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Synthesis and characterization of tetravalent titanium (Ti4+)
substituted LiCoO2 for lithium-ion batteries
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Abstract

Several substitutions on layered lithium cobaltate were attempted and reported as a cathode material for secondary lithium rechargeable batteries.
The tetravalent titanium substitution on LiCoO2 having composition LiCo1−zTizO2 (z = 0.00, 0.25 and 0.50) was prepared by a solid-state reaction
method, which reveals an ordered rock salt structure of �-NaFeO2 type. The synthesized cathode materials were examined through TG/DTA, X-
ray diffraction (XRD), X-ray fluorescence spectroscopy (XRF), scanning electron microscopy (SEM) and particle size analyzer. Electrochemical
characterizations of the synthesized material were characterized through cyclic voltammogram (CV) and life cycle tester in the voltage range of
2.7–4.2 V. The cell behaviour of LiCo1−zTizO2 (z = 0.25 and 0.50) was slightly better than that of LiCoO2 in terms of voltage plateau and reduced
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ade in capacity during charge/discharge process. LiCoO2 delivers a charge capacity of 142 mAh g−1 with the loss of 5% during discharge, while
= 0.25 in LiCo1−zTizO2 gave 135 mAh g−1 with the loss of 8%.
2006 Elsevier B.V. All rights reserved.
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. Introduction

There has been considerable effort taken to identify a novel
athode material for rechargeable lithium-ion batteries. Most
f these materials belong to the class of lithiated transition
etal oxides such as LiCoO2, LiMn2O4 and LiNiO2 [1–7]. The

ayered structures of these compounds (rhombohedral (R3m)
r monoclinic (C2/m) symmetry) allow Li+ ions to be easily
emoved or intercalated during the charge and discharge cycles.
echargeable lithium batteries are based on the use of interca-

ation compounds as electrodes in which lithium-ion can shuttle
etween the negative electrode (anode) and the positive electrode
cathode). However, LiNiO2 suffers from John–Teller distortion
8,9] associated with the low spin Ni3+ : t62ge1

g, safety problem,
nd also it is relatively difficult to synthesize as an ordered
aterial with all Ni3+ [10,11]. To compare the preparation of
iNiO2, LiCoO2 electrode system is relatively easy and safe. In
ddition to this, LiCoO2 materials show good reversibility and
yclability due to their Co3+/Co4+ redox reaction. Nevertheless,
ome problems are associated with LiCoO2 electrode system

[12–15]. The discharge capacity of this system is roughly about
155 mAh g−1, which is almost half of its theoretical capacity
of 274 mAh g−1. To modify this and also to improve posi-
tive electrode cyclability, several groups have tried to partially
substitute Co3+ with different ions [16–26]. Various structural
modifications of lithium cobaltate have been reported for doping
or substitution in LiCo1−zMz

′O2 with nickel [16–18], man-
ganese [19,20], chromium [21], aluminum [22–24] and boron
[25,26]. It is believed that LiCoO2 on doping with M′ addi-
tives could stabilize the layered framework, which extends the
cyclability and enhances the capacity of the electrochemical cell
Li//LiCo1−zMz

′O2 [27]. For that reason, it is well advisable to
partially substitute the tetravalent metal atom in LiCoO2. Simul-
taneous substitution of Ti and Co on lithium nickelate of compo-
sitions LiNi0.8−yTiyCo0.2O2 [28] and LiNi0.8Co0.1Ti0.1O2 [29]
was already reported with better performance of cycling and
enhanced thermal stability.

