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Abstract

The lithium intercalation into and deintercalation from Li Al Ni O electrode was investigated by using current transient1yd 1r4 3r4 2

technique under large and small potential steps. From the fact that no potential plateau was observed in the charge–discharge curve, it
was inferred that lithium-ion diffusion proceeds in a single phase of the electrode. The ‘reduced’ current build-up and decay transients
upon the large potential stepping were analysed as compared with those current transients numerically simulated under the assumption of
the simple finite-length diffusion. From the appearance of the current build-up and decay transients, it was suggested that the lithium
transport through the electrode is mainly governed by the lithium ion diffusivity value during the lithium intercalation as well as

Ž .deintercalation under the constant potential stepping. Also, the ratio of the transferred charge Q rQ calculated from the measuredint deint

current build-up and decay transients upon each small potential stepping was discussed in terms of cation mixing between the Ni3q and
Liq ions in the electrode. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

There have been considerable research and development
activity targeted towards the commercial manufacture of
battery systems based on lithium intercalation materials
w x1–3 . This effort was primarily driven by the desire for
inexpensive rechargeable lithium battery with high energy
density which could be utilized in applications ranging in
size from cellular phone and other electronic devices to
electric vehicles.

Among the intercalation materials, the lithiated transi-
w x w xtion metal oxides such as LiCoO 4 , LiNiO 5 and2 2

w xLiNi Co O 6 have been intensively studied due to1yy y 2

their very promising electrochemical performances. Al-
though LiNiO having a good reversibility is difficult to2

be synthesized, a great attention has been recently paid to
LiNiO due to its low cost and good charge retention2

w xcompared with the first commercial material LiCoO 7,8 .2

A convenient way to overcome the drawbacks of LiNiO2

may be to use mixed phase with LiAl Ni O composi-y 1yy 2
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tion, because the presence of aluminium stabilizes the
structure in a strictly two-dimensional fashion, thus favour-
ing good reversibility and extended cycle life of LiNiO2
w x9 .

Recently, the electrochemical lithium intercalation into
transition metal oxides for rechargeable lithium battery
system has been investigated by using current transient

w xtechnique 10,11 . In particular, the current transients ob-
tained from the Li CoO electrode under the large and1yd 2

small potential steppings were quantitatively analysed in
terms of the phase boundary, such material intrinsic prop-
erties as lithium ion diffusivity effect and extrinsic proper-

w xties, e.g., electric field contribution 12 . Therefore, the
analysis of current transient during the lithium intercala-
tion and deintercalation gives us a better understanding of
the lithium transport through the LiAl Ni O elec-1r4 3r4 2

trode as an innovative rechargeable battery system.
The present work considers the lithium intercalation

into and deintercalation from the Li Al Ni O elec-1yd 1r4 3r4 2

trode by using X-ray diffractometry, galvanostatic
charge–discharge experiment and current transient tech-
nique. From the current transients upon large and small
potential steppings, the lithium transport through the elec-
trode was discussed in view of lithium ion diffusion and
cation mixing effect, respectively.
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2. Experimental

LiAl Ni O powder was prepared by heating a1r4 3r4 2
Ž .pressed mixture of LiNO , Al OH and 2NiCO P3 3 3

Ž .3Ni OH P4H O in stoichiometric proportions at 7508C2 2

for 24 h in air. The crystal structure of LiAl Ni O1r4 3r4 2

was characterized by XRD. The powder XRD pattern was
recorded on an automated Rigaku diffractometer using Cu
Ka radiation. LiAl Ni O electrode specimens were1r4 3r4 2

prepared by mixing LiAl Ni O powder with 6 wt.%1r4 3r4 2
ŽVulcan XC-72 carbon black and 3 wt.% PVDF poly-

. Ž .vinylidene fluoride in NMP n-methyl pyrrolidone solu-
tion. The stirred mixture was spread on Al-foil. Upon the
evaporation of NMP the carbon-dispersed composite elec-
trode specimens were dried under vacuum over 24 h. The
exposed electrode area was 1 cm2.

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

Ž .lithium foil Foote Mineral, USA, purity 99.9% , and a 1M
Ž .LiClO -propylene carbonate PC solution was used as the4

electrolyte.
Charge–discharge experiment was conducted under

constant-current condition by using an EG&G PAR Model
263A potentiostatrgalvanostat. The charge and discharge
currents were selected so that a change in lithium content
of Dds1 for Li Al Ni O would occur for 5 h.1yd 1r4 3r4 2

Applying a constant current to the cell composed of the
Li Al Ni O electrode specimen, the resulting cell1yd 1r4 3r4 2

potential transients were recorded. The application of the
constant current continued until the cell potential reached
4.2 V q, after which we started to perform the mea-Li r Li

surement in the reverse direction, i.e., discharging, until
the cell potential attained 3.0 V q. Similar to theLi r Li

charge curve, the resulting cell potential transients were
obtained. The deviation d from the ideal stoichiometry of
LiAl Ni O was calculated from the values of the1r4 3r4 2

initial mass of the oxide and of the total transferred
electrical charge during the whole charge–discharge cy-
cles.

