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Abstract

A layered LiNig 3Cog »0O5 solid solution, which is a promising cathode material for secondary lithium batteries, was
successfully synthesized by an emulsion drying method. Because electrochemical properties significantly depend on
the conditions of the synthesis, the calcination temperature was carefully determined on the basis of X-ray dif-
fraction and TG studies. The prepared cathodes were characterized by means of SEM, BET, X-ray diffraction,
Rietveld refinement, cyclic voltammetry and a charge-discharge experiment. From the Rietveld analysis, it was
found that powder calcined at 800 °C for 12 h exhibits a well ordered and lower cation mixed layered structure than
the others. The cyclic voltammetry experiment shows that phase transformation can be suppressed considerably by
increasing the calcination temperature to 800 °C. The highest discharge capacity of 188.4 mA h g~' was obtained
from the sample prepared at 800 °C. Furthermore, a high capacity retention ratio of 88.1% was found for the initial
value after 50 cycles at a constant current density of 40 mA g~' between 2.7 Vi; and 4.3 Vi In the rate
capability test, the cathode delivered a higher discharge capacity of 153.1 mA h g™ at a 4 C (800 mA g') rate.

1. Introduction

The layered transition metal oxide LiNiO, is a prom-
ising cathode material for secondary lithium batteries
because of its high reversible capacity and because it has
a lower cost and lower toxicity than commercially used
LiCoO,. However, it has some disadvantages such as
nonstoichiometry (called cation mixing), degradation of
the retention capacity due to a structural change during
the cycling [1], and thermal instability at a highly
oxidized state. Partial substitution of other elements
(Co, Mn, Fe, Al, Zr, and Ti) for Ni sites has been
studied to improve the electrochemical performance of
LiNiO, [2-8]. Of these elements, cobalt has attracted
much attention because only cobalt substitution can
form a complete solid solution, and the solid solution
shows better thermal stability than pristine LiNiO,.
Moreover, according to Rougier et al. and Saadoune et
al., quasi-2D structure compounds can be obtained by
substituting more than 20% of the Ni with Co [9-10].
Thus, LiCoNi;_ O, (x = 0.2-0.3) is an efficient system
for stabilizing the thermal and electrochemical proper-
ties of LiNiO, [10-12].

The electrochemical properties of LiNiO, and LiNi;_,
Co,0, are strongly affected by the synthesis conditions.
To obtain a homogeneous mixture, a conventional
solid-state reaction method generally requires a long

calcination time, as well as precalcination and intermit-
tent grinding. Soft chemistry, on the other hand, which
enables a solid phase to be formed through a chemical
reaction in a liquid phase at a moderate temperature,
has some advantages in obtaining a homogeneous solid
solution and powder with small particles. As a result, the
cathode materials prepared with soft chemistry show
smaller a I-R drop and higher chemical diffusivity [13],
shorter calcination times [12] and small particles that
can enhance the reversible capacity [14].

In our previous work, we successfully introduced a
simple synthetic method, namely the emulsion drying
method, to prepare homogeneously substituted cathode
materials [15, 16]. Using this method, we readily
obtained homogeneous material with small particles.
In this study, therefore, we applied the emulsion drying
method as a synthetic route for preparing layered Li
Nig 3C0¢ 05, and investigated the dependence of struc-
tural and electrochemical properties on the synthesis
conditions.

2. Experimental
For the starting materials, we used LINO® Ni(NO3),:

6H20 and CO(NO3)2' 6H20 The LiNiOBCOQQOZ pow-
ders were synthesized with the emulsion drying method,
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the detail of which has been reported elsewhere [17]. The
synthesized powders were calcined under an oxygen flow
with a heating rate of 5°C min™' in the temperature
range 700-850 °C for 12 h.

We obtained the XRD patterns of the calcined
powders for structural analysis by using an X-ray
powder diffractometer (CuKo radiation) and we col-
lected the data in steps of 0.03 (20) in the range 10-100
(20) with a constant counting time of 10 s per step.
Rietveld refinements were performed with the aid of the
FullProf 2000 program [18]. Scanning electron micros-
copy (SEM) was used to observe how the powder
morphology varied in relation to the calcination tem-
peratures. To measure specific surface arcas of the
synthesized materials, we used the BET method with the
aid of a Micromeritics Gemini 2375 (USA).

