropriate amount of Ru leads to increase of lattice parameter
and volume which can result in better electrochemical
performance by encouraging the diffusion of Li* ion and hence
improvement. In this study, Zr was used as doping element and
effects of different calcination temperatures on structure and
electrochemical properties of Zr-doped cathode materials
prepared by combustion synthesis method were investigated.

2. EXPERIMENTAL PROCEDURES

An aqueous solution containing stoichiometric amounts of
metal nitrate and citric acid was prepared. Ratio of
stoichiometric amounts of oxidizers and reducers equal unity
which guaranties that maximum amount of heat is released
during the reaction. Prepared solution was stirred for 6 hours
at 80 °C. During stirring, the water content is gradually lost
and a viscous concentrated solution is obtained. Then, stirring
temperature was raised by 100 °C in order to remove the
retained water content as well as water of crystallization of
metal nitrates available in the viscous redox (reduction-
oxidation) solution. In this situation, citric acid is melted and
an opaque melt is obtained. By further heating, the melt start
to foam and then combustion begins. During combustion stage,
heater temperature was retained constant at 300 °C.
Combustion occurs in a few seconds with a flame in the center
of the dried gel releasing large amounts of gas. The whole
process took 10 minutes. In order to determine optimized
calcination temperature, specimens were heat treated for 12
hours at different temperatures of 650, 750 and 850 °C.
Galvanostatic tests were performed in the voltage range of 2.5-
4.5V to evaluate the electrochemical properties of the samples.
For this purpose, a handmade cell was prepared and the
process was done in a glove box. In order to prepare the
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electrode used in galvanostatic tests, 75 wt.% cathode powder,
10 wt.% black carbon as conducting material and 15 wt.%
PVDF and NMP as binder were mixed in the form of a slurry.
The obtained slurry was coated on an aluminum foil and it was
dried for 4 hours at 50 °C. Coated aluminum foil was cut to
desired dimensions in accordance with the test standard.
Electrolyte used in electrochemical test contained LiPFg
dissolved in ethylene carbonate and dimethyl carbonate.
Impedance test were performed on an EG&G Instruments
Princeton Applied Research1025Model.

Phase identification was done using X-ray diffraction (XRD)
analysis by a Phillips multi-purpose diffract meter (MPD).
Microscopic observations were made on a Phillips XL40
scanning electron microscope (SEM) in order to evaluate
microstructure and morphology of the specimens.

3. RESULTS AND DISCUSSION
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Figure 1. XRD patterns of Li» [Nio,13C00,13 Mn0,54]0,935
Zr0.01502

X-ray diffraction (XRD) pattern obtained from different
specimens are shown in Figure 1. According to this figure, all
XRD patterns are related to a-NaFeO, with hexagonal
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structure and R3m symmetry. A lower peak intensity is
observed for the specimen calcined at 650 °C which indicates
that crystallization cannot be completed at this temperature.
By raising the calcination temperature up to 750 °C,
significant increase in peak intensity is observed which is due
to further progress in crystallization.

It is generally certified that the value of c/a and peak
intensity ratio of (003)/(104) indicate, respectively the layered
structure and degree of cationic dimensional order [30-32].

It has been shown that when this ratio is lower than 1.2, Li*
ions movements into and out of the crystal structure will be
limited. Lattice parameters and I(o3)/I(104) for the specimens
calcined at 650, 750 and 850 °C are summarized in Table 1.
According to this table, the specimen calcined at 650 °C has
the highest level of cation mixing due to its low I(003)/I(104) ratio.
In addition, the highest I(003)/I(104) and c/a ratios are obtained by
calcining at 750 °C. This is an indication of a layered structure
which can inhibit movement of Li* in to and out of the crystal
structure, hence improving the electrochemical properties of
the cathode material especially initial discharging.

SEM micrographs showing the microstructure of different
specimens are demonstrated in Figure 2. By calcining at
650 °C, no obvious change in particle size and morphology is
observed revealing that particle growth does not occur at this
temperature. On the other hand, a more uniform distribution of
more spherical particles is obtained by calcining at 750 °C. By
raising the calcination temperature to 850 °C, particles grow
significantly and agglomeration takes place. In this case,
effective surface is reduced leading to a hindrance in
movement of Li* ions [33].