Two types of potentiostatic current transient experi-
ments were performed by application of large potential

Ž . Žqsteps 100 to 800 mV and a small potential step 50Li r Li
.qmV . The electrode was first polarized to the poten-Li r Li

tial of 4.2 V q for 5=103 s to obtain a low steady-stateLi r Li

current and then the potentiostatic current build-up tran-
sients were measured by dropping 4.2 V q to lithiumLi r Li

injection potential in the potential range of 3.4 to 4.1
V q in large steps during the lithium intercalation forLi r Li

7=103 s. Subsequent potentiostatic current decay tran-
sients were made by jumping the lithium injection poten-
tial to 4.2 V q in large steps during the lithium deinter-Li r Li

calation for 104 s.
The potentiostatic current transients under the applica-

tion of a small potential step were measured on the elec-
trode. The electrode was first polarized to the potential of

3.4 V q for 103 s to obtain a low steady-state currentLi r Li

and then the potential was successively jumped by 50
mV q for 1.2=104 s until the potential attained 4.2Li r Li

V q. From the moment just after each potential jump,Li r Li

the corresponding current decay transients were measured.
The current build-up transients were obtained under the

Ž .qapplication of small potential drop 50 mV in theLi r Li

reverse direction to 3.4 V q in the same way as theLi r Li

build-up transients.
All electrochemical experiments were performed at 258C

Ž .in a glove box MECAFLEX GB94 filled with purified
argon gas.

3. Results and discussion

3.1. XRD characterization of LiAl Ni O1r 4 3r 4 2

Fig. 1 shows the XRD pattern for LiAl Ni O1r4 3r4 2

powder. All diffraction peaks can be indexed by assuming
the structure to be a hexagonal lattice of the a-NaFeO2

type to determine the lattice parameters as2.86, cs
14.23. The ideal layered LiAl Ni O structure has a1r4 3r4 2

close-packed oxygen array which is slightly distorted from
ideal cubic close packing. The trivalent aluminium and
nickel ions are surrounded by six oxygen atoms forming
Al Ni O infinite slabs by edge-sharing of the1r4 3r4 2
w xAl Ni O octahedra. The lithium ions are located1r4 3r4 6

between the Al Ni O layers in octahedral sites.1r4 3r4 2

Therefore, the LiAl Ni O phase has a rhombohedral1r4 3r4 2

structure with R3m space group and forms a solid solution
Ž . Ž .of a-LiAlO R3m and LiNiO R3m by the ratio 1:3.2 2

3.2. GalÕanostatic charge–discharge curÕes for the
Li Al Ni O electrode1y d 1r 4 3r 4 2

Fig. 2 presents the first to third galvanostatic charge–
discharge curves obtained from the Li Al Ni O1yd 1r4 3r4 2

Fig. 1. X-ray diffraction pattern of LiAl Ni O . The Miller indices1r4 3r4 2

of the Bragg peaks are indicated over each peak.
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Fig. 2. First to third charge–discharge curves for the cell of Lir1 M
LiClO -PC solutionrLi Al Ni O electrode. The change in4 1yd 1r4 3r4 2

lithium content, Dd s1, for Li Al Ni O occurs over 5 h.1y d 1r4 3r4 2

electrode in 1 M LiClO -PC solution. No potential plateau4

was observed in the charge–discharge curve, indicating
that the diffusion of lithium ion proceeds in a single phase

w xof the electrode. Ohzuku et al. 13 reported that the
charge–discharge curve obtained from the LiNiO elec-2

trode shows three potential plateaux at 3.65, 4.00 and 4.20
w xqV and Li et al. 14 found that those plateaux are dueLi r Li

to the coexistence of two phases: hexagonal phase H1 and
monoclinic phase M, phase M and hexagonal phase H2,
and phase H2 and hexagonal phase H3, respectively. In
particular, a noticeable capacity loss is caused by the
formation of phase H3 during the lithium deintercalation

w xqabove 4.20 V 13 .Li r Li

From the experimental finding that the potential plateau
at 4.20 V q did not appear on the charge–dischargeLi r Li

curve shown in Fig. 2, it was expected that the capacity
loss would not occur. However, the electrode suffers a

Ž .capacity loss, 0.2 in lithium content 1yd , during the
first charge–discharge cycle, and it does not display more
capacity loss during the following charge–discharge cy-
cles. This is similar to the result reported by Arai et al.
w x15 : the irreversible capacity during the first charge–dis-
charge cycle increases with the lithium deficiency z in the
Li Ni O electrode, indicating that the lithium inter-1yz 1qz 2

calation is disturbed by the excessively substituted nickel
in the lithium layer, i.e., occurrence of the cation mixing
w x8,16 . Therefore, the irreversibility in the first charge–dis-
charge curve obtained from the Li Al Ni O elec-1yd 1r4 3r4 2

trode is attributable to the lithium deficiency which is
caused by the high vapour pressure of lithium at the
calcination temperature. In order to examine in more detail
the capacity loss due to the cation mixing during the first
charge–discharge cycle, current transient experiment upon

a small potential stepping was performed and the result
will be discussed in Section 3.3.

