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Abstract

Prospective positive-electrode (cathode) materials for a lithium secondary battery, via.gCdyb_Al O, (x = 0.00, 0.01, 0.03,
and 0.05), were synthesized using a sol-gel method and the structural and electrochemical properties are examined by means of X-r:
diffraction, cyclic voltammetry, and charge—discharge tests. TheglgiBlp 2>, Al ,O2 maintains thex-NaFeQ-type layered structure
regardless of the aluminium content in the range 0.05. On the other hand, as the aluminium content is increased, the capacity
retention of LiNbgCap 2 Al O, is improved while initial discharge capacity is slightly decreased. Results also show that the current
peaks on the cyclic voltammograms are diminished and merged on aluminium addition. This suggests that the improved cycle stability of
LiNi g gCop2—Al, Oz is due to suppression of the phase transition.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and delithiation during the respective charge and discharge
processef4]. Numerous forms of lithium compounds such
In recent years, electronic mobile devices have becomeas LiCoQ [5], LiNiO; [6], and LiMmpO4 [7,8] have been
omnipresent and the rapid progress in various types of mo-developed for high specific energy and better structural
bile devices has led to the fast development and commer-stability. To date, LiCo@ has been used mainly for cath-
cialization of secondary batteries. Among them, lithium-ion odes in the commercial lithium batteries due to its superior
batteries have been produced on a large scale and used exelectrochemical properties. On the other hand, Ligb@s
tensively in the commercial mobile devices since they have high cost, toxicity, and low electrochemical capacity. Thus,
high working voltage, large capacity, and no memory effect LiNiO, has been developed by replacing Co with Ni for
compared with other candidates such as metal-hydride bat-cost reduction, but shows premature fading on long-term
teries and nickel-cadmium batter{@$. Increasing demands  cycling and exhibits thermal instability in its charged state
for longer life and larger capacity have, however, induced since it decomposes at elevated temperatures. t@j@lso
further research efforts to improve the electrochemical prop- has been studied for lithium-ion batteries because of its low
erties of the lithium-ion battery. cost, high thermal stability, and non-toxicity. Unfortunately,
Among the components of lithium-ion batteries, the capacity fading has been reported for Lip@y due to disso-
positive-electrode (cathode) material attracts much atten-lution of Mn?* from spinel structures into the non-aqueous
tion [2,3]. This is because the composition and structure electrolytes, which causes local structural inhomogeneity
of the cathode plays a crucial role in effective lithiation and electrolyte decomposition at high voltages.
In order to overcome these shortcomings, LINICO, O,
(0 < x < 1) compounds have been developed, based on
* Corresponding author. Tek:82 2 3290 3276; fax:+-82 2 928 3584.  the fact that LiCoQ@ and LiNiO, have the same layered
E-mail address: hojang@korea.ac.kr (H. Jang). a-NaFeQ structuregf9-11]. Metals such as Al, Mn, Fe, and
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Nb also have been used for partial substitution of Ni or

Co to enhance the elctrochemical performance of the cath-

ode[12-17] Among these, Al has attracted much attention
since it is known to improve the thermal stability of the
lithium nickelate in its charged state by preventing the for-
mation of nickel dioxide and maintaining structural integrity
up to 600°C [18]. It is also known that the intercalation of
a-LiAIO 2 provides a voltage up to 5V, which is higher than
other lithium transition metal oxidgd.9]. Therefore, with

its non-toxicity and low cost, a solid solution afLiAIO 5
with lithiated transition metal oxides appears as a viable al-
ternative for a better cathode material.

In this study, structural and electrochemical properties
of LiNiggCop2_,Al O, are investigated by substituting Co
with Al in the range ofx < 0.05. The emphasis of the
current investigation is to examine the effect of Al doping
on capacity retention, cycle stability, and its mechanism.

