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LiNil.yMy02 SpeCI mens with Compositions of LINIOz, LiNi0,975(36b,02502, LiNio,975A|0,02502, LiNio_ggsTio,oost and
LiNioge0Alooos ToosO2 Were synthesized by wet milling and solid-state reaction method. All the synthesized
samples possessed the o-NaFeO, structure of the rhombohedra system (space group; R3m) with no evidence
of any impurities. Among the LiNiO, cathodes prepared with the weight ratios of LiNiO.:acetylene black:
binder = 85:10:5, 85:12:3 and 90:7:3, the cathode with the weight ratio of 85:10:5 had the best cycling per-
formance, with a discharge capacity degradation rate of 1.06 mAh/g/cycle and a discharge capacity at n=
20 of 143.5 mAh/g. Among al the samples, LiNiogAlooosTioosO2 had the highest first discharge capacities
a 01 C, 02 C and 05 C rates. That sample had the smallest R-factor value, indicating that it had the
lowest degree of cation mixing. Among al the samples, LiNigg7sAlosO2 showed the lowest rate of decrease
in the firgt discharge capacity with C rate. The first discharge capacities a 0.1 C, 0.2 C and 0.5 C rates
were 170.5 mAh/g, 155.0 mAh/g and 124.2 mAh/g, respectively.
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1. INTRODUCTION

Transition metal oxides such as LiMn,Q,,"? LiCoO,"
LiNiO,,"* and LiNi4Mno4Co.0."™ have been intensively
investigated in order to use them as the cathode materiass of
lithium secondary batteries. LiMn,O, is comparatively inex-
pensive and does not bring about any environmental pollu-
tion, but its cycling performance isinadequate. LiCoO; hasa
large diffusivity and a high operating voltage, and it can be
eadly prepared. However, it has the disadvantage that it con-
tains Co, an expensive eement. LiNiO; is a very promising
cathode materiad since it has a large discharge capacity'™
and is excellent from the economic and environmental view-
points. On the other hand, its preparation is very difficult
compared with that of LiCoO, and LiMn,Os.

It is known that Li;«Ni.«O, forms rather than the stoichi-
ometric LiNiO, during synthesis™ due to cation mixing.
Excess nickel occupies the Li sites, destroying the idedly
layered structure and preventing the lithium ions from
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undergoing the easy movement required for intercalation
and deintercaation during cycling. This results in a small
discharge capacity and poor cycling performance.

To improve the dectrochemica properties of LiNiO.,
CO,[14] AI’[15,16] -I—i,[17,18] Ga,m] Mnllg] and Fe[zo,zl] have been
subgtituted for nickel by synthesis in oxygen. Guildmard et
al™ investigated the eectrochemica performances of
LiNi.,Al,O, (0.10<y<0.50) specimens synthesized by aco-
precipitation method. They showed that al uminum substitu-
tion suppressed dl the phase transitions observed for the
LiNiO, system. According to Gao et al.,'*" the substitution
of Ti for Ni resulted in a large discharge capacity and good
cycling performance. Chang et al.™® detected partial disor-
dering between the transition meta (Ni and Ti) layer and
lithium by Rietveld refinement in LixNi., Tiy0, (0.1<y<0.5)
prepared by solid-state reaction. By considering the ionic
radius and the Ni-O bond length, they concluded that the
Ni(ll) ions are partidly sabilized in the lithium sites.
Nishida et al."™? reported that gallium-doping into LiNiO,
stabilizes the crystal structure during the charging process
and leads to better cycling performance than LiNiO..

In thiswork, LiNi.y,M,O,(M=Ni, Ga, Al and/or Ti) speci-
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mens were synthesized by solid-state reaction, and the effect
of C-rate on the discharge capacities of the synthesized sam-
ples was investigated.

