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Abstract

A series of phase-pure Co- and Al-substituted lithium nickel oxide solid solutions of the composition

LiNi0.7Al0.3�xCoxO2 with x ¼ 0:0, 0.1, 0.15, 0.2, and 0.3, has been synthesized by adopting urea-assisted

combustion (UAC) route. The structure and the physico-electrochemical features of the doped materials have

been evaluated through PXRD, FTIR, SEM, CV, and charge/discharge studies. The stabilization of Ni in the þ3

state and the existence of enhanced 2D-layered structure without any cation mixing have been substantiated from

XRD. The results of the XRD and FTIR studies have established the complete mixing of Al and Co with Ni,

especially at the various levels and the combinations of the dopants attempted in the present study. The enhanced

electrochemical performance of LiNi0.7Al0.3�xCoxO2 may be attributed to the ‘‘synergetic effect’’ resulting

from the presence of both Al3þ and Co3þ dopants in the LiNiO2 matrix. From CV studies, it was understood

that the addition of 10% Co is effective in suppressing the phase transformation during Liþ intercalation process

that leads to better electrochemical properties. The effect and the extent of substitution of Ni with Al and Co

on the structural and electrochemical performance of LiNi0.7Al0.3�xCoxO2 are discussed elaborately in this

communication.
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1. Introduction

Lithiated transition metal oxides like LiMn2O4 [1] and LiCoO2 [2] are currently being utilized as the
principal cathode materials for fabricating lithium batteries, since they possess high voltage, high
capacity, and energy density. A thorough knowledge about these two compounds has been acquired, in
terms of their synthesis methods, to achieve maximum electrochemical activity. To demonstrate this,
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over a decade, Bellcore and Sony Energytec Inc. are commercializing lithium cells with LiMn2O4 and
LiCoO2 cathodes, respectively [3]. But, the frequently reviewed analog of LiCoO2 namely, LiNiO2,
though has been bestowed with a higher capacity of about 190 mAh/g [4] (compared to LiMn2O4 and
LiCoO2), poses complications in terms of the synthesis conditions. That is, thermal and electrochemical
instability, phase transitions upon cycling [5], and safety problems due to the exothermic
decomposition [6] (by liberating oxygen, when LiNiO2 is inadvertently overcharged) are the common
problems associated with the layered nickel oxide cathodes synthesized under ambient conditions. To
circumvent these problems, stringent synthesis conditions are highly essential to obtain the compound
in its pure, stoichiometric, and consistent form [7,8]. This in turn leads to the possibility of possessing
perfect 2D-layered characteristics without cation mixing and an enhanced cell capacity of LiNiO2

cathodes by the removal of Ni2þ ions occupying the Liþ sites that retard the diffusion of Liþ. In this
context, various metal cation-substituted/modified LiNiO2 cathode materials viz., the solid solutions of
LiNi1�xMxO2 [9–11] category (M ¼ Mg, Mn, Co, etc., or combination of these dopants) have been
identified with a view to find their application in lithium batteries with improved electrochemical
properties. Such materials require less severe synthesis conditions, possess high reversible capacity and
are also electrochemically stable, i.e. do not undergo phase transformations during the charge/discharge
processes.

Of these various cathodes, substituted compounds of the general formula LiNi1�xCoxO2 [12] have
been identified as one the most attractive materials as they exhibit synergetic effect in terms of
enhanced stabilization of 2D structure, extended cyclability, improved capacity, etc., that originate
from the combined effects of the highly cyclable LiCoO2 and the high capacity LiNiO2. Among the
dopants studied, aluminum has been of profound interest with respect to both LiNiO2 [13–15] and
LiCoO2 [14] cathodes, due to its low atomic mass and cost. Based on the suggestions of Alcántara et al.
[16] and the recommendations of Ohzuku et al. [13], it is believed that the Al3þ substitution favors the
stabilization of Ni in the þ3 oxidation state and enhances the existence of two dimensionality of the
layered structure, which leads to the suppression of phase transition during electrochemical cycling
ultimately. Since Al cannot be oxidized or reduced beyond þ3 state, the maximum amount of
intercalated or deintercalated lithium can also be limited, depending upon the Al content. Hence
partial substitution of Al for Ni prevents the cell from over charging, and hence is responsible for cell
safety [13,17]. Further, advantages of partial substitution of Al in to the crystal structure of LiCoO2 has
been reported by Ceder and coworkers [18,19] in their ab initio studies, that an increase in cell voltage
could be achieved by Al substitution by forcing more electronic exchange between lithium and the
oxygen network.