2. Experimental

Polycrystalline LiNpgCaop2—,Al ,O> compounds, where

x=0.00, 0.01, 0.03, and 0.05, were synthesized by a sol—gel

method following the procedure shown iRig. 1L The

gel was formed at 140C by mixing Li(CH;COO)2H,0,
(CH3CO,)2Ni-4H,0, (CH3COR)2Co-4H20, and AL(NQ)3-
9H,0 with acrylic acid in the distilled water. The gel was
fired at 800°C for 24 h in flowing oxygen to produce the mix-
ture in a polycrystalline form. Composite electrodes were
prepared by mixing 84wt.% of fine LilgCap2—Al,O2
particles, 10wt.% KS6 (conductor), and 6 wt.% polyvinyli-
dene difluoride (PVdF, binder). The mixture was coated on
an Al foil and dried at 80C for 24 h.
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The charge and discharge characteristics of the cathodes
were examined in a laboratory pouch cell. The cell com-
prised a cathode, a lithium metal anode, and a separator.
The electrolyte solution was 1M LiPF6 in a 1:1:1 mix-
ture (by volume) of ethylene carbonate (EC), ethylmethyl
carbonate (EMC), and dimethyl carbonate (DMC). Cells
were cycled between 4.3 and 3.0V and the charge and dis-
charge test was carried out at the @/gte (0.4 mA cm?)
for the first three cycles, at the IZ3rate for next five
cycles, and at the 1@rate for subsequent cycles. Cyclic
voltammograms for bare LiNgCao 20, and Al-doped
LiNiggCoy 2_ Al ,Oo were obtained in beteween 4.35 and
3.0 at a scan rate of 0.0lmV3$. The structure and the
morphology of LiNpgCay2_M,O2 powders produced by
the sol-gel method were investigated by means of scan-
ning electron microscopy (SEM Hitachi S-4300) and X-ray
diffraction (RINT/DMAX-2500, RIGAKU).

3. Results and discussion
3.1. Morphology of LiNiggCop2—,Al,O particles

The size of the LiNj gCap. 2 Al ,O2 particles was exam-
ined by SEM since the particle size determines the effective
surface area and smaller particles tend to improve the capac-
ity of a battery by reducing the ion diffusion pathway dur-
ing Lit intercalation and deintercalation procesge. An
electron micrograph of LiNigCag 202 powder prepared by
the sol-gel method is presentedRig. 2 The powder con-
sists of loose fine particles with nanosize adherents on the
rounded particle surface. The average size of the particles
is less than um, which is smaller than for those produced

LLi(CH;COO)-ZHZO ] [ (CH;CO,),Ni-4H,0 J [(CH3C02)2C0-4H20 ]

l

|

A

4———-———[ Dopant : AI(NO;);'9H,0 ]

[ Evaporation at 80°C for 4 h in vacuum ]

l

Drying at 140°C for 4 h

!

Pre-heating at 500°C for 6 h

|

Calcination at 800°C for 24 h

'

LiNi5C002xMyO; '

Fig. 1. The experimental procedure for synthesis of bd@Gop 2 Al,O, powder forx = 0.00, 0.01, 0.03, and 0.05 synthesized at 800or 24 h in

0O, atmosphere by sol—-gel method.
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Fig. 2. Electron micrographs of LilgCop 202 powders synthesized at 800 for 24 h in G atmosphere by sol-gel method.

by a solid-state reaction after calcination at the same condi-to the homogeneous colloidal precursors in the sol before
tions. The smaller particle size from the sol-gel method is subsequent heat treatments.

attributed to the small initial particles, which indicates that

sol-gel method allows easier size control during calcination 3.2. Structure of LiNig.gCop 2— Al O2 particles

treatment.

LiNiggCo 2, Al Oy particles containing different Al The crystal structure of LiNigCaop2—Al,O2 particles
contents are shown iRig. 3(a) A similar size distribution  was investigated by XRD. The resulting diffraction patterns
and morphology is observed regardless of the Al content, from LiNiggCay2-xO2 powders prepared by the sol—gel
which indicates that the Al is well permeated into the bare process are given ifrig. 4 and correspond to a layered
LiNiggCop 202 as a solid solution21]. The successful  a-NaFeQ-type structure (space grouR-3m). They ex-
doping of Al ions into LiNpgCop 202 appears to be due hibit well-defined (00 6)—(102) and (1 08)—(1 1 0) doublets,

LiNio_sC00_|7A]0.0302 LiNiO_SCOO_|5A]0_QSOg

Fig. 3. Electron micrographs of LiblgCaoy2—,Al O, powders forx = 0.01 (a), 0.03 (b), and 0.05 (c) synthesized at ®0Gor 24 h in @ atmosphere
by sol-gel method.
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Fig. 4. XRD patterns of LiNjgCop2—.Al,O2 powders forx = 0.00, 0.01, 0.03, and 0.05 synthesized at 8DGor 24 h in G atmosphere by sol-gel

method.

which indicates an ordered distribution of Li and Ni/Co in a
layered structure. These results suggest thatdgNig 202

loss of the cathode material is reduced by Al addition. Bare
LiNi 9.8C0p.202 experiences 49% loss in 50 cycles, whereas,

forms a solid solution with Al atoms and that the sub- only 9% of capacity loss is observed after the same 50 cycle
stituted Al atoms are located in the Ni/Co cation sublat- testin the case of LiNigCop 15Al0.0502. This trend is more

tices.
The change in lattice parameters as a functiorx ¢Al
content) in LiNpgCop2_Al,O2 is presented inFig. 5

prominent when cycling between 3.0 and 4.5V, as shown in
Fig. 6(b)since it requires greater deintercalation of Li ions