2. MATERIALS AND METHODS

LiNi.yM,O, specimens with compositions of LiNiO,,
LiNiog7sGao02s02, LiNiogrsAloosOz, LiNiogesTioesO2 and
LiNiogeoAlooos Tio00sO2 Were synthesized by wet milling and
solid-state reaction method. These compositions were cho-
sen because they had relatively good electrochemica prop-
erties in the previoudy reported works®? LiOH-H,O
(Kojundo Chemica Lab. Co., Ltd, purity 99%), Ni(OH),
(Kojundo Chemical Lab. Co., Ltd, purity 99.9%), Ga.O;
(Aldrich Chemical, purity 99%), Al(OH); (Kojundo Chemi-
ca Lab. Co., Ltd, purity 99.99%) and TiO, (Aldrich Chemi-
cal, purity 99%) were used as the starting materials. These
were mechanically mixed by wet SPEX milling under dis-
tilled acetone for 1 h, and dried in a shaking incubator with
50 rpm at 50°C for 48 h. The mixtures were then preheated
at 450°C for 5 hin air, pressed into pellets and calcined at
750°C for 30 h under an oxygen stream. The phase identifi-
cation of the synthesized samples was carried out by X-ray
powder diffraction analysis (Rigaku Ill/A diffractometer)
using Cu Ko radiation, a scanning rate of 6°min™ and 20
of 10°<20<80°. The eectrochemica cells conssted of
LiNiyM,0, as a poditive electrode, Li foil as a negative
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G3203 , AI(OH)s ) TiOg
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Fig. 1. Experimental procedure for LiNi.,M,O, electrodes prepared
by the solid-state reaction method after wet milling.

electrode and an eectrolyte [Purelyte (Samsung Genera
Chemicals Co., Ltd.)] prepared by dissolving 1 M LiPRsina
1:1 (volume ratio) mixture of ethylene carbonate (EC) and
diethyl carbonate (DEC). The positive e ectrode consisted of
synthesized materias, acetylene black and polyvinylidene
fluoride (PVDF) binder dissolved in 1-methyl-2-pyrrolidi-
none (NMP) with weight ratios of 85:10:5, 85:12:3 and
90:7:3. A Whatman glassilter was used as a separator. The
coin-type (2016) cells were assembled in an argon-filled dry
box. All of the electrochemicdl tests were performed at room
temperature with a potentiostatic/galvanogtatic system. The
cellswere cycled between 2.7 and 4.4V at theratesof 0.1 C,
02Cand05C.

Figure 1 shows the experimenta procedure for the LiNis.
yM, O, electrodes prepared by the solid-state reaction method
after wet milling.

3. RESULTS AND DISCUSSION

Figure 2 shows the XRD patterns of the samples LiNiO,,
LiNiog7sGa002s02, LiNiogrsAloosOz, LiNioges TioesO2 and
LlNloggoAlooosTlooost cacined at 750°C for 30 h in an O,
stream (after milling for 1 h and preheating in air at 450°C
for 5 h). All the samples possess the a-NaFeO. structure of
the rhombohedra system (space group; R3m structure is dis-
torted in the c-axis direction of the hexagona structure. This
is reflected by the split of the 006 and 102 peaks and of the
108 and 110 peaks in the XRD patterns. The 108 and 110
peaks were split for al of the samples.

Ohzuku et al.* reported that electrochemically reactive
LiNiO. showed a larger integrated intensity ratio of the 003
peak to the 104 peak (loosfl104) and aclear split of the 108 and
110 pesksin its XRD patterns. The degree of cation mixing
(displacement of nickel and lithium ions) is low if the value
of loog/l 104 ISlarge and the 108 and 110 pesks are split clearly.
The value of (loos+1102)/1101, called the R-factor, is known to
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Fig. 2. XRD patterns of the samples calcined at 750°C for 30 hin an
O, stream (after milling for 1 h and prehesting in air at 450°C for 5 h).
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Table 1. Data caculated from XRD patterns of the samples calcined at 750°C for 30 hin an O, stream (after milling for 1 h and prehesting in air

at 450°Cfor 5h)
aA) c(A) da oo/l 104 R-factor VOLIJ::;:?'AB)
LiNiO, 2.876 14.253 4.956 1.31 0.36 102.09
LiNiog7sGa0.02502 2.885 14.255 4,941 125 0.43 102.75
LiNioo7sAlo02502 2.874 14.252 4.959 1.39 0.47 101.95
LiNig.oesTi000502 2.877 14.239 4.949 1.43 0.47 102.07
LiNio.990Al 0005 Ti000s02 2.876 14.254 4,956 1.33 0.33 102.10

decrease as the unit cell volume of Li,Ni..,O, decreases. The
R-factor increases as y in LiyNi..,O, decreases for y near 1.
This indicates that the R-factor increases as the degree of
cation mixing increases.”