In the present study, a newer class of materials of the formula LiNi0.7Al0.3�xCoxO2 has been
synthesized and analyzed for their suitability as cathode materials for lithium batteries. The preference
for the 70% of Ni in these compounds originated from a similar observation made by Subba Rao and
coworkers [20] in LiNi0.7Co0.3�zAlzO2, wherein the usage of 70% of Ni has been established to achieve
enhanced charge retention and cycling efficiency. In recent years, the solution combustion technique,
which involves the usage of urea together with the corresponding metal nitrates (the urea-assisted
combustion(UAC) method), has attracted the attention of researchers, as it leads to the production of
homogeneous, fine and un-agglomerated multi-component oxide powders without involving
intermediate decomposition and/or calcinations steps [21]. Also, solution preparative techniques allow
atomic level mixing of the elements and thus phase-pure products can easily be achieved. The
significance and flexibility of the UAC method has already been established by way of synthesizing a
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variety of other lithium battery cathodes like LiCoO2 [22], LiMn2O4 [23], LiNi1�xCoxO2 [24],
LiNi0.7AlxByO2 [25], etc., by various research groups and also by the authors of this communication.
More specifically, this paper highlights the unique attempt of evaluating the electrochemical
performance of the title compounds synthesized by the solution combustion method namely, the UAC
method.

2. Experimental aspects

2.1. Sample preparation

The substituted nickel oxides of the general formula LiNi0.7Al0.3�xCoxO2 (x ¼ 0:0, 0.1, 0.15, 0.2, and
0.3) have been synthesized by the solution combustion route [26,27] using urea as the fuel to aid the
combustion process (Fig. 1). Calculated amounts of urea and nitrates of lithium, nickel, aluminum,
and cobalt were dissolved in hot distilled water to get a homogenous solution. The amount of
urea was calculated based on the procedure given in Ref. [26] and the mixture was heated slowly to

Fig. 1. Schematic representation of the synthesis of LiNi0.7Al0.3�xCoxO2 compounds by UAC route (M ¼ Ni, Al, and Co).
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400 8C for about 30 min. The process of slow heating ensures slow and uniform combustion of the
mixture and the same has resulted in the formation of black foam. The foam thus obtained was then
crushed and the powdered sample was further subjected to a firing sequence in air or flowing O2

atmosphere at a temperature of 750 8C for about 10–32 h, depending upon the requirement, which is
given in Table 1.

2.2. Instrumental

Phase characterization was done by powder X-ray diffraction technique using JEOL-JDX 8030
X-ray diffractometer using Ni filtered Cu Ka radiation (l ¼ 1:5406 Å) in the 2y range of 10–808 at a
scan rate of 0.18/s. FTIR spectra were recorded with Perkin-Elmer Paragon-500 FTIR Spectro-
photometer using KBr pellets in the region 400–1000 cm�1. Density of the powders was determined
by the method based on Archimedes’ principle of liquid displacement [28], using xylene medium.
Surface morphology of the particles was examined from the Scanning Electron Micrographs obtained
from Hitachi S-3000 H Scanning Electron Microscope and the particle size of the oxide materials was
determined using Malvern Easy Particle sizer. Surface area of the synthesized powders was
determined by BET adsorption method using low temperature nitrogen adsorption (Quanta Chrome
Nova 1000, US).

Electrochemical performance was evaluated by assembling cathode-limited 2016 lithium coin cells.
Cathodes were fabricated by slurrying the cathode powders with 10% graphite and 2% PVdF as binder
in N-methyl-2-pyrrolidone (NMP) as solvent and coating the mixture over Al foil (serves as current
collector). After drying at 110 8C overnight, the discs were pressed in a hydraulic press by applying a
pressure of about 10–15 kg/cm2 for perfect adherence of the coated material over the surface of the Al
current collector. Discs of 1.6 cm diameter were punched out and typical cathodes were found to have
an average active material coverage of about 10–15 mg per disc. Electrolyte consisted of 1 M LiAsF6

dissolved in equal volumes of EC and DMC and the separator used was polypropylene fabric. Charge/
discharge studies were performed using an in-house cell-testing unit. Cyclic voltammograms were
recorded using ‘‘AUTOLAB’’ software controlled by a Personal Computer.