The present aim of this study is mainly to improve the per-
formance of LiCoO2 by partial substitution of Ti4+ in LiCoO2.
In our study, various compositions of tetravalent titanium have
been incorporated in LiCoO2, and its applications towards use
∗ Corresponding author. Tel.: +91 4565 227 550–559; fax: +91 4565 227713.
E-mail address: mgshan2002@yahoo.co.in (M. Ganesan).

as positive electrode material in lithium-ion rechargeable bat-
teries have been studied. By incorporation of Ti4+ the phase
transition is highly suppressed in such a way that we are able to
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produce effective cathode material with low cost and at the same
time not sacrificing its performances. The properties of synthe-
sized LiCo1−zTizO2 powders were investigated by using XRD,
XRF, SEM and particle size analyzer. Electrochemical studies
have been carried out to determine the capacity, reversibility and
cycling performance.

2. Experimental

The LiCo1−zTizO2 (z = 0.25 and 0.50) were prepared by using
stoichiometric amount of lithium carbonate, titanium-di-oxide
and cobalt carbonate, grained to have a homogeneous mixture
and placed into the furnace at 900 ◦C for 72 h. In this solid-
state method continuous heating and grinding plays a major role
to make the compound homogenous and for getting reduced
particle size. Thermal decomposition behaviour of the dried pre-
cursor was examined in air using STA 1500 TG/DTA analyzer
from room temperature to 900 ◦C at 20 ◦C/min. X-ray diffraction
(XRD) analysis has been performed to confirm the formation
of LiCo1−zTizO2 by using X-ray diffractometer (JEOL-JDX
8030 X-ray diffractometer, λ = 1.5406 Å using nickel filtered Cu
K�). Surface morphology studies were carried out using Hitachi
S-3000 H scanning electron microscopy (SEM). XRF measure-
ments were carried out using Horiba XGT 2700 X-ray analytical
microscope. The electrodes were prepared by mixing the sample
with 10% acetylene black and 5% polyvinylidenefluoride in N-
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Fig. 1. TG/DTA curve of LiCo0.75Ti0.25O2.

(z = 0.00, 0.25 and 0.5) is around 750 ◦C. A typical TG/DTA
profile is displayed in Fig. 1.

The formation reaction for LiCoO2 using Li2CO3 and CoCO3
is as follows:

6CoCO3 + O2 → 2Co3O4 + 6CO2 (i)

Li2CO3 + Co3O4 → Li2O–Co3O4 + CO2 (ii)

4Li2O–Co3O4 + 2Li2CO3 → 12LiCoO2 + 2CO (iii)

XRD patterns of LiCo1−zTizO2 (x = 0.00, 0.25 and 0.5) calcined
at 900 ◦C are given in Fig. 2. Presence of sharp diffracted peaks
with higher intensity indicates that the synthesized compound is
single phase in nature. The peaks are indexed to rhombohedral
unit cell with R3m space group in hexagonal system, owing to the
strong peak located at 2θ = 19◦, and with the medium intensity
peaks located at 2θ = 36◦ and 44◦. LiCoO2 peak exhibits a good
separation between (0 0 6)/(0 1 2) and the (1 0 8)/(1 1 0) planes,
which indicates that this material is a well developed layered
structure of �-NaFeO2 belonging to R3m group [32]. LiCoO2
is less sensitive to synthesis condition due to its higher degree
of covalent bond in the CoO2 slabs, and single-phase pure com-
pound is normally obtained through solid-state reaction of Li
salts and Co oxides. The observed peak intensity matches with
the standard pattern of JCPDS 160427 and 361004. In the case
of titanium doped compounds, LiCo1−zTizO2 (0.00 ≤ z ≤ 0.50)
p

F

ethylpyrrodlidone and making it as slurry. The slurry was then
rush-coated on an aluminum foil substrate, which is pickled
n NaOH, washed with distilled water, degreased with acetone
nd dried in a vacuum oven maintained at 110 ◦C for 12 h. The
016 coin type cells were assembled in glove box filled with
nert gas (Argon) by sandwitching the prepared cathode mate-
ial with lithium metal as anode separated by a polypropylene
eparator soaked in the EC and DMC (1:1) mixture with LiPF6
lectrolyte. The cells were crimp sealed. Electrochemical stud-
es were carried out using an Autolab pgstat 30, controlled by
PES-4.9 software. Lithium foil was used as both reference and

uxiliary electrodes for electrochemical studies; hence, poten-
ials are referred to the Li/Li+ reference electrode.