Table 1. Unit cell parameters of Li; > [Nig.13C00.13 Mng s4]0.985
Zr10.0150;> at different temperatures

Temperature a (A% c(AY c/a 1(003)/1(104)
650% 2.8447 14.1807 4.9848 1.1027
750% 2.8490 14.21818 4.9905 1.4485
850% 2.8510 14.2265 4.9898 1.3421
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Figure 2. SEM photographs of Li; 2 [Nio.13C00.13 Mno s4]0.985 Z10.01502 at a)650°c b)750°c ¢)850° ¢
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The EDS of sample is shown in Figure3 and confirm that
the Zr elements are homogenously distributed in the samples.
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Figure 3. The EDS patterns of Zr substitution on Li; »
[Nio.13C00.13Mng 54 ]O2

Figure 4 shows the initial charge/discharge capacity at the
current intensity of 250 mAh/g for Zr-doped cathode materials
calcined at different temperatures. It can be observed that the
specimens calcined at 650, 750 and 850 °C exhibit initial
discharge capacity of 239, 254 and 247 mAh/g, respectively,
revealing that calcining at 750 °C yields the highest capacity.
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Figure 4. First charge—discharge curves of Li; > [Nio.13C00.13
Mnyg s4]o.985 Z10.01502 at different temperatures
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Figure 5. Cycling performance of Li; » [Nig.13C00.13
Mng s4]o.985 Z10.01502 at different temperatures

Evaluating the cyclic stability during the first 50 cycles
(Figure 5) shows that the lowest capacity fade is observed for
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the specimen calcined at 750 °C. Better stability and higher
amounts of remained capacity obtained for this specimen is
related to high c/a ratio as well as more uniform morphology
of the particles. Remained capacity for different specimens can
be seen in Table 2.

Table 2. Charge/ discharge capacities of Li;» [Nio.13C00.13
Mnyg s4]o.985 Z10.01502 for initial and after 50 cycles at different

temperatures
Sample 650°C _ 750°C _ 850°C
initial discharger spe_laﬁc capacity/ 239 254 247
mAh g
after 50 cycles/ mAh g! 223 247 238
capacity retention/% 93% 97% 96%

Cyclic voltammetry (CV) diagram measured for the
specimen calcined at 750 °C is demonstrated in Figure 6.
Based on this figure it can be stated that oxidation and
reduction reactions corresponding to Ni%*/Ni*' [34] redox
reaction occur at 3.78 V and 4.14 V, respectively. In addition,
the 5%, 15" and 20" cycles of the doped specimen are very
similar indicating the high reversibility and low polarization
of the specimens.

Current(mA)

Voltage(V)

Figure 6. CV profiles of Lii 2 [Ni.13C00.13 Mng s4]0.985
Z10.01507 at 750°¢c

Two separate regions can be discerned in the Nyquist
diagrams obtained for different temperatures (Figure 7). First
region is a semicircle corresponding to S Evaluating the
discharge capacity EI film (Rg|Cq) at high frequencies and
charge transfer phenomenon at medium to high frequencies
(Ret]|Car). The second region is a line with a 45° angle to the
real axis which is related to Warburg resistance (W). The latter
region describes a frequency range at which reaction kinetics
is limited by the rate of chemical diffusion reactions in the
electrode. Using impedance tests, the reactions limiting the
process rate through both charge transfer and mass transfer
mechanisms can be determined precisely. Figure 7 reveals that
the specimen calcined at 750 °C has the loest charge-transfer
resistance. This is due to the fact that this specimen has a larger
lattice parameter which facilitates the movement of Li* ions.
On the other hand, the specimen calcined at 650 °C exhibits
the highest electrochemical impedance which is related to
more compact crystal structure of this specimen. The higher
charge-transfer resistance of the specimen calcined at 850 °C
is mainly attributed to the agglomeration of particles and more
difficult diffusion of Li" ions.
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Figure 7. Nyquist plots of Li» [Nio.13C00.13 Mng.s4]0.985
Zr0.01507 at different temperatures

4. CONCLUSIONS

Li]42[Ni0,13C00,13Mn0,54]0,9gszr0,015 cathode material was
prepared via combustion synthesis method. SEM observations
showed that particle size is increased by raising the calcination
temperature from 650 to 850 °C. SEM and XRD results
revealed that calcining at 750 °C yields larger lattice
parameters and a more uniform microstructure compared to
specimens calcined at other temperatures. Based on
electrochemical tests, the specimen calcined at 750 °C exhibits
the best electrochemical properties including high initial
discharge capacity of 254 mAh/g and better stability during

the first 50 cycles determined by the remained capacity of 97%.

Cyclic voltammetry confirmed improved reversibility and
reduction on concentration polarization of the specimen
calcined at 750 °C.
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