Table 1

Optimized synthesis conditions and refined unit cell crystal parameters of LiNi0.7Al0.3�xCoxO2

Compound Lattice constants

Temperature

(8C)

DT (h) a (Å) c (Å) Unit cell

volume (Å3)

c/a I(0 0 3)/

I(1 0 4)

Density

(g/cm3)

Surface

area (m2/g)

LiNi0.7Al0.3O2 750 32 2.849 14.152a 99.512 4.967 1.11 4.194 15

LiNi0.7Al0.2Co0.1O2 750 10 2.861 14.196b 100.630 4.962 1.18 4.026 15

LiNi0.7Al0.15Co0.15O2 750 10 2.859 14.198b 100.502 4.966 1.21 3.687 17

LiNi0.7Al0.1Co0.2O2 750 10 2.862 14.162b 100.457 4.948 1.28 3.987 18

LiNi0.7Co0.3O2 750 10c 2.857 14.075d 99.500 4.926 1.28 4.161 18

DT, dwelling time.
aRef. [13].
bRef. [20].
cIn flowing O2 atmosphere.
dRef. [12] for comparison of a and c data.
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3. Results and discussion

3.1. Effect of substituents versus synthesis conditions

The effect of incorporating cobalt in LiNi0.7Al0.3O2 compounds towards the reduction of the duration
of heat treatment is obvious from Table 1. For better clarity and understanding, the synthesized
compounds may be viewed as Co-substituted lithium aluminum nickelates (LiNi0.7Al0.3�xCoxO2;
x ¼ 0:1, 0.15, and 0.2) and the end member solid solutions viz., LiNi0.7Al0.3O2 (x ¼ 0:0) and
LiNi0.7Co0.3O2 (x ¼ 0:3), wherein Al or Co substitutes partially for Ni in LiNiO2 matrix.

In the series of five compounds, the synthesis of LiNi0.7Al0.3O2 (containing Al as the only dopant)
required a temperature of at least 750 8C and a dwelling time of about 32 h. This suggests that the
incorporation of Al as a dopant in LiNiO2 may preclude the necessity of O2 atmosphere in producing
phase-pure oxides, despite the fact that its immediate parent compound namely, LiNiO2 is synthesized
exclusively in O2 atmosphere at 750 8C for about 21 h (e.g. Ref. [25]). Therefore, such a compound of
interest viz., LiNi0.7Al0.3O2 has been chosen as the parent compound of the present study. Moreover,
with a view to minimize the other parameter namely, the period of heat treatment required for the
synthesis and also to have tailor-made cathodes for practical applications, introduction of some other
dopant in LiNi0.7Al0.3O2 was thought of. In this regard, Co has been identified as the dopant and was
found to lessen the duration of heat treatment of LiNi0.7Al0.3O2 significantly from 32 to 10 h, i.e. the
incorporation of Co in LiNi0.7Al0.3O2 (to yield LiNi0.7Al0.3�xCoxO2 solid solutions) not only excluded
the heat treatment in O2 atmosphere but also minimized the period of heat treatment. However, the Co
substitution in LiNiO2 has been carried out in O2 atmosphere, in view of obtaining phase-pure
LiNi0.7Co0.3O2 and hence better electrochemical properties. This observation implies that Al and Co as
dopants are effective in making the synthesis conditions less severe. This may also be viewed as the
‘‘synergetic effect’’ of Al and Co dopants, which seems to hold the key in improving the
electrochemical performance of the compounds, which will be discussed elaborately in the
electrochemical characterization section. Out of the several trials attempted, the heat-treating
conditions which has yielded phase-pure and crystalline oxides has been taken as the optimized
conditions for synthesizing Al- and/or Co-substituted LiNiO2 viz., LiNi0.7Al0.3�xCoxO2 and the same
has been furnished in Table 1.

