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Abstract

The electrochemical lithium intercalation behavior of porous LiNiO electrodes prepared by solid-state reaction and sol–gel methods2
Ž .is investigated by using X-ray diffractometry XRD , a galvanostatic intermittent charge–discharge experiment, electrochemical

Ž .impedance spectroscopy EIS , and a charge–discharge cycling test. The ultrafine LiNiO powder is prepared by the sol–gel method in2

order to overcome the disadvantage of the conventional solid-state reaction method. From the results of XRD, the layered LiNiO phase2

proves to be stable above 4008C. The conventional oxide electrode suffers a larger capacity loss, a greater instantaneous IR drop during
the first intermittent discharge, and a smaller chemical diffusivity than the gel-derived electrode. The results are discussed with respect to
the marked cation mixing effect in the former electrode. Furthermore, the charge–discharge cycling test shows that the cell Lirorganic
electrolytergel-derived LiNiO electrode displays improved performance, i.e., an initial specific capacity of 150 Ah kgy1 and a specific2

energy density above 500 Wh kgy1. q 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Rechargeable lithium batteries, because of their higher
energy density, higher voltage, and longer shelf-life than
competitive system like Ni–metal hydride battery, have

w xattracted much attention over the last decade 1–3 . Re-
cently, ‘rocking-chair’ or ‘lithium ion’ battery technology
was developed to overcome the reversibility and safety

w xproblems associated with the lithium metal anode 4 . In
this technology, lithium is confined to its ionic state, which
is inherently safer than its metallic state. In order to
compensate the loss in the cell potential at carbon anode
compared with lithium metal, a strongly oxidizing interca-

w xlation compound must be used as a cathode material 5 .
w xAmong these cathode materials, LiNiO 6,7 and LiCoO2 2

w x8,9 have been intensively studied due to their very
promising electrochemical performances. Although the for-
mer has good reversibility, it is difficult to synthesize
unless the proper processing methods are applied. Never-

) Corresponding author. Tel: q82-42-869-3319; fax: q82-42-869-
3310; e-mail: sipyun@sorak.kaist.ac.kr.

theless, much attention has been recently paid to LiNiO2

due to its low cost and good charge retention compared
w xwith the first commercial material LiCoO 10 .2

Several solution methods have been developed to cir-
cumvent the problems of the solid-state reaction method
and enhance the physicochemical and electrochemical
properties of the transition metal oxide powder systems
w x11–13 .

There have been few reports, however, of the synthesis
of LiNiO powder by the solution method. The sol–gel2

method, one of the solution methods, has many advantages
such as good stoichiometric control and the production of
active submicron-size particles in a relatively shorter pro-
cessing time at a somewhat lower temperature, as com-
pared with that manufactured by the conventional solid-
state reaction method.

In rechargeable lithium battery systems, the discharge–
charge reaction involves the lithium intercalation into and
de-intercalation from the cathode materials. Since the in-
tercalation kinetics at a porous lithium intercalation oxide
electrode are generally controlled by the diffusion of
lithium ions in the oxide, the determination of the change

0378-7753r98r$19.00 q 1998 Elsevier Science S.A. All rights reserved.
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in diffusivity in the oxide with lithium content should
provide a better understanding of the lithium intercalation
into the oxide electrode.

The present work is concerned with the electrochemical
lithium intercalation behavior of porous LiNiO electrodes2

prepared by the conventional solid-state reaction and by
Žsol– gel methods in 1 M LiPF – EC ethylene6

. Ž .carbonate rDEC diethyl carbonate solution. For this pur-
pose, the two types of LiNiO electrode specimens have2

been prepared and characterized by using X-ray diffrac-
Ž .tometry XRD and a galvanostatic intermittent charge–

discharge experiment combined with electrochemical
Ž .impedance spectroscopy EIS . The chemical diffusivity of

lithium ions in the both electrode specimens was deter-
Ž .mined as a function of the lithium content 1yd by the

analysis of the impedance spectra and is discussed in terms
of the cation-mixing effect. In addition, the performance of
a cell, Lirorganic electrolyterLiNiO electrode prepared2

by the sol–gel method, is evaluated from the results of a
charge–discharge cycling test.