Table 1 showsthe values of a, ¢, ¢/a, los/l104, R-factor, and
unit cell volume calculated from XRD patterns of the sam-
plescacined at 750°C for 30 hin an O, stream (after milling
for 1 hand prehesting inair a 450°C for 5 h). LiNioges T10.00s02
has the largest value of 1os/l 104 and its value decreases in the
order of LiNio,975A|0,02502, LINIoggoAlooosTlooo«st, LlNlOz and
LiNio,g7sGaJ,02502. LiNio_ggoAlo,oosTio_oost has the smdlest R-
factor value and its value increases in the order of LiNiO,,
LiNiogsGa0.02502, LiNiogrsAloozsO2 and LiNig.ges Tio.0050o.

Figure 3 shows the variation of discharge capacity (at 0.1 C
rate) with number of cycles n for the LiNiO, cathodes pre-
pared with various weight ratios of LiNiO,:acetylene black:
binder. The LiNiO, cathode prepared with weight ratio of
85:12:3 shows the highest discharge capacity of 174.8 mAh/g.
The LiNiO; cathodes prepared with weight ratios of 90:7:3
and 85:10:5 have the first discharge capacities of 169.8
mAh/g and 161.9 mAh/g, respectively. The LiNiO, cathodes
prepared with weight ratio of 85:10:5 has the best cycling
performance, with the discharge capacity degradation rate of
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Fig. 3. Variation of discharge capacity with number of cycles for the

LiNiO, cathodes with various weight ratios of LiNiO,:acetylene black
‘binder.
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Fig. 4. Variation of thefirst discharge capacity with C-rate for LiNiO,,
I-| Ni0.975Ga).02502, L| Ni0.975A|0.02502, L| Ni0_995Ti0_00502, and LiNiO.BBO'
A|0_005Ti 0.00502-

1.06 mAh/g/cycle and the discharge capeacity a n=20 of
143.5 mAh/g.

The effect of the C-rate on the discharge capacities of the
synthesized samples was investigated by preparing cathodes
with a weight ratio of LiNiO,acetylene black:binder of
85:10:5.

Figure 4 shows the variations of the firgt discharge capacity
with C-rate for LINIOz, LiNio,975G&,02502, LiNio,975A|o_02502,
I—| Ni0.995TiO.OOSOZ and I—| Ni0.99OA|0.005Ti0.00502- I—| NiO.QQOAIO.OOS'
TiooosO2 has the highest first discharge capacities at three dif-
ferent C rates. LiNio,ggoAlo_oosTio_oosoz has the smallest value
of R-factor, indicating that this sample has the lowest degree
of cation mixing. LiNiogsAloesO2 shows the lowest de-
crease rate of thefirst discharge capacity with C-rete.

Figure 5 shows the variations of the discharge capecity at
n=20 with C-rate for LiNiO,, LiNiogsGaoosOs, LiNiogrs
AlosOs, LiNiggos TioosO» and LiNiogseoAlooos TiooosO2. LINIO,
has the highest discharge capacities at 0.1 and 0.2 C rates, and
Li Nio_975A|o,02502 hasthehi ghea di Schal’ge C&)&I ty Li Nio,975-
AloosO, shows the lowest decrease rate of the discharge
capacity at =20 with C rate. Ohzuku et al.” reported that
the substitution of Al*® for Ni forms an insulating material
due to the fixed oxidation number and gives aresistive char-
acteristic againgt overcharging, which limits the deintercala-
tion of lithium ions a the later stage of charging. They dso
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Fig. 6. Variation, with various C-rates, of the discharge capacity vs.
number of cyclesfor LiNiO..

reported that the substitution of Al*® increases the structural
stability by preventing the phase transition in the range of
0<x<1 during charging and discharging. These two effects
of the substitution of Al*® are considered to lead to the lowest
rate of decrease in the discharge capacity a& n=20 with C
rate.