3.2. Phase analysis by PXRD

Fig. 2 (with insets a and b) represents the PXRD profiles of the LiNi0.7Al0.3�xCoxO2 samples with
x ¼ 0:1, 0.15, and 0.2 and the end members (viz., LiNi0.7Al0.3O2 and LiNi0.7Co0.3O2), respectively,
processed under the conditions mentioned in Table 1. All the XRD patterns of LiNi0.7Al0.3�xCoxO2

powders show the formation of single-phase products with a well-defined layered structure without any
impure phases observed in the range of substitution of x ¼ 0:0–0.3, attempted in the present investigation.
The Bragg peaks were indexed assuming a rhombohedral structure (space group: R-3m—D5

3d), that are
comparable with the earlier reports [12,13,20]. The clear splitting of the hexagonal (1 0 8) and (1 1 0)
doublet peaks observed invariably for all the doped derivatives are quite obvious from Fig. 1, which
indicates that the compounds possess typical layered characteristics [29]. The crystal constants ‘‘a’’ and
‘‘c’’ and unit cell volume (determined by an iterative least squares refinement method using the indexed
‘‘h, k, l’’ values), I(0 0 3)/I(1 0 4), and c/a values of the synthesized solid solutions are given in Table 1.
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The degree of trigonal distortion, which is normally expressed as ‘‘c/a’’ ratio, was found to be
greater than 4.9 for all the synthesized compounds, an indication of the high cation ordering [30].
Furthermore, the I(0 0 3)/I(1 0 4) ratio has a direct impact on the electrochemical properties of the
system. It has been used as an indicator for cation mixing in the case of doped layered systems [9].
Values lower than 1.1 indicates a high degree of cation mixing, primarily due to the occupancy of
dopant ions in the lithium interslab region. In the present case, the I(0 0 3)/I(1 0 4) value of various
compounds were found to be around 1.20, a value which shows the absence of cation mixing and
hence better battery activity of the compounds is highly probable. Interestingly, the unit cell volume
of both the Al alone (LiNi0.7Al0.3O2) and Co alone (LiNi0.7Co0.3O2) substituted nickel oxides is
observed to be almost the same and is smaller than the Co-substituted LiNi0.7Al0.3O2 samples. The
observed increase in the cell volume of the substituted oxides may be attributed to the preferential
expansion of the oxide lattice in the ‘‘c’’ direction, as a consequence of the substitution of Al and Co
for Ni in the original LiNiO2 lattice. Also among the samples substituted with Al and Co, shrinkage

Fig. 2. PXRD patterns observed for the LiNi0.7Al0.3�xCoxO2 compounds. Inset: (a) LiNi0.7Al0.3O2 and (b) LiNi0.7Co0.3O2.
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in unit cell volume has been observed with the increasing addition of Co, a factor that has a direct
relevance and a remarkable significance with respect to the structural stability and maintenance of
capacity upon cycling.

It is well known from many reports [31,32] that, Ni3þand Co3þ occupies the crystallographically
equivalent 3a sites and Liþ to occupy the 3b sites (in LiNi1�xCoxO2 series) of the rhombohedral
structure. Nevertheless, the occupancy of Al is debatable still [16]. Also, it is reported that,
aluminum ions do not perturb the layered structure of the compound [16,19,33], and therefore the
effect and occupancy of Al cannot be explained completely by XRD. However, based on the reported
results of 27Al MAS NMR [16], a possible occupancy of a larger amount of aluminum ions in the
regular octahedral 3a sites and a smaller amount of Al in the tetrahedral 6c sites are expected to
occur in the present case also. It is further substantiated from the forthcoming characterization
studies such as FTIR and CV that the possible occupancy of interstitial 6c sites by a lesser fraction of
Al cannot be neglected. Similarly, it is worth mentioning here that the interstitial tetrahedral site
occupancy of Al, if any, could lead to hindered lithium ion diffusion in the aluminum containing
solid solutions [16]. Consequently, the presence of a smaller fraction of interstitial Al may have a
negative impact in the electrochemical behavior of the cathodes. Though the observed PXRD data
and the subsequent charge/discharge results are in favor of the interstitial 6c site occupancy of lesser
fraction of Al with the larger proportion in the regular octahedral 3a sites, the presence of Al in the
interstitial sites can be confirmed only with neutron diffraction or through any structural refinement
program.

