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Abstract

Stabilized lithium nickelate is receiving increased attention as a low-cost alternative to the LiCoO, cathode now used in rechargeable lithium
batteries. Layered LiNi;_,_,M,M,0O, samples (M, =AI** and M, =Mg?*, where x=0.05, 0.10 and y=0.02, 0.05) are prepared by the refluxing
method using acetic acid at 750 °C under an oxygen stream, and are subsequently subjected to powder X-ray diffraction analysis and coin-cell tests.
The co-doped LiNi,_,_,Al,Mg,O, samples show good structural stability and electrochemical performance. The LiNiAljysMgg 05O, cathode
material exhibits a reversible capacity of 180 mA h g~! after extended cycling. These results suggest that the threshold concentration for aluminum
and magnesium substitution is of the order of 5%. The co-substitution of magnesium and aluminium into lithium nickelate is considered to yield

a promising cathode material.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Although LiCoO3 is the predominant cathode material used
in lithium batteries at present, its high cost and toxicity have
led to much enormous interest in developing alternative cath-
ode materials. Both LiNiO; [1] and LiMn;O4 [2,3] are quite
attractive materials in this regard. Layered LiNiO; has a stronger
potential for high rate and high power applications, because its
two-dimensional layered structure endows it with better lithium
ionic and electronic conductivities than three-dimensional spinel
LiMn;Oy4. In contrast to LiCoQO,, which has the same structure, it
is very difficult to obtain phase pure and ordered LiNiO, because
of the reduction of Ni3* to Ni%* that occurs at higher temper-
atures [4,5]. Furthermore, the migration of NiZ* to the lithium
plane results in disordered non-stoichiometric Lij_yNij4,O2—;
and degrades its electrochemical performance. Accordingly,
several attempts have been made to stabilize the LiNiO, struc-
ture. To date, the partial substitution of Co>* for Ni** to give
LiNi;_,Co,0O; has been shown to produce attractive electro-
chemical properties and has become the most common approach
[6]. Nevertheless, the cost and environmental concern associated
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with the use of Co** means that the search continues for less
expensive and environmentally benign materials. Also, safety
concerns regarding the abrupt exothermic reaction of charged
LiNiO; continues to pose a problem, even after cobalt substitu-
tion. Substitution with other metals such as Al, Mn, Fe, Nb, etc.,
has been examined as a means to enhance the electrochemical
performance of the cathode [7-9].

This papers presents a new substitution method using AI*
and Mg?* ions in order to stabilize the structure of the LiNiO
and enhance its performance. In this substitution, AI’** and Mg?*
ions partially replace the Ni** ions in the LiNi 1—x—yAlLMg, 02
phases with ranges of x=0.05, 0.10 and y=0.02, 0.05. The
AP and Mg?* ions serve to improve the thermal and elec-
trical properties, respectively. A refluxing method employing
acetic acid was used for the preparation of the new compound,
LiNij_,_,Al,Mg,0;.

2. Experimental

Appropriate amounts of lithium, aluminum, magnesium and
nickel acetates were dissolved in de-ionized water to produce
a stoichiometric mixture. An appropriate amount of acetic acid
was then added to this solution. Here, acetic acid plays the role of
a chelating agent. The solution was refluxed in a round-bottom
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flask attached to a condenser at 80 °C for about 2 h. The clear
solution was then evaporated and dried to yield the gel precur-
sor. In order to eliminate the organic contents, the gel precursor
was calcined at 400 °C for 1 h. The resulting black powder was
ground well and heated at 750 °C for 30 h in oxygen atmosphere.
The crystalline nature of the LiNij_,_,Al,Mg,O; samples was
confirmed by X-ray diffraction phase analysis. The morphology
of the particles was observed by means of scanning electron
microscopy (SEM).