Electrochemical studies were conducted on Li/LiPFg
in EC-DMC (1:2 in Vol.)/LiNiggCo(,0O, cells. We
prepared the positive electrodes by blending the active
materials with acetylene black and PVdF in a weight
ratio of 90:6:4 in NMP. We then spread the slurry on
1 cm? nickel ex-met and dried it in a vacuum oven at
120 °C for 2 days. The cell was assembled in a glove box
filled with high purity Ar gas. Using a WBCS3000
(Wonatech, Korea) battery cycle tester, we applied a
constant current of 40 mA g~' to the working electrode
for the charge-discharge experiment that was conducted
in the voltage range of 4.3ﬂ/Li to 2.7 Vfi/Li and we
applied a constant current of 200 mA g—1 for the
experiment conducted in the range of 4.2 Vfi/Li to
2.7 Vfi/u. We conducted cyclic voltammetry experi-
ments at a scan speed of 0.1 mV s~ between 2.7 and
4.3V versus Li/Li ™.

3. Results and discussion
Figure 1 shows a thermogravimetric curve for the dried

emulsion precursor of LiNiy gCog ,0,. The thermogravi-
metric profile had time steps of weight loss. The first
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Fig. 1. TGA curve for the LiNiygCo,0, precursor obtained by the
emulsion drying method.

step, which was observed around 370 °C, had a 2.5%
weight loss. We attributed this loss mainly to the
combustion of residual organic compounds such as
the kerosene and the surfactant that remains after the
burnout process [17]. The second step, which started at
500 °C and finished around 800 °C, had a 9.5% weight
loss. To elucidate the origin of the second weight loss,
we applied an XRD experiment for the samples calcined
at 500 °C and 700 °C. We chose these temperatures
because they represent the starting point and middle
point of the second weight loss.

Figure 2 shows the results of the X-ray diffraction
experiment. As can be seen in Figure 2(a), the powder
calcined at 500 °C shows the mixed phases of a
hexagonal lattice with Li,CO3; and NiO. However, when
we increased the calcination temperature to 700 °C (see
Figure 2(b)), the NiO phase was eliminated and we
observed only a small amount of the Li,CO3 and well-
developed LiNipgCog,0, hexagonal phases. These
results indicate that the second weight loss in the
thermogravimetric profile is related to the evaporation
of the CO, gas produced by the reaction of Li,CO3 and
NiO. The third weight loss, observed at around 825 °C,
may be due to the evaporation of lithium and oxygen
[19]. On the basis of these results, we therefore deter-
mined the appropniate calcination temperature to be
between 750 °C and 850 °C.

Figure 3 shows typical XRD patterns of the synthe-
sized LiNijgCog,0, materials at calcination tempera-
tures of 750, 800 and 850 °C. We refer to the materials
synthesized at these temperatures as E75, E80 and ES85,
respectively. The XRD patterns of all materials were
indexed based on the a-NaFeO, structure (space group:
166, R3 m) and we observed no secondary phase in the
entire scan range. The lattice parameters of the synthe-
sized LiNiygCo(,0, materials were calculated by Riet-
veld refinement, the results of which are summarized in
Table 1 along with a summary of specific surface areas.
As shown in Table 1, the lattice parameters ¢ and ¢
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Fig. 2. XRD patterns of LiNipgC0¢,0, powders calcined at
(a) 500 °C and (b) 700 °C for 12 h under an oxygen flow.
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Fig. 3. XRD patterns of LiNiygCo,0, powders synthesized at dif-
ferent temperatures.

increase slightly as the calcination temperature in-
creases, whereas the c¢/a values, which indicate the
disorder of the hexagonal structure [20], are almost
unchanged.

The values of the cation mixing obtained with the aid
of Rietveld refinement differ slightly. The cation mixing
values obtained with XRD profile refinement were 1.1%
for E75, 0.5% for E80, and 1.9% for E85. Our samples
show a negligible amount of cation mixing, especially
the E80, which has a value very close to the ideal
structure. In this compound, cation mixing is important
because the Ni-based layered cathode material suffers
from cation mixing. When cation mixing occurs in the
layered structure, some nickel ions are divalent and lead
to the [Li;. Ni2 " [(Nij-iNi2")g5C00,]0, formula [9].
The divalent nickel ion in the lithium site is oxidized to
trivalent during the initial charging process and cannot
be readily reduced. As a result, irreversible oxidation of
nickel ion in the lithium site leads to shrinkage of the
local interslab thickness with respect to differences in the
ionic radius of Ni*" (0.57 A) and Ni*" (0.70 A). This
local shrinkage of the interslab thickness hinders the
lithium reintercalation into the cathode material, there-
by deteriorating the electrochemical performance of
factors such as cycle stability and efficiency. Therefore,
E80, which has less cation mixing than E75 or E8S, is
expected to show a good electrochemical performance in
terms of factors such as high reversible capacity and
cycle stability.