3.3. Local structure by FTIR analysis

The FTIR spectroscopic data show the local structure of the oxide lattice constituted by LiO6 and
MO6 octahedra. It is well known that the relative IR absorbance is sensitive to the short-range
environment of oxygen coordination around the cations in the oxide lattices, crystal geometry and the
oxidation states of the cations involved and is less likely to get affected by the grain size and the
morphology or long-range order of the crystal lattice. In other words, it is generally not possible to
assign specific IR frequencies to vibrations involving a single cation and its oxide neighbors [34],
because the resultant vibrations of any transition metal oxide may involve contributions from all
possible atoms. Therefore, it is only the differences in mass, charge, and covalency of lithium and the
transition metal cation that leads to the motion of lithium ion and the observation of respective
vibrational spectrum [35]. Also, it is customary that the middle frequency region of FTIR
(400–700 cm�1) is mainly considered for the analysis and hence the present study is restricted to
the assignment of various vibrational modes of transition metal oxide cathodes within the frequency
range of 400–1000 cm�1. As the resonance frequencies of the alkali metal cations in the octahedral
interstices (LiO6) in inorganic oxides were reported to be located in the frequency range of
200–400 cm�1 [36,37], an elaborate discussion regarding the presence of LiO6 octahedra becomes
impossible in the present study for the reasons of instrumental constraints.

The FTIR spectrum of the substituted nickelate compounds is shown in Fig. 3a–e, wherein three
FTIR bands appeared prominent invariably for all the oxides. FTIR signature observed near 860 cm�1

indicates the presence of Ni–O bond. Similarly, a shift towards lower wavelength, in both the stretching
as well as the bending vibrational bands with contraction in unit cell volume upon cobalt substitution
has been observed, which in turn confirmed the formation of mixed lithium–nickel–aluminum–cobalt
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oxide solid solution. The band observed in the range of 590–551 cm�1 may be ascribed to the
asymmetric stretching of M–O bonds in MO6 octahedrons and the other one around 515–490 cm�1 to
the bending modes of O–M–O bonds [24]. These spectroscopic observations establish that the layered
structure is well preserved even at the atomic level also. Individual peak assignments for
LiNi0.7Al0.3�xCoxO2 compounds are furnished in Table 2.

3.4. Other physical and chemical properties

BET surface area was measured to be around 15–18 m2/g for the oxide samples. The powder density
of the compounds was measured to be about 85–95% of the theoretical density values calculated from
the crystal constants and have been included in Table 1. The density value of Co-substituted oxides is

Fig. 3. FTIR spectra of (a) LiNi0.7Al0.3O2, (b) LiNi0.7Al0.2Co0.1O2, (c) LiNi0.7Al0.15Co0.15O2, (d) LiNi0.7Al0.1Co0.2O2, (e)

LiNi0.7Co0.3O2.

Table 2

FTIR signatures observed for LiNi0.7Al0.3�xCoxO2 compounds

Material Peak assignment (cm�1)

nM–O stretching dO–M–O bending

LiNi0.7Al0.3O2 590 515

LiNi0.7Al0.2Co0.1O2 583 508

LiNi0.7Al0.15Co0.15O2 575 500

LiNi0.7Al0.1Co0.2O2 567 490

LiNi0.7Co0.3 551 490
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found to be slightly higher than the ‘‘aluminum-alone’’ containing nickel oxide sample. This increase in
density values is due to the heavier atomic mass of Co compared to the lighter Al dopant. Evidently, the
observed density values are in support of the fact that the products obtained from the urea nitrate
combustion method are well condensed and sintered.

SEM analysis reveals the nature, shape, approximate grain size, and surface morphology of the
particles. All the compositions were found to have an identical morphology and texture, with clearly
seen grain boundary. Typical SEM image captured under a magnification of 2K� for LiNi0.7Al0.15-

Co0.15O2 sample is depicted in Fig. 4, which confirms the presence of growth controlled particles of
sub-micron size, a desirable factor [38,39] for exhibiting better electrochemical properties. It is worth
to mention here that SEM analysis has been carried out mainly to discuss the morphology of the
synthesized compound. SEM, which is the magnification of the selected portion of the sample,
represents the averaged out size of the particles. However, particle size and distribution analysis must
correspond to the actual size of the particles and the comparison of the same with the values derived
from SEM picture need not be considered with due importance. Accordingly, a single and a narrow
band (Fig. 4b) observed in the particle size range (1.2–1.6 mm) is an evidence for the uniform
distribution of the reduced sized particles. Few percent of the particles are likely to fall even below
1.2 mm.