2. Experimental

To prepare the ternary oxide LiNiO powders by the2
Žsol–gel method, a solution of lithium hydroxide LiOHP

. Ž .H O and ammonium hydroxide NH OH was added to a2 4
Ž Ž . .nickel nitrate Ni NO solution in a molar ratio of metal-3 2

lic ions, LiqrNi2q, of 4:1, i.e., 3 molar of lithium is in
excess. After a gelatinous precipitate was obtained, the
solvents were evaporated off by heating the sol at 908C
and the powder was washed with distilled water for 2 h to
remove unreacted lithium compounds. Then, the resulting
powder was dried at 1208C for 24 h. Finally, the gel-de-
rived LiNiO powder was obtained by heating the dried2

gelatinous oxide powder in air for 6 h in the temperature
range 400 to 6008C. For comparison, a second LiNiO2

powder was prepared by a conventional method that was
based on the solid-state reaction of LiOHPH O and2
Ž .Ni OH at 6008C for 6 h in air, followed by heating at2

7008C for 12 h in air, with intermittent grinding. The
resulting product was ground to below 10 mm in particle
size by ball milling. The crystal structures of the two kinds
of LiNiO powders were characterized by XRD. The2

powder XRD patterns were recorded on an automated
Rigaku diffractometer using Cu K a radiation.

The two kinds of LiNiO electrode specimens were2

prepared by mixing LiNiO powder with 6 wt.% Vulcan2
ŽXC-72 carbon black and 3 wt.% PVDF poly-vinylidene

. Ž .fluoride in NMP n-methyl pyrrolidone solution. The
stirred mixture was spread on 316 stainless-steel ex-met.
After evaporation of the NMP, the electrode specimens
were dried under vacuum for over 24 h.

A three-electrode electrochemical cell was employed
for the electrochemical measurements. The reference elec-
trode, as well as the counter electrode, was constructed

Ž .from lithium foil Foote Mineral USA, purity 99.9% , and
Ž .a 1 M lithium hexafluorophosphate LiPF was taken as a6

lithium salt and the mixture of 50 vol% ethylene carbon-
Ž . Ž .ate EC and 50 vol% diethyl carbonate DEC was used as

a solvent. The EC and the DEC were dried for at least 24 h
with previously activated 5 A molecular sieves and the
LiPF was dried under vacuum at 908C for 12 h. The6

materials were then mixed together.
Galvanostatic intermittent charge–discharge curves were

obtained under constant-current conditions by using an
EG&G PARC Model 283 potentiostatrgalvanostat. The
charge and discharge currents were selected so that a
change in the lithium content of Dds1 for Li NiO1yd 2

would occur in 2 h. For the electrochemical impedance
measurements, a Solartron 1255 Frequency Response
Analyser was used in conjunction with the Solartron 1286
Electrochemical Interface under remote control by an IBM
compatible personal computer. After the electrode attained
an equilibrium potential, the electrochemical impedance
measurements were carried out by applying an AC-ampli-
tude of 5 mV on an equilibrium electrode potential ofrms

3.2 to 4.2 V q over the frequency range from 1 mHz toLi r Li

100 kHz. The frequency was scanned from high to low
values. The charge–discharge cycling experiment was car-
ried out galvanostatically at constant charge and discharge
current densities of 0.5 and 1 mA cmy2 , respectively, by
using a Bright Model HRC 6064A battery testing unit. All
the electrochemical experiments were conducted at room

Ž .temperature in a glove box VAC HE493 filled with
purified argon gas.

3. Results and discussion

3.1. XRD characterization of synthesized LiNiO2

Fig. 1a–c shows the XRD patterns obtained from gelati-
nous LiNiO powder heat-treated in air for 6 h at 400, 5002

and 6008C, respectively. The results of XRD combined
with differential scanning calorimetry showed that the
crystalline phase proves to be stable at temperatures above
4008C. In LiNiO with a layered structure, alternate layers2

of Li and Ni occupy the octahedral sites of a cubic close
packing of oxygen ions. This gives a rhombohedral struc-

Ž . Ž .ture with an R3m space group, Li in 3 a , Ni in 3 b and
Ž .O in 6 c sites. The compound shows structural and com-

positional varieties depending on its conditions of synthe-
sis. It is difficult to obtain the stoichiometric composition
of LiNiO because the composition decomposes readily to2

Li Ni O at high temperature due to the higher vapour1yx 1qx 2

pressure of lithium salts such as LiOH and LiNO . The3

n e w c o m p o u n d c a n b e fo rm u la te d a s
w x w x w x qLi Ni Ni O in which the cations of Li1yx x 3Žb. 3Ža. 2 6Žc.