3.3. Potentiostatic current transients for the
Li Al Ni O electrode1y d 1r 4 3r 4 2

Let us first discuss about the lithium transport through
the Li Al Ni O asymmetric electrode under the1yd 1r4 3r4 2

impermeable boundary condition. Lithium atoms exist as
lithium ions within the oxide electrode. Since during the
lithium intercalation the space charge region can be gener-
ated nowhere within the oxide electrode, an electric field is
not developed across the electrode. Thus, the lithium ion
transport in the single-phase region can approximately be
regarded as the lithium ion diffusion. When potentiostatic
lithium injection into the Li Al Ni O electrode is1yd 1r4 3r4 2

rate-controlled by lithium ion diffusion in the oxide elec-
trode, the cathodic current can be expressed as a function

Ž .of time, as Eq. 1 in the initial stage of diffusion and Eq.
Ž . w x2 in the later stage 17 .

2˜( qQ D 1 lLi
I t s , t< 1Ž . Ž .' ' ˜l p t qDLi

and

˜ 2 ˜ 2
q q2QD p D lLi Li

I t s exp y t , t4 2Ž . Ž .2 2ž / ˜l 4 l qDLi

Ž .where I t is the current as a function of time; Q, the total
charge transferred during the lithium intercalation corre-

` ˜Ž Ž . . qsponding to the potential step D E H I t d t ; D , the0 Li

chemical diffusivity of lithium ion; l, the thickness of the
electrode with planar symmetry and t represents the time.
In the present work, we set the thickness l at the equiva-
lent Rr3 for the radius R of the spherical oxide particle.

2 ˜ qIn the short time approximation, when t< l rD , theLi
˜ qchemical diffusivity D can be determined from theLi

slope of the linear plot of I vs. ty1r2. In the long time
2 ˜ qapproximation, i.e., t4 l rD , the chemical diffusivityLi

˜ qD can be evaluated from the slope of the semi-logarith-Li

mic plot of log I vs. t.
Fig. 3 illustrates current build-up transients for the

simple diffusion in the electrode numerically simulated
with various chemical diffusivities. The current transient
for the simple diffusion shows a linear relationship be-
tween current and time in logarithmic scale with a slope of
y1r2 in the initial stage, followed by a steep exponential

Ž .decay with time in the later stage two-staged transient .
As the chemical diffusivity increased, the value of current
density in the first stage increased and the time to a
constant current density in the second stage was shortened.

In order to analyse the measured current transients upon
large potential stepping in detail, the ‘reduced’ current was
calculated as the measured current divided by total charge
Q transferred into or from the Li Al Ni O elec-1yd 1r4 3r4 2
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Fig. 3. Current build-up transients in logarithmic scale for the simple
diffusion in the electrode numerically simulated with various chemical
diffusivities.

trode at a given potential step during the lithium injection
Žor extraction. The results are plotted against time irQ vs.

. Ž . Ž . Ž .time in Fig. 4 a and b in logarithmic scale. Fig. 4 a
Ž .and b demonstrate the current build-up and decay tran-
Ž .sients reduced current vs. time obtained from the elec-

trode specimen in 1 M LiClO -PC solution at various4

lithium injection and extraction potential steps as indicated
in the figures, respectively. Both the build-up and decay
transients exhibited the two-staged behaviour with a con-
stant slope of the first stage 0.1 to 0.3. The two-staged
behaviour representing the simple finite-length diffusion is
due to the lithium ion diffusion through the single phase in
the oxide.

As the lithium injection potential decreased, the current
value in the first stage decreased and the time to the
constant current of 10y5 A in the second stage was pro-
longed. This behaviour is similar to that numerically simu-
lated current transient. Recognizing that reduced current
Ž .irQ is strongly affected by the value of lithium ion

˜ Ž . Ž .qdiffusivity D as indicated in Eqs. 1 and 2 , it isLi

suggested that the chemical diffusivity of lithium ion is
reduced with increasing lithium content, i.e., lowering
lithium injection potential.

w xAccording to our previous work 12 , the lithium trans-
port through the Li CoO electrode is mainly helped by1yd 2

the lithium ion diffusivity during the lithium intercalation,
but it is mainly impeded by the electric field across the
oxide electrode during the lithium deintercalation. During
the lithium deintercalation from the Li CoO electrode,1yd 2

the electronic potential gradient is developed across the
electrode due to the metallic conductivity of Li CoO1yd 2

at low lithium content. In contrast, since the
Li Al Ni O has an insulating conductivity at low1yd 1r4 3r4 2

w xlithium content 9 , the effect of the electric field on the
lithium transport can be disregarded during the lithium
deintercalation as well as intercalation.