Fig. 4. (a) SEM of LiNi0.7Al0.15Co0.15O2. (b) Particle size distribution in LiNi0.7Al0.15Co0.15O2.
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4. Electrochemical characterization

4.1. Cyclic voltammetry

Fig. 5 shows the cyclic voltammogram of Li//LiNi0.7Al0.3�xCoxO2 (x ¼ 0:10, 0.15, and 0.3) cells
fabricated as 2016 coin type, using a mixture of 1 M LiAsF6 in EC and DMC (1:1, v/v) as the
electrolyte. The CV recorded between 3.6 and 4.4 V at a scan rate of 0.1 mV/s indicates that with the
increasing cobalt content, the Liþ intercalation voltage is slightly increased i.e. for the compositions
with x ¼ 0:0, 0.15, and 0.3, the Liþ intercalation voltage has been evaluated to be around 3.79, 3.95,
and 4.10 V, respectively.

The evolution of two peaks in the LiNi0.7Al0.3O2 partially suggests that this compound is susceptible
to phase transition during the cathodic process of Liþ intercalation, though the origin of the second
shoulder around 4.1 V is not clear. On the other hand, no such phase transition was observed for the
remaining two compositions studied. This may possibly be viewed as due to the addition of Co that has
played a vital role upon the suppression of phase transition [40] and that of insufficient amount of Al
(15%) that has failed to induce phase transition in the parent LiNiO2 matrix. However, at this point, it
cannot be concluded whether the very presence of Al itself can cause phase transition (the second
shoulder at 4.1 V) or an optimum level of Al content could be admissible in to the LiNiO2 matrix,
which can preserve the layered structure without inducing any such phase transition. Hence, the
observed CV pattern for the various amount of Al taken up for the present study has stimulated an
interest to understand the effective role of Al dopant in LiNiO2 especially towards phase transition
characteristics. Consequently, optimization of Al dopants (starting from a minimum level of 1%)

Fig. 5. CVof Li//LiNi0.7Al0.3�xCoxO2 cells: (a) LiNi0.7Al0.3O2 (x ¼ 0); (b) LiNi0.7Al0.15Co0.15O2 (x ¼ 0:15); (c) LiNi0.7Co0.3O2

(x ¼ 0:3) (scan rate ¼ 0:1 mV/s).
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responsible for the consistency of LiNiO2 matrix has been taken up as a separate study. Furthermore,
the presence of Co alone or Co in combination with 10% of Al may prove useful in suppressing phase
transitions, leading to acceptable electrochemical characteristics. Also, it is interesting to note that there
is a significant shift in the cathodic peak towards higher voltages upon increasing cobalt substitution in
these substituted nickel oxide samples. As a result, the voltage difference between anodic and cathodic
peaks has been narrowed down which is an indication of the high Liþ reversibility.

On the contrary, the large difference between the anodic and cathodic peaks observed for
LiNi0.7Al0.3O2 may be attributed to the partial occupancy of Al in the interstitial 6c sites of nickel oxide
crystal structure. One possible reason for this observation may be due to the increase in cell polarization,
as a consequence of slow Liþ diffusion. Therefore, as already mentioned in the XRD analysis, the
hindered Liþ diffusion due to the interstitial occupancy of Al has further been substantiated from the CV
studies also.

4.2. Charge/discharge studies

Charge/discharge cycling has been performed at a current density of 0.1 mA/cm2 between the cut-off
voltages of 3 and 4.5 V. Fig. 6 shows the cyclability of the Li//LiNi0.7Al0.3�xCoxO2 cells up to 15
cycles. It is interesting to note that the first cycle irreversible capacity loss associated with these
materials is almost negligible and capacity loss was observed only after the third cycle. The trend
observed in the capacity and its fade is as follows. A maximum capacity of about 145 mAh/g has been
realized for LiNi0.7Al0.3O2, which showed a significant capacity fade of about 10% at the end of 15
cycles. This result coincides with that of the observation of Ohzuku et al. [17]. The very same trend was
observed for the compounds containing 15 and 20% of Al viz., LiNi0.7Al0.15Co0.15O2 and
LiNi0.7Al0.2Co0.1O2. On the other hand, the compound LiNi0.7Al0.1Co0.2O2 containing 10% Al has