3q Ž .and Ni are partially mixed between octahedral 3 a and
Ž . w x3 b sites 14 . A specimen with a lower x is required in

order to realize a higher reversible capacity, because the
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Fig. 1. X-ray diffraction patterns of LiNiO powders prepared by sol–gel2
Ž . Ž . Ž .method at various temperatures : a 4008C; b 5008C; c 6008C. The

Miller indices of the Bragg peaks are indicated over each peak.

Ni3q ions substituting Liq ion sites are expected to disturb
the lithium-ion diffusion. The lithium deficiency is com-
pensated by adding excess lithium salt.

The XRD patterns of 4008C and 5008C heat-treated
Ž .powder specimens Fig. 1a and b are comprised of many

Ž .Fig. 2. X-ray diffraction patterns of LiNiO powders prepared by a2
Ž .solid-state reaction method and b sol–gel method. The Miller indices of

the Bragg peaks are indicated over each peak.

sharp crystalline peaks of LiNiO and a few small peaks of2
Ž .unreacted lithium compounds viz., LiOH and LiNO . A3

single phase of LiNiO was formed when the gelatinous2
Ž .oxide powder was heated at 6008C Fig. 1c .

Fig. 2a and b present XRD patterns of LiNiO powders2

obtained from the conventional solid-state reaction method
at 7008C for 12 h and the sol–gel method at 6008C for 6 h,
respectively. All diffraction peaks can be indexed by as-
suming the structure to be a hexagonal lattice of the
a-NaFeO type and give the lattice parameters as2.8862
˚ ˚A, cs14.214 A for the conventional LiNiO powder and2

˚ ˚as2.879 A, cs14.195 A for the gel-derived LiNiO2

powder. The ideal layered LiNiO structure has a close-2

packed oxygen array which is slightly distorted from ideal
cubic close packing. The trivalent nickel ions are sur-
rounded by six oxygen atoms and form NiO infinite slabs2

by edge-sharing of the NiO octahedra. The Liq ions are6

located between the NiO layers in the octahedral sites.2

Therefore, the LiNiO phase has a rhombohedral structure2

with a space group R3m and the unit cell parameters are
w xusually defined in terms of the hexagonal setting 6 .

In the case of LiNiO or cobalt-substituted phases,2

special attention has to be drawn to the existence of Ni3q

ions present in the Liq layers that impede the diffusion of
lithium ions. The changes in layer occupancy have a direct
effect on the X-ray intensity ratios such as the
Ž . Ž . Ž . Ž . w xI 003 rI 104 and I 006, 102 rI 101 ratios 7 . When

Ž . Ž .the integrated intensity ratio of the 003 to 104 peaks
Ž . Ž .falls below 1.2, either the 108 and 110 peaks or the

Ž . Ž .006 and 102 peaks are scarcely distinguishable from
each other. The disordering nature, which is called cation-
mixing, can seriously degrade the electrochemical perfor-
mance of the electrode, such as the rechargeable capacity
and the resistance for the electrochemical intercalation
reaction. As shown in Fig. 2, it is expected that the
electrochemical reactivity of the conventional LiNiO2

powder in comparison with that of the gel-derived powder
is poor due to the partial cation-mixing in that electrode.
This result strongly suggests that the sol–gel preparation
method requires a relatively lower heat-treatment tempera-
ture and a shorter heat-treatment time than the solid-state
reaction method that needs a temperature above 7008C for
more than 12 h. A more homogeneous random mixing of
the cations and a less tendency for segregation during the
heat treatment are characteristic of the sol–gel method
compared with the solid-state reaction method. Thereby,
the gel-derived, fine, homogeneous powder mixture makes
it possible to form a single phase of the composition
LiNiO .2

3.2. Electrochemical characterization by a galÕanostatic
intermittent charge–discharge experiment

Fig. 3a and b demonstrate the first galvanostatic inter-
mittent charge and discharge curves obtained from the
conventional and gel-derived porous Li NiO elec-1yd 2
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Fig. 3. First galvanostatic intermittent charge–discharge curves of the
Ž .porous Li NiO electrodes prepared by a solid-state reaction method1y d 2

Ž .and b sol–gel method in 1 M LiPF –ECrDEC solution.6

trodes, respectively, in 1 M LiPF –ECrDEC solution in6
Ž .the intercalated lithium content, 1yd , range of 0.5 to