from the layered structure. The initial discharge capacity of

The lattice parameters were obtained, using a least-squardéare LiNipgCa 20, is 223.69 mAh gl with a drastic ca-
method, from experimentally measured XRD profiles. The pacity loss of 69% in 50 cycles, while the initial discharge

lattice parameter along theaxis increases from 14.1539
to 14.1852 A and a slight change is observed inakaxis

as the Al content increases. Tlofa ratio also increases

from 4.9418 to 4.9479 due to the substitution of Al ions

capacity of LiNi0.8C@ 15Al0502is 167.85mAh gt with
13% capacity loss in 50 cycles. The better capacity reten-

tion during cycling tests suggests that Al doping assists

maintenance of the original layered crystal structure during

in the locations of Ni or Co ions and to the ionic character deintercalation of Li ion$22,23]

of the Al-O bond[22,23] The extension of the-axis rep-

resents an increase in the unit-cell volume and facilitates
the intercalation and deintercalation of lithium. Thus, the
electrochemical properties are improved with increase in Al

content.

3.3. Electrochemical properties of LiNiggCop 2— Al O2
particles

3.4. Cyclic voltammogram of LiNig.gCog2—_Al,O2
€electrodes

Cyclic voltammetry (CV) was used to investigate the elec-
trochemistry of the cathode material LiiCaop 2— Al +Og,
as a function of Al content. The shape of the CV curve,
peak potentials, and peak currents represent the electro-
chemical properties of the electrode and disclose the phase

Cycle tests were performed at 3.0-4.3V and 3.0-4.5V transitions that occur during charge—discharge experiments,
under the same charge—discharge conditions. The cyclingwhich strongly affect the capacity fading during cy{25].

performance of the bare LiplgCop20, and Al-doped
LiNi9.gCay2_,Al,O2 are shown irFig. 6. The initial dis-
charge capacity of bare LiblgCap 20> is 181.94 mAhg?
and the initial capacity decreases with Al doping. A
minimum capacity of 161.37mAhg is found for
LiNi0.8Can.15Al0,0502 (Fig. 6(a). By contrast, the capacity

In general, when a cathode experiences phase transforma-
tion, a peak occurs in the CV curve due to the coexistence of
two phases. During charge—discharge experiments, LiNiO
shows four different phases (one monoclinic phase, M and
three hexagonal phases; ,HH2, and H) with three peaks in

the CV curvg26]. The three peaks in LiNi@correspond to
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Fig. 5. Lattice parameters of LipNsCop2—,Al,O2 powders forx = 0.00,
0.01, 0.03, and 0.05. Lattice parametar@&), ¢ (b), andc/a (c), expressed

Al Content (%)

(c) Ratio of lattice parameters (c/a)

in hexagonal setting, are plotted as function of Al concentration.

the coexistenc of Hand M, M and H, and B and H, re-
spectively. LiCoQ also shows four phases (one monoclinic,
M and three hexagonal,HH>, and H) in the CV curve
[27,28] The three peaks in LiCaofOcorrespond to the co-
existence of the phases knd H, H> and M, and M and

Hs.

In this study, cyclic voltammograms of bare LgNiCog 2
O2 and Al-doped LiNpgCa 2 Al O are compared in
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Fig. 6. Plots of discharge capacities of LidiCa 2—Al Oy electrode for

x = 0.00, 0.01, 0.01, and 0.05 as function of cycle number with various
charge cut-off voltages. Cycle tests are carried out initially by charging
and discharging at 1{5rate for three cycles, followed by five cycles at
1/3C rate, and finally at the 12 rate for a total 50 cycles. Charge and
discharge cut-off voltages are between 3.0 and 4.3V (a) and between 3.0
and 4.5V (b) at room temperature.

The first oxidation peak at 3.6 V also shifts to 3.75V when
Al is doped into bare LiNjgCop202. The simplified CV
curves and the peak shift are associated with the suppres-
sion of phase transitions due to superior maintenance of
the layered structure after Al addition. The improved sta-
bility of the layered structure is achieved by the presence
of electrochemically inactive Al ions in the 3a site, which

order to deduce the cause of the better capacity reten-results better capacity retention during charge—discharge

tion of LiNiggCaoy15Al0502 (Fig. 7). The data clearly

cycling, as shown in thd-ig. 6 [24] This result agrees

show the presence of three peaks at different voltages inwell with that of Lee et al[29]. The latter author showed

LiNi 0.8C0p.202, which arise from multiple phase transitions

that the structural stability is improved by Co and Al sub-

during charge—discharge cycling. The second peak in thestitution and that fewer phases exist in the cathode during

CV curve for LiNiggCoy.202, while diminishing in inten-

charge—discharge experiments on LlgpiCop 10Mg,0502

sity, merges with the first peak with increasing Al content. (M = Al, Fe).
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