Fig. 6. Cyclability of Li//LiNi0.7Al0.3�xCoxO2 cells (cd ¼ 0:1 mA/cm2).
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delivered about 145 mAh/g without any significant capacity fade. More specifically, the fade was
estimated to be only 2%, demonstrating excellent battery activity and cyclability throughout the 15
cycles. Further, it is interesting to note that the compound without Al, i.e. LiNi0.7Co0.3O2, exhibited an
excellent cell cyclability delivering a capacity of about 135 mAh/g throughout. Though the initial
discharge capacity of this compound was found to be lesser than the rest of the compounds in the series,
the cycling performance of LiNi0.7Co0.3O2 was found to improve at the cost of capacity. Hence, the
observed performances of the selected compound impose a limiting level of substitution as 10% for Al
and 30% for Co, despite the fact that no phase in-homogeneities or structural distortions are discernible
from the XRD results of the entire set of compounds chosen for the present investigation.

Generally, good capacity retention is attributed to a smaller volume change of the cathode material
crystal lattice upon Liþ intercalation and deintercalation process [41]. Evidently, in the present study
also, the Al and Co dopants are expected to exclude any significant volume shrinkage/expansion of the
interslab space of the cathode oxide lattice during the process of Liþ intercalation/deintercalation.
However, better cyclability and capacity retention has been realized only for LiNi0.7Co0.3O2 and
LiNi0.7Al0.1Co0.2O2 out of the five compounds studied with varying amounts of Co and Al. Probably,
the excellent cyclability of Co, the inherent high capacity of Ni, and thermal stability of Al were found
to co-exist (synergetic effect) in the LiNi0.7Al0.3�xCoxO2 solid solutions with 20 and 30% of cobalt.
Therefore, it may be understood at this point that a dopant level of 20% Co and 10% Al or 30% of Co as
a single dopant is essential to overcome the inherent disadvantages of LiNiO2 especially with respect to
capacity retention and cyclability.

The hindered Liþ diffusion in LiNi0.7Al0.3O2 indirectly affects the electrochemical performance of
the compound, i.e. the hindered Liþ diffusion is expected to increase the cell polarization, ultimately
lowering the cycling capacity of this compound. This is obvious from the fact that LiNi0.7Al0.3O2

exhibited a decline in capacity of over 10% in 15 cycles. Furthermore, slow Liþ diffusion results in
small current drain, leading to an inferior rate capability. Similarly, lesser compositions of Al such as 15
and 20% were also found to suffer from capacity fade. Therefore, it may be concluded at this point that
the optimum amount of Al required for the structural stability of LiNi0.7Al0.3�xCoxO2 compounds as
10% only, as verified from CV studies also, where the absence of phase transition has been observed
only for LiNi0.7Al0.1Co0.2O2 compound.

I(0 0 3)/I(1 0 4) ratio value of LiNi0.7Co0.3O2 and LiNi0.7Al0.1Co0.2O2 derived from XRD, was found to
be ca. 1.3, which is in further support of the better electrochemical performance of these two samples
only. As a result, a trade-off between capacity and cyclability may be arrived at when Al and/or Co are
substituted for Ni in the layered LiNiO2 structure. However, all the five cathode oxide materials are
being studied for long-term cycling and the results will be reported elsewhere.

5. Conclusion

A set of phase-pure Co-substituted solid solutions of the formula viz., LiNi0.7Al0.3�xCoxO2 (x ¼ 0:0,
0.1, 0.15, 0.2, and 0.3) has been synthesized by an easy-to-adopt UAC method. Well-crystallized
particles with stabilized 2D-layered structure have been obtained from UAC method. It is inferred from
CV studies that the compounds are highly reversible with respect to Liþ and the Co dopant is found to
be effective in suppressing the phase transitions upon cycling. Among the set of five compounds
synthesized, two compounds viz., LiNi0.7Co0.3O2 (135 mAh/g) and LiNi0.7Al0.1Co0.2O2 (145 mAh/g)
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are preferred for their ability to exhibit a constant deliverable capacity throughout the 15 cycles. The
excellent electrochemical performance of the LiNi0.7Al0.1Co0.2O2 has been attributed to the ‘‘synergetic
effect’’, an effect due to the presence of both Al and Co dopants. For better understanding of the
cationic environment and the distribution in the doped compounds, investigation through ESR has been
planned, as an extension of the present work. Similarly, studies concerned with the higher voltage
characteristics of these types of doped compounds would be of profound relevance to the present study.
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