1.0. Applying a constant current to the cell composed of
the porous Li NiO electrode specimen during 1800 s1yd 2

upon charging, the resulting cell potential transients were
recorded by the solid lines in Fig. 3. After interruption of
the current pulse, the decay of the open-circuit potential
was followed with time until the fluctuation of this poten-
tial fell below 0.01 V q. The value was recorded as anLi r Li

electrode potential and is given by the open circles in Fig.
3. The application and interruption of the constant current

Ž .continued until the lithium content 1yd reached 0.5,
after which the measurements were performed in the re-

Ž .verse direction, i.e., discharging, until 1yd attained 1.0.
Similar to the charge curve, the resulting cell potential
transients and electrode potentials are marked by solid
lines and open triangles, respectively, in Fig. 3. The devia-
tion from the ideal stoichiometry of LiNiO , d , is calcu-2

lated from the values of the masses of the oxides and the
total electrical charge that is transferred during the whole
charge–discharge cycle.

According to the XRD results, a rhombohedral phase
and a monoclinic phase are in equilibrium each other in

Ž .the lithium content range of 1yd 0.75 to 0.90. There-
fore, it is expected that the charge–discharge curve yields
a potential plateau due to the co-existence of two phases in

Ž .that range of 1yd . The conventional oxide electrode

displays a potential slope in Fig. 3a. This indicates that
lithium-ion diffusion proceeds in a rhombohedral single
phase present in the oxide electrode. By contrast, the
gel-derived electrode exhibits a wide potential plateau that
appears near 3.85 V q in Fig. 3b. No phase transitionLi r Li

in the conventional oxide electrode is traced to the exis-
tence of extra Ni3q ions in the Liq layers that impedes the
lattice distortion as indicated from Fig. 2a.

The instantaneous IR drop, measured as the difference
between the cell potential and the electrode potential,
remained nearly constant at a small value of 0.05 V qLi r Li

for the gel-derived Li NiO electrode, irrespective of1yd 2
Ž .the lithium content in the range of 0.5F 1yd F0.9.

This indicates that the electrode has a comparatively higher
and nearly constant value of ionic conductivity, as well as
electronic conductivity, regardless of the lithium content.
The higher electrical conductivity of the gel-derived LiNiO2

electrode specimen used in this work, is explained by a
Ž .smaller particle size f1 to 10 mm with a more homoge-

neous size distribution than the conventional oxide elec-
trode specimen. In Fig. 3a, the conventional Li NiO1yd 2

electrode exhibited a larger capacity loss and a greater
instantaneous IR drop during the first intermittent dis-
charge in comparison with the gel-derived electrode.

In general, the potential profile of the discharge curve is
ideally flat or in practice slightly steep for the regular
single-phase battery systems such as LirSOCl primary2

and leadracid secondary batteries. By contrast, it shows a
sigmoidal-shaped curve for a rechargeable lithium battery
as shown in Fig. 3. Since the intercalated Liq ions are
distributed over a finite number of sites, the composition
dependence of the electrode potential does not obey purely
the Nernst equation, but rather follows an expression mod-
ified by the well known adsorption isotherm. Lithium
intercalation into a host solid with a layered structure, such
as TiS , LiNiO or LiCoO , is really a quasi-two-dimen-2 2 2

sional process that takes place in the alternating two-di-
mensional van der Waals gaps of the host structure. The
process closely follows a sorption isotherm analogous to
the Langmuir isotherm, that is, the Gibbs energy is deter-

Ž . ŽŽ ) . Žmined by the configurational function RTrF ln d r 1
) .. )yd where d is the lattice occupancy fraction. Fur-

thermore, a strong deviation from the modified Nernst
equation is expected due to the Liq–Liq ion and Liq

ion–NiO lattice interactions. A major contribution is the2

coulombic repulsion between the intercalated Liq ions,
partially screened by the NiO lattice. Taking only the2

nearest neighbor interactions into account or using the
mean field theory, the additional coulombic repulsion term
is expressed as a linear dependence of the relative concen-
tration of the intercalant Liq ion d ). Thus, the electrode
potential E of Li NiO gives the following expression1yd 2

) w xas a function of d 15 ,
)RT d

)EsE8y ln yk d y0.5 1Ž . Ž .
)F 1yd
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and

dydmin
) )d s , d Fd Fd 2Ž .min max

d ydmax min

where: E8 is the standard electrode potential at d ) s0.5,
and the parameter k represents the interaction energy
between the intercalated Liq ions in the oxide lattice
Ž .k-0, attractive interaction; k)0, repulsive interaction .