Figure 4 shows the microstructures of E75, ES0 and
E85. Sample E75 consists of particles smaller than
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0.5 um, when we increased the calcination temperature,
the particle size gradually increased and, at 850 °C, the
particles increased to approximately 1 pym. This increase
in particle size decreased specific surface areas. The
specific surface areas were 2.37 m>g~' for E75,
1.09 m? g”! for E80 and 0.58 m? g~' for ESS5.

We performed electrochemical charge-discharge
experiments on the synthesized LiNij 3Coq ,0, materials
at room temperature in the voltage range 2.7 Vfi/u to
4.3 Vfi/u with a current density of 40 mA g~'. Figure 5
shows the initial charge-discharge curves and the cycling
performance as a function of the number of cycles.

Figure 5(a) shows high initial discharge capacities of
183 mA h ¢! for E75, 188.44 mA h g”' for E80 and
182.23 mA h g~! for E85. Furthermore, the irreversible
capacity losses were 9.6% for E75, 7.3 percent for ES0,
and 11.7% for E85. E80 shows the highest initial
discharge capacity as well as the lowest irreversible
capacity loss in the initial charge-discharge process.

Figure 5(b) shows the cycle stability of each sample
over 50 cycles. Although the difference in capacity
retention among the samples was not large, ES0 had the
highest capacity retention ratio of 88.1% for the initial
capacity and E75 had the lowest capacity retention ratio
of 86.8%. The difference became clear when the cathode
material was cycled at a 1 C rate (200 mA g™ ') in the
voltage range 2.7 Vi to 4.2 VL.

Figure 6 shows the results of the 1 C rate cycling test.
Over 100 cycles, the E80 sample has better cycle stability
than the other samples. After 100 cycles, the capacity
retentions were 78.8% for E75, 86.1% for E80 and 81.3
percent for ES8S5.

With respect to the phase transformation during the
charge-discharge process, the cycle life is related to the
cathode material structural damage is induced by stress
or fractures in the particles or both [1, 21, 22]. To
observe the phase transformation, we used cyclic vol-
tammetry because such experiments are useful for
observing phase transformation during the lithium
intercalation and deintercalation processes [21].

Figure 7 shows a typical cyclic voltammogram of
the first five cycles of LiNiggCo-,0,. E75 shows a
major oxidation peak at 3.96 Vﬂ/Li and a minor
oxidation peak at around 4.2 Vﬂ/u in the first
oxidation process. In subsequent cycles, the major
oxidation peak shifted to the lower voltage and
another minor oxidation peak emerged at around
4.0 Vi;L;. However, the minor oxidation peak dimin-
ished as the calcination temperature increased to
800 °C, and no other shoulder redox peak emerged

Table 1. Calculated structure parameters and specific surface area for the synthesized compounds

Calcination Temp./°C  Lattice parameter cla Unit cell VOl./A3 Cation mixing  Reliable Specific surface area/m> g~
factor
a/A C/A Ry, Rg
750 2.8641(2)  14.163(1) 4944  100.62 1.1% 131 196 237
800 2.8648(1) 14.164(1) 4.944  100.67 0.5% 125 204 1.09
850 2.8660(1)  14.164(1) 4942  100.76 1.9% 13.6  3.05 0.58
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Fig. 5. Initial charge and discharge curves (a) and discharge capaci-
ties (b) as a function of the number of cycles of the synthésized cath-
ode materials in the voltage range 2.7 Vﬂ/Li to 4.3 Vﬂ/Li.

Fig. 4. SEM photographs of LiNip3Co,0, powders calcined at
(a) 750 °C, (b) 800 °C and (c) 850 °C.

in subsequent cycles for the samples prepared at
800 °C and 850 °C. Therefore, the phase transforma-
tions are considerably suppressed as the calcination
temperature increases.