In order to explore in detail the cation mixing effect
mentioned in Section 3.2, the charges transferred Q andint

Q during the lithium intercalation and deintercalationdeint

were calculated from the corresponding build-up and de-
cay transients upon each small potential dropping and
jumping, respectively. Fig. 5 depicts the plot of the ratio of

Ž .the transferred charge Q rQ calculated from theint deint

current transients upon the small potential dropping and

Ž . Ž .Fig. 4. a Reduced current build-up and b decay transients in logarith-
mic scale, obtained from the Li Al Ni O electrode in 1 M1y d 1r4 3r4 2

LiClO -propylene carbonate solution. Lithium was injected into the elec-4

trode by dropping 4.2 V q to various lithium injection potentials asLi r Li

indicated in the figures and the lithium extraction was followed by
jumping the lithium injection potential to 4.2 V q.Li r Li
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Ž .Fig. 5. Plot of the ratio of the transferred charge Q rQ vs. lithiumint deint
Ž . Ž .injection and extraction potentials during the 1st ` and 2nd D redox

cycles. The charges Q and Q were calculated from the measuredint deint

build-up and decay transients of the Li Al Ni O electrode,1y d 1r4 3r4 2
Žrespectively, under the application of each small potential step 50

.qmV .Li r Li

jumping against lithium injection and extraction potentials,
respectively, during the first and second redox cycles.
Assuming that the transferred charge is entirely consumed
by the lithium intercalation into and deintercalation from
the electrode, the charge ratio should be unity, i.e., it
follows the Faraday law.

In fact, the charge ratio markedly deviated from unity in
value over the whole injectionrextraction potential range
during the first redox cycle, but that ratio value approached
almost unity over the whole potential range during the
second redox cycle. It is worthwhile to note that the cation
mixing effect can be rated as degree of the reversibility
between the lithium intercalation into and deintercalation
from the electrode. Therefore, the strong deviation of the
ratio value from unity is due to the cation mixing between
the Ni3q and Liq ions in the oxide electrode. In Figs. 2
and 5 the irreversibility in the capacity was almost entirely
completed during the first cycle, and hence it did not
appear any more during the second and further following
cycles. This means that substitutive aluminium stabilized
the layered structure, thus the formation of H3 was sup-
pressed during the prolonged charge–discharge cycle. In
contrast, the theoretical capacity of the Li Al Ni O1yd y 1yy 2

electrode decreases with increasing aluminium content y.
Therefore, the optimization of aluminium content and the
detailed investigation of the effect of aluminium content
on the cation mixing are strongly needed for favouring
good reversibility and extended cycle life. Such develop-
ments are under progress in our laboratory.

4. Conclusions

The present work is concerned with the lithium interca-
lation into and deintercalation from the Li Al Ni O1yd 1r4 3r4 2

electrode. From the experimental results, the following
conclusions are drawn.

Ž .1 No potential plateau was observed in the charge–
discharge curve, indicating that lithium-ion diffusion pro-
ceeds in a single phase of the electrode. The irreversible
capacity during the first charge–discharge cycle indicates
that the lithium intercalation is disturbed by the cation
mixing between the Ni3q and Liq ions in the oxide
electrode.

Ž .2 The ‘reduced’ current build-up and decay transients
measured under the large potential stepping were similar to
those current transients numerically simulated on the con-
dition of the simple-finite length diffusion only as a func-
tion of chemical diffusivity. From the appearance of the
‘reduced’ current build-up and decay transients, it was
concluded that the chemical diffusivity of lithium ion
mainly contributes to the lithium transport through the
oxide electrode during the lithium intercalation and dein-
tercalation.

Ž .3 The ratio of the charge transferred during the inter-
calation Q to that charge during the deintercalation Qint deint

calculated from the corresponding build-up transient and
decay transient upon each small potential dropping and
jumping, respectively, is regarded as degree of reversibility
between the lithium intercalation into and deintercalation
from the electrode. The value of the charge ratio markedly
deviates from unity during the first redox cycle, but it
maintains nearly unity just satisfying the Faraday law
during the second redox cycle. This means that the irre-
versibility in the capacity has almost completely operated
during the first redox cycle, and therefore, no cation
mixing occurs more during the second redox cycle.
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