Ž .In the derivation of Eq. 1 , it is assumed that the lattice
parameters are invariant during the intercalation reaction,
and so the interaction between the Liq ion and the NiO2

lattice is independent of the composition. In practice, the
host lattice is always a little distorted by the intercalation,
and it may be necessary to include an additional term to
account for the changes in the Liq ion–NiO lattice2

interactions. The Liq–Liq ion interactions and the entropy
term are always repulsive and tend to distribute the Liq

ions over the available sites. By contrast, the Liq ion–NiO2

interactions may result in condensation of the intercalant
Liq ions on the one hand and dilution of the Liq ions on
the other hand. The counterbalanced condensation and
dilution would form the Li-rich phase and Li-poor phase,
respectively, which are in co-existence. A phase separation
of this type would be seen if the energy gained by a
cooperative lattice distortion was sufficiently large to over-
come the excess electrostatic repulsion between the partici-
pating Liq ions. As long as the changes in the Liq

ion–NiO lattice interactions can be approximated by a2

linear term of d ) , the expression for the electrode poten-
Ž .tial will still obey Eq. 1 . The latter does not provide

information on the individual contributions to the repulsive
and attractive interactions, but simply gives the value of
the sum of the individual contributions.

Ž .When 1yd becomes close to 1, the ionic conductiv-
ity decreases rapidly because the number of available sites
for lithium-ion diffusion becomes very small. Considering

) Ž .that E goes to "` as d approaches 1 and 0 in Eq. 1 ,
respectively, this leads to a strong cell polarization. Fig. 3
a and b shows that this polarization occurs at a lower
lithium content for the conventional oxide electrode, com-
pared with the gel-derived electrode. The earlier occur-
rence of the infinite polarization at the former electrode is
caused by the existence of extra Ni3q ions in the Liq

layers in the electrode, which produces a marked fall in
d ).

3.3. XRD inÕestigation of the Õariation in lattice parame-
ters with lithium content

The lattice parameters, a and c, of the gel-derived
Li NiO electrode as a function of the intercalated1yd 2

Ž .lithium content 1yd are shown in Fig. 4. The lattice
parameter a, which is related to the intra-layer metal–metal
distance, decreases monotonously with decreasing lithium

Ž . Ž .Fig. 4. Hexagonal lattice parameters, a ` and c ^ , of a porous
Li NiO electrode, prepared by the sol–gel method, as a function of1y d 2

Ž .lithium content 1yd .

content as a result of the oxidation of the Ni3q ion to the
smaller Ni4q ion as lithium is removed from the structure.
By contrast, it is noted that the lattice parameter c, equal to
three times the sum of the interlayer spacing and the slab
thickness, increases steadily, followed by a slight decrease,

Ž .as 1yd decreases from 0.75 down to 0.55 and then to
below 0.55.

Such an increase in the c-direction is the direct result of
increasing coulombic repulsions between the negatively
charged NiOy layers with the removal of the positively2

charged Liq ion. Since the lattice parameters of
Ž . ŽLi NiO R3m are very close to those of LiNiO Fm30.5 2 2

.m , which has a rock-salt cubic structure, the cation-mix-
Ž .ing occurs easily at 1yd s0.5 in Li NiO . In the1yd 2

Ž .limiting case, a rock-salt type LiNiO Fm3m appears as a2

result of 50% cation-mixing of Ni3q and Liq ions between
their octahedral sites. The presence of Ni3q ions within the
van der Waals layer effectively stabilizes the NiOy layers2

3q Ž .at the low lithium content. Ni ions enter the vacant 3 a
octahedral sites by way of diffusion through the adjacent

Ž . Ž .tetrahedral sites that connect the 3 a and 3 b octahedral
sites of the Ni3q and Liq layer, respectively. Therefore,
the reversible limit to the lithium de-intercalation from the

Ž .Li NiO electrode should be set at 1yd f0.55 due1yd 2

to its structural instability, below which the lattice parame-
ter c decreases.