Figure 6 shows the variation, with C-rate, of the plot dis-
charge capacity vs. number of cycles for LiNiO,. The first
discharge capecity decreases dradtically as the C rate
increases. Their values a 0.1 C, 0.2 C and 0.5 C rates are
161.8 mAh/g, 151.6 mAh/g and 91.8 mAh/g, respectively.
At 0.5 C rate the discharge capacity decreasesfromn=1ton
=4, but after n=5 it has similar cycling performance to those
at the other C rates.

Figure 7 shows the variation, with C-rate, of the plot dis-
charge capacity vs. number of cycles for LiNiggrsAl02s05.
The firg discharge capacitiesat 0.1 C, 0.2 C and 0.5 C rates
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Fig. 7. Variation, with various C-rates, of the discharge capacity vs.
number of cyclesfor LiNiggzsAloosOs.
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Fig. 8. Variations of the plot discharge capacity vs. number of cycles
at 0.2 Cratefor LlNlOz, LiNio,975Gao,02502, LiNig,g75A|0A02502, LiNio‘ggs-
Tio00sO2, and LiNio.ggoAlo.00s Tio.aosOs.

are 170.5 mAh/g, 155.0 mAh/g and 124.2 mAh/g, respec-
tively. The cycling performance at 0.1 C rate isworse than at
0.2 Cand 0.5 C rates. However, after n=10 similar discharge
capacity and cycling performance are exhibited at the al C-
rates.

Figure 8 shows the variations of the plot discharge capac-
ity vs. number of cyclesnat 0.2 C rate for LiNiO., LiNiggrs-
Gay02s02, LiNiogrsAlozsOs2, LiNiogesToosO2 and LiNiogeo-
discharge capacity of 172.6 mAh/g, and those of LiNiO,,
LiNiogsGa002502, LiNiogrsAloosO2 and LiNioges Too0sO2 are
151.6, 102.4, 155.0 and 112.6 mAh/g, respectively. At n=20
LiNiO; has the highest discharge capacity of 120.6 mAh/g,
and those of LiNiggsGanezsOs, LiNiggrsAloosO2, LiNigges-
Tio,oost, LiNioAggoAlo,oo5TioA00502 are 73.6, 100.3, 35.9 and

Electron. Mater. Lett. \VVol. 4, No. 4 (2008)
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77.8 mAh/g, req:)ecthdy LiNio,975G&),02502 has the best
cycling performance, with a degradation rate of discharge
capacity of 1.26 mAh/g/cycle between the first cycle and the
20" cycle.

4. CONCLUSIONS

LiNi.yM,O, specimens with compositions of LiNiO,,
LiNigg7sGa002502, LiNiggrsAloosO,,  LiNiggesTioasO. and
LiNiogeoAlooos Ti000sO2 Were synthesized by wet milling and
solid-state reaction method. The mixtures were preheated at
450°C for 5 h in air, pressed into pellets and cacined at
750°C for 30 h under an oxygen stream. All the synthesized
samples possessed the a-NaFeO, structure of the rhombohe-
dral system (space group; R3m) with no evidence of any
impurities. Among LiNiO, cathodes prepared with the weight
ratios of LiNiO:acetylene black : binder of 85:10:5, 85:12:3
and 90:7:3, that with the weight ratio of 85:10:5 had the best
cycling performance, with the discharge capacity degrada-
tion rate of 1.06 mAh/g/cycle and the discharge capacity at
n=20 of 143.5 mAh/g. Among all the samples, LiNiogoo-
Alo.o0s Tio00s02 had the highest first discharge capacitiesat 0.1
smallest R-factor vaue, indicating that this sample had the
lowest degree of cation mixing. Among dl the samples,
LiNiog7sAlo0s0, showed the lowest rate of decrease in the
first discharge capacity with C rate. LiNiogrsAloosO2 also
showed the lowest rate of decrease in the discharge capacity
a n=20 with C-rate probably because the substitution of Al*
led to a resigtive characteristic against overcharging and an
increase in the structural stability.
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