The electrochemical performance of the LiNij_,_,
Al;Mg,O, electrodes was determined by conducting gal-
vanostatic cycling experiments. Coin-type cells with the
different cathode materials were prepared inside an argon-
filled grove box. The electrolyte consisted of 1M LiPFg
with ethylene carbonate and diethyl carbonate (1:1 ratio).
The LiNij_,_yAl,Mg;O, powders were mixed with 10 wt.%
carbon and 10wt.% PVDF binder in 1-methyl-2-pyrrodinone
solvent. The resulting paste was cast on an aluminum foil.
The working electrodes each had a geometric area of 1.6 cm?.
The cells between 4.3 and 2.8V at a current density of
0.2mA cm~2.

The area specific impedance (ASI) values were investigated
by the HPPC (hybrid pulse power characteristic) testing method
[10], in order to determine the dynamic power capability over
the battery’s useable charge and voltage range. The test pro-
file incorporated both discharge and regenerative pulses. After
establishing both the Vp,, cell discharge power capability at
the end of an 18-s discharge current pulse and the Vi, cell
regenerative power capability over the first 2 s of a trapezoidal
regenerative current pulse, the cell impedance and cell polariza-
tion impedance were calculated as a function of time. At first, the
cell was charged at the C/1 rate to 4.1 V. After a 1-h rest, the cell
was discharged to 10% depth-of-discharge (DoD) at the C/1 rate
and then rested for another hour. This was followed by a series of
partial (but increasing) C/1 discharges at 10% DoD increments,
each of which was followed by an 18-s pulse discharge and a
2-s pulse charge at a very high rate (10-15 C). The ASI values
were then calculated for both the 18-s pulse discharge and the
2-s pulse charge at each DoD.

3. Results and discussion
3.1. Morphology

A scanning electron micrograph of the LiNiggAlgs
Mg0502 sample, which is representative of LiNij_,y
AlMg,O; system, is presented in Fig. 1. The size of the
LiNig.9Alp.05Mgo.0502 particles was examined since this param-
eter determines the effective surface area, and a smaller particle
size improves the capacity of the battery by reducing the ion dif-
fusion pathway during the Li* intercalation and de-intercalation
processes [12]. The powders are found to consist of particles
of sub-micron size, i.e., the average size of the agglomerated
secondary particles was of the order of 5pum. This unique
morphology is advantageous for electrode materials, because it
allows the electrochemical performance to be improved. On the
other hand, the relatively large surface area that results from

Fig. 1. Scanning electron micrograph of LiNig9Al0sMgo.0502 sample.

such a fine particle size might result in unfavourable safety
features.

3.2. Structural characterization

The X-ray diffraction (XRD) patterns of the LiNij_,_,
AlMg, 0O, compounds obtained using Cu Ko radiation are given
in Fig. 2. The patterns show that the samples have phase-pure,
layered structures. A single phase LiNij_,_yAl,Mg,O;, (where
x=0.05, 0.10 and y=0.02, 0.05) with an a-NaFeO; type struc-
ture is grown when the precursors are fired at 750 °C in an oxygen
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Fig. 2. X-ray diffraction patterns for LiNi;_,_yAl,Mg,O> compounds.
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Table 1
Lattice parameters and trigonal distortion ratios of LiNij_,_yAl;Mg,O»
compounds

Compounds Lattice parameter (A) Trigonal
distortion
a c cla
LiNig.93Alp,0sMg0.0202 2.8736 14.1327 49181
LiNig.90Alp.05sMgo.0502 2.8728 14.1297 49184
LiNip ggAlo,10Mg0.0202 2.8716 14.1018 4.9107
LiNig g5Alp.10Mgo.0502 2.8721 14.0984 4.9087

atmosphere for 30 h. The XRD peaks were indexed to R-3m
symmetry.

Compared with samples that contain large amounts of alu-
minium and magnesium, those doped with lesser amounts of
aluminum and magnesium have a very high Bragg intensity
ratio Ro3)=1003)/I(104), which can serve as a measure of
the stoichiometry and degree of order in the LiNiO; system.
As the amount of Al and Mg concentration is increased, the
Bragg intensity ratio is decreased, which suggests that the
amounts of the co-dopants, aluminum and magnesium, should
be kept at around 10%, in order to obtain a well-ordered layered
structure.