3.4. Electrochemical characterization by impedance spec-
troscopy

Typical Nyquist plots obtained from the gel-derived
Li NiO electrode in 1 M LiPF –ECrDEC solution are1yd 2 6

presented in Fig. 5a. The impedance spectrum consists of
two separated arcs in the high- and intermediate-frequency
range 50 mHz to 100 kHz, a line inclined at constant angle
to the real axis in the low-frequency range 10 mHz to 50
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Ž .Fig. 5. a Typical Nyquist plot obtained from a porous Li NiO1y d 2

electrode prepared by the sol–gel method in 1 M LiPF –ECrDEC6
Ž .solution. b Equivalent circuit used for analysis of the electrochemical

lithium intercalation reaction into a porous Li NiO electrode in 1 M1y d 2
Ž .n ni n iy1LiPF –ECrDEC solution. CPE : A jv where A s R C with6 i i i i i i

0.5- n -1, R s R or R and C sC or C .i i contact ab i contact ad

mHz, and a capacitive line due to the accumulation of the
Liq at the center of the oxide particle in the frequency
range below 10 mHz. The two arcs in the higher frequency
range are due to the reactions at the interface of the
electrolyteroxide electrode, and the inclined line in the
lower frequency range is attributable to a Warburg
impedance that is associated with the lithium-ion diffusion
in the oxide electrode.

w xAccording to the results of previous work 16 , the
high-frequency arc in the electrode represents the particle-
to-particle contract resistance and capacitance among the
oxide particles. The high-frequency arc is severely de-
pressed as a result of the porous and inhomogeneous

w xcharacter of the oxide electrode 17 . The degree of depres-
sion of the high-frequency arc is found to be 0.72;0.81
by using the parallel combination of a resistor and a

Ž .constant phase element CPE . The impedance of the CPE
is defined as:

n 'CPEsB jv , js y1 3Ž . Ž .
where: v is the angular frequency; B and n are constants.
When n is y1, CPE becomes an ideal capacitor. Based

w xupon the Conway model 18 , the intermediate-frequency

arc in the Nyquist plot is related closely to the absorption
into the oxide of the Liq ions that are adsorbed on the
oxide surface.

Based on the Nyquist plot, an equivalent circuit is
proposed for the electrochemical lithium intercalation reac-
tion into the porous Li NiO electrode. This is illus-1yd 2

trated in Fig. 5b. Here: R represents the sum of thes

electrolyte and conducting substrate resistances; R iscontact

the resistance associated with the particle-to-particle con-
tact among the oxide particles; C , is the contactcontact

capacitance due to the accumulation of charged species at
the surface of oxide particles; R , is the resistance associ-ab

ated with the absorption reaction of adsorbed lithium into
the oxide; C , is the capacitance arising from the adsorp-ad

tion of lithium in the near-surface region of the oxide; Zw

is the finite length Warburg impedance for the diffusion of
lithium ion through the oxide.

3.5. Variation of chemical diffusiÕity with lithium content
by analysis of impedance spectroscopy

˜ qThe value of the apparent chemical diffusivity D ofLi

lithium ions in the porous Li NiO electrode has been1yd 2

calculated by using the relation reported by Cabanel et al.
w x19 , i.e.,

p f r 2
T˜ qD 4Ž .Li 1.94

where f is the frequency at which the impedance spec-T

trum shows a transition from semi-infinite diffusion behav-
ior to finite-length diffusion behavior. The value of f isT

determined from Fig. 5a. The average radius r of the
oxide particle is derived from scanning electron micro-
scopic observations.

The calculated chemical diffusivities of lithium ions in
the conventional and gel-derived oxide electrodes are plot-
ted in Fig. 6a against the lithium content in the range
Ž .1yd s0.5 to 0.7. The chemical diffusivities are found
to be of the order of 10y7 to 10y9 cm2 sy1 at room
temperature and the value for both electrodes decreased
slightly with lithium content. According to previous work
w x16 , the diffusion of lithium ions through Li NiO is1yd 2

not influenced by the change of lattice parameter, but
rather by the number of vacant sites that are available for
Liq ions within the Liq ion layer. Therefore, the larger
chemical diffusivity in the gel-derived oxide electrode than
that in the conventional electrode is attributable to the
reduced effect of cation-mixing between Ni3q ions and
Liq ions in the latter electrode.