To confirm the structural change after the cycling
test, we used ex situ X-ray diffraction with a cycled
electrode. Figure 8 shows the X-ray profiles. We
calculated the structural parameters of the cycled
cathodes by the least squares method using the ten
highest diffraction lines. Table 2 compares the
structural parameters of the pristine cathode materials.
Sample E75 shows a slight increase in the unit cell
parameter of apex, but samples E80 and E85 show a
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Fig. 6. Cycle stability for the synthesized compounds at the 1 C
rate (200 mA g™') of the charge-discharge experiment between 2.7
V]ji/Li and 4,2 VI-:i/Li-

slight decrease after the cycling test. According to
Croguennec et al., the increase in the a,., parameter
after the first cycle indicates that the cation migration
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Fig. 7. Cyclic voltammogram of LiNipsCog,0, powders calcined
at (a) 750 °C, (b) 800 °C and (c) 850 °C in the voltage range
2.5 Vi to 4.3 Vi

from the slab (NiOg) to the interslab (LiOg) space
induces cation mixing [23]. After a long-range cycling
experiment, Pouillerie et al. reported a similar phe-
nomenon [24]. Consequently, this result suggests that
the structural degradation of E75 is more serious than
that of E80 or E85 during cycling. The smallest change
in the volume of a unit cell was observed with the E80
sample over 100 cycles. Lithium extraction from the
cathode material leads to shrinkage of the unit cell
volume which is then reversibly restored during
insertion of lithium to the cathode. As a result, the
decrease in the unit cell volume after the cycle test can
be considered as a decrease in the reversible capacity.
We therefore believe that the better cycle life of E80
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Fig. 8. X-ray diffraction patterns of LiNiygCoy,0, powder after 100
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Fig. 9. Rate capability test for the sample prepared at 800 °C be-
tween 2,7 VIji,’Li and 4.3 VL+i/'Li-

than others is related to the better structural stabili-
zation of the material during the charge-discharge
process and lower degree of cation mixing, as shown
by Rietveld analysis.

To investigate the rate capability of the LiNiygCoq.»
O, prepared at 800 °C, we applied various C rates of 0.1
C,0.3C,1C,2C and 4 C to the electrode in the voltage
range 2.7 Vi to 4.3 Vi The C rates were calcu-
lated using 200 mA h g™' as a theoretical capacity.
Figure 9 shows the results. The discharge capacity of the
cathode was 191.8 mA h g™' at the initial cycle; it then
gradually decreased as the C rate increased. Even when

Table 2. Comparison of the structural parameters between pristine and cycled cathode materials prepared at different calcination conditions

Calcination temp./°C Pristine cathode Cycled cathode AV/A3
a/A /A Vol./A3 alA /A Vol./A?

750 2.8640(2) 14.162(1) 100.62 2.8644(7) 14.1.95(4) 100.87 0.25

800 2.8648(1) 14.164(1) 100.67 2.8605(9) 14.180(4) 100.48 —-0.19

850 2.8660(1) 14.164(1) 100.76 2.8580(9) 14.200(5) 100.45 —-0.31
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4 C (800 mA g™') was applied to the electrode, the
electrode could deliver a highly retained discharge
capacity of 153.1 mA h g”', which corresponds to 80
percent of the initial discharge capacity. As shown
above, the cathode material shows a good rate capabil-
ity, which may be due to the nature of the LiNiygCog»
O, cathode that was synthesized by the emulsion drying
method; for example, small particles and good structural
integrity.

4. Conclusion

We have successfully synthesized LiNiggCog-,0> pow-
ders by using the emulsion drying method. Structural
analysis with the XRD Rietveld method shows that
800 °C is an appropriate calcination temperature for
obtaining well-ordered and lower cation mixed LiNigg.
Co¢,0, powder. Our electrochemical experiments show
that the powder prepared at 800 °C delivers the highest
discharge capacity of 188.4 mA h g™', and the same
powder has the highest capacity retention ratio of 88.1%
at 0.2 C and 86.8% at 1 C rate. Moreover, the rate
capability test reveals that this cathode can deliver a
high discharge capacity of 153 mA h g™" at a rate of 4 C
(800 mA g™ '). We conclude, therefore, that the emulsion
drying method is an attractive method for synthesizing
layered LiNipgCoy,0, cathode material, and that
800 °C is the optimal calcination temperature.
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