The overall high intensity ratio of the (00 3) and (1 04) peaks
and the clear splitting of the (0 18) and (1 10) peaks indicate
that the LiNij_,_yAl,Mg,O; compounds have good structural
stability, without the presence of cobalt that is normally used
to stabilize the LiNiO; phase. In this regard, the cobalt-free
LiNi;_,—yAl,Mg,0O, compounds represent particularly attrac-
tive alternatives in the quest for less expensive and less toxic
materials.

The values of the lattice parameters were obtained from the
XRD profiles using the unit cell program. The lattice parameters
are listed in Table 1. As the amount of aluminum and magne-
sium in the LiNi;,_yAl;Mg,O; samples increases, the average
metal-metal intrasheet distance (apey) slightly decreases. In gen-
eral, the average metal-metal interlayer distance (cpe,/3) also
decreases. This is due to the formation of a relatively weak elec-
trical repulsion between the layers due to the substitution by
Mg?* of a lower valency [11]. The Mg?* ions appear to have
different local ionic ordering compared with the Ni** ions, and
tend to form less ionic (Nij—x_,Al;Mg,0,), sheets, which yield
lower c/a values. As a result, the lattice parameter along the c-
axis decreases from 14.1327 to 14.0984 A as the amount of the
substituents increases, and a slight change in the a-value is also
observed. This may also be due to the partial substitution of
magnesium ions for aluminium in the lithium nickelate and to
the ionic character of the AI—-O bond [13]. Therefore, the over-
all c/a values of 4.92—4.91, which reflect the degree of trigonal
distortion, are relatively low.

3.3. Electrical conductivity

Electrical conductivity measurements were performed using
the d.c. four-probe technique. The results are summarized in
Table 2. Samples with higher aluminum contents show lower
conductivity, whereas Samples with higher magnesium con-

Table 2
Electrical conductivities of LiNij_,_,Al,Mg, O, compounds

Compound Conductivity (x 103Sm™1)
LiNig.93Alo.0sMgo.0202 1.73
LiNig g0 Alo.osMgo.0502 8.25
LiNig gg Alo.10Mgo.0202 0.72
LiNig g5 Alo.10Mgo.0502 0.84

tents have higher conductivity. This means that the presence of
aluminum deteriorates the electrical conductivity, while that of
magnesium improves it. Thus, careful optimization of both the
ratio of aluminum to magnesium, and the ratio of aluminum and
magnesium to nickel is required. Although there is no indica-
tion of the two-order increase in the magnitude of the electrical
conductivity that occurs when 5% magnesium is substituted
into LiCoO;,, some enhancement of the conductivity in the lay-
ered compound is obtained by forming a mixed valence state
with the same amount (5%) of magnesium substitution. The
overall values of the conductivity are sufficiently high for the
LiNi;_,_,Al,Mg,O; to be considered as a promising electrode
material for high-power applications.

3.4. Electrochemical properties

The electrochemical performance of the LiNij_,Al,MgO,
(x=0.05, 0.10 and y=0.02, 0.05)/LiPFg in EC/DEC/Li cells on
cycling at a current density of 0.2mA cm™2 is shown in Fig. 3.
The capacity decreases as the aluminum content increases,
which is to be expected given that aluminum is not elec-
trochemically active. Although aluminum substitution favours
and maintains a layered structure by forming a LiNi;_,Al,O,
solid solution with the same structure (R-3m) as LiNiO, and
a-LiAlO,, the local distortion [15] of aluminum caused by
the movement along the trigonal symmetric axis causes this
material to lose its preferred occupation of 3a octahedral sites
and leads to partial pseudo-tetrahedral coordination. Also, it
is suspected that the formation of an aluminum-rich insulating
phase in the fully-charged state (for example, Lig 1 Nij_,Al,O2)
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Fig. 3. Cycleabilities of LiNij_, ,Al,Mg,O; compounds denoted
by (A) LiNipo3AloosMgo0202, (@) LiNigooAlposMgos02, (M)
LiNio.gg Alo.10Mg0.0202, (#) LiNig g5 Alp.10Mgo.0502.
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Fig. 4. Comparison of first and tenth area specific impedance (ASI) values of
LiNig 90Alp.0sMgp.0502 electrode.