Considering the thermodynamic enhancement factors
obtained from the titration curves in Fig. 3, the component
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diffusivities of lithium ion, D q , in the electrodes areLi ,k
Ž . w xcalculated from Eq. 5 20 , i.e.,

RT Ed )

˜q qD sy D 5Ž .Li ,k Liž /1yd F E EŽ .
) ˜Ž . ŽŽ . .ŽŽ . .. qwhere y RT r 1yd F Ed rE E D is the in-Li

verse of the thermodynamic enhancement factor. The com-
ponent diffusivity D q is a measure of the randomLi ,k

motion of neutral lithium atoms in the absence of a
concentration gradient and is mainly determined by the
number of vacant sites available for the Liq ions in the
oxide and the structural modification of the oxide lattice

q w xinduced by the intercalated Li ions 21 . The calculated
component diffusivities of lithium ions in the electrodes as

Ž .a function of lithium content in the range 1yd s0.5 to
0.7 are given in Fig. 6b. The component diffusivities of the
lithium ions in both the electrodes have a nearly constant
value of approximately 10y11 cm2 sy1 at room tempera-
ture, irrespective of the lithium content over the whole
range.

3.6. Performance of a cell consisting of: Lir1 M LiPF –6

ECrDEC solutionrgel-deriÕed porous LiNiO electrode2

Fig. 7 presents the variation of specific discharge capac-
ity with the number of cycles for the cell: Lir1 M

˜qŽ . Ž .Fig. 6. a Chemical diffusivity, D , and b component diffusivity,Li

Dq , of lithium ions in porous Li NiO electrodes prepared by theLi,k 1yd 2
Ž . Ž .solid-state reaction method ` and the sol–gel method D as a function

Ž .of lithium content, 1yd , at room temperature.

Fig. 7. Variation of specific discharge capacity with cycling for the cell:
Lir1 M LiPF –ECrDEC solutionrporous Li NiO electrode pre-6 1yd 2

pared by sol–gel method. The cycling is carried out galvanostatically at
constant charge and discharge current densities of 0.5 mA cmy2 and 1
mA cmy2 , respectively, and between 4.1 and 3.0 V q.LirLi

LiPF –ECrDEC solutionrporous LiNiO electrode pre-6 2

pared by the sol–gel method. The stacking pressure of the
tightly fitting jelly roll electrode sheets is effective in
enhancing the cycle life of a cell with a lithium metal
anode. This is because the pressure flattens the morphol-
ogy of the lithium metal and improves the utilization of the

w xlithium metal anode initially placed in the cell 22 . There
is, however, a gradual increase in pressure even for the cell
with the tightly fitting jelly roll electrode used this work as
the cycle number is increased. This is due to swelling of
the deposited Li at each charge stage.

The discharge capacity decreases initially and levels off
at approximately 0.55 Li per formula-unit LiNiO . After2

350 cycles, about 90% of the initial capacity can be
recovered and gives the gel-derived electrode material a
promising specific energy density of above 500 Wh kgy1.
Also, the initial specific capacity of 150 Ah kgy1 makes
this gel-derived oxide material very attractive as a cathode
material for rechargeable lithium battery systems.

4. Conclusions

The present work is concerned with studies of the
electrochemical lithium intercalation behavior of conven-
tional and gel-derived porous LiNiO electrodes in 1 M2

LiPF –ECrDEC solution for rechargeable battery systems6

by using XRD, a galvanostatic intermittent charge–dis-
charge experiment, EIS and a charge–discharge cycling
test. From the experimental results, the following conclu-
sions are drawn, as follows.

1. The deviation from the reversibility of the intercala-
tion, as well as the instantaneous IR drop, are larger in a
conventional oxide electrode than in a gel-derived elec-
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trode. The increased resistance and lowered reversibility
for intercalation can be attributed to the enhanced effect of
cation-mixing between the Ni3q and Liq ions in the
former electrode. This conclusion is supported by XRD
data.

2. The chemical diffusivity, which is a rate-determining
factor for lithium intercalation, is found to be of the order
of 10y7 to 10y9 cm2 sy1 at room temperature. The value
for both electrodes decreases slightly with lithium content.
The greater chemical diffusivity in the gel-derived oxide
electrode is due to a reduced effect of cation-mixing
between the Ni3q and Liq ions.

3. The discharge capacity of a LiNiO electrode pre-2

pared by the sol–gel method is maintained at above 90%
of the initial value for 350 cycles. An initial specific
capacity of 150 Ah kgy1 and a specific energy density
above 500 Wh kgy1 for a cell comprised of Lir1 M
LiPF –ECrDEC solutionrLiNiO electrode suggests that6 2

the gel-derived oxide electrode is very attractive as a
cathode material for rechargeable lithium battery systems.
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