might harm the charge—discharge reversibility, although it is
in fact beneficial from the point of view of overcharge pro-
tection. As expected, the electrodes with >10% aluminum
had poor capacity retention. When magnesium is co-doped
with aluminum in equal amounts, the capacity retention is
increased. These results indicate that the threshold concentra-
tion for aluminum and magnesium substitution is of the order
of 5%.

The LiNig9Alpo5Mgo.0502, cathode material is found to
exhibit a reversible capacity of 173mAhg~! on the first
discharge cycle and this value increases with cycling, as
shown in Fig. 3. It has been reported that the discharge
capacity of LiNipgoCog.15Alp0502 is around 160 mAh g_1
[14], but decreases on cycling. The co-doped electrode,
LiNip.90Alp.0sMgo.05s02, exhibits a good reversible capacity
with excellent capacity retention. This may be due to its particle
size, morphology, etc., as well as to its good electrical conduc-
tivity and structural stability compared with the other samples
with different concentrations of substituents.

The first and tenth charge—discharge curves of the
LiNip.90Alp.0sMgo.0sO2 electrode, together with the corre-
sponding ASI values, are presented in Fig. 4. The ASI values
have distinctly decreased by the 10th cycle, which presents a
higher capacity than in the initial cycling stage. This suggests
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Fig. 5. Comparison of differential scanning calorimetry (DSC) plots of
LiNip.90Alp.0sMgo.0502 and LiNiggoCop2002 electrodes prepared from fully-
charged state with fresh electrolyte.

that the LiNip 99 Alp.0sMgo.05 02 electrode has maintain its struc-
tural integrity during the cycling experiment. The observed high
electrical conductivity of 8.25 x 1073 Sm~! is believed to play
a critical role in endowing this electrode with stable electro-
chemical performance, with the rigid framework of the layered
structure also making some contribution.

Results obtained using the differential scanning calorime-
try (DSC) technique, which allows the safety characteristics
of electrode materials to be determined, show a discernible
exothermic peak at a relatively low temperature of around 220 °C
for LiNip 90Alp.0sMgo.0502. This may be due to the fine par-
ticle characteristics, as shown in Fig. 1. Compared with data
obtained for commercially available LiNig g9Cog.200>, the over-
all exothermic calorific values are similar, since aluminum helps
to form a thermally stable structure, although the initial reaction
occurs at an earlier stage (Fig. 5).

4. Conclusions

Compound of the general formula LiNij_y_yM,M,0;
(M, =AlP*and M, =Mg?*, where x=0.05, 0.10 and y=0.02,
0.05) have been synthesized and evaluated as alternative cathode
materials for lithium batteries. The electrodes are character-
ized by means of morphological and structural studies. Analysis
with XRD shows that the prepared LiNij_,_yM;M,0, forms
a single phase with good crystallinity. The XRD data also
demonstrate that an ordered layered structure was successfully
formed, without any cobalt being added. From the conduc-
tivity results, it is clear that deterioration of the conductivity
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is alleviated by the co-substitution of magnesium at a con-
centration of 5%. The optimized ratio of aluminum and mag-
nesium to nickel is found to be 5%. Among these prepared
electrodes, LiNig 99 Alg 05 Mgo.05 02 attains the highest reversible
capacity, viz., 175 mAhg_l, is and it also exhibits the low-
est resistivity. Enhancement of the capacity retention is greater
in the Mg co-doped lithium aluminium nickelate than in the
undoped and Al-doped lithium nickelate. This suggests that
the doping of magnesium reduces the phase transitions and
maintains the layered structure. It is concluded that these cobalt-
free LiNij_y_yAl;Mg,O, compounds after promise as less
expensive and less toxic materials for rechargeable lithium
batteries.
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