. Result and discussion

TG/DTA analysis for LiCo1−zTizO2 (z = 0.00, 0.25 and 0.5)
repared by solid-state reaction method shows a weight loss
round 233.60 ◦C, which may be due to the removal of mois-
ure and entrapped water. The noticeable exothermic region of
bout 250–300 ◦C may be attributed to a reaction Li2CO3 and
oCO3 with air [30]. Weight loss occurring in the range of tem-
erature 265–280 ◦C may be attributed to the decomposition of
oCO3 leading to the formation of Co3O4, whereas Li2CO3 was

eft unaffected in the range of up to ∼700 ◦C and melts only at
23 ◦C [31]. The noticeable peak appearing around 680 ◦C (in
ig. 1) might be ascribed to the incorporation of titanium into the
ock-salt structure. This on further heating up to 900 ◦C shows
o weight loss, which indicates no further transformation and the
ompound LiCo1−zTizO2 (0.00 ≤ z ≤ 0.5) is formed. The min-
mum temperature required for the formation of LiCo1−zTizO2
eaks become slightly wider than those of LiCoO2, and the

ig. 2. XRD of: (a) LiCoO2, (b) LiCo0.75Ti0.25O2 and (c) LiCo0.50Ti0.50O2.
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Table 1
Lattice parameters calculated by least square method for LiCo1-zTizO2 (z = 0 to
0.5)

LiCo1−zTizO2 a c c/a I0 0 3/I1 0 4

z = 0.00 2.81 14.101 5.018 2.26
z = 0.25 2.809 14.142 5.035 1.98
z = 0.50 2.806 14.153 5.044 1.76

intensity of peak is decreased, which indicates the weakened
crystallization for the titanium doped materials [28]. It is also
evident from XRD pattern that I0 0 3/I0 0 4 peak intensity ratio
shows decreasing tendency with increase of titanium content.
Since the two characters of XRD patterns, i.e. I0 0 3/I0 0 4 ratio
and 1 0 8/1 1 0 or 0 0 6/1 0 2 peak splitting, are the main crite-
ria for the degree of ordering in layered structure as well as
the amount of transition metal in the inter slab space [33,34],
it suggests that the titanium substitution for cobalt compounds
has affected the cationic substitution and the crystal structure.
The lattice parameter calculated by least square method and
the values of a and c are given in Table 1. Fig. 3 shows the
lattice parameters values of synthesized materials. The values
obtained for a and c are well in agreement with the literature val-
ues [35]. Further, the titanium substitution affects the cationic
distribution of Co2+ at the 3a site. This will create the struc-

tural modification of LiCo1−zTizO2 material, which will result
in corresponding changes in electrochemical properties. All the
structures of titanium substituted LiCoO2 are basically identi-
cal, and this indicates that the introduction of titanium into a
LiCoO2 does not affect the local structure of Co, thus illustrat-
ing the possibility of partial substitution of titanium in the place
of cobalt ion in LiCoO2.

SEM images for the prepared cathode materials calcined at
900 ◦C are given in Fig. 4a–c. It can be seen that all particles are
uniformly distributed for LiCoO2. The surface of the material is
smooth. In these images, there are some interspaces among the
granular crystalline grains. When this cathode material is used
in lithium-ion batteries, they contact with the liquid electrolyte.
The liquid electrolyte can soak into the interspaces and directly
comes into contact with the crystalline grains. Thus, the Li+ in
the liquid electrolyte can easily diffuse throughout the LiCoO2
particle, which is beneficial, for good electrochemical perfor-
mance of the material at high current density [36]. Furthermore,
the texture of these prepared cathodes is not changed distinctly
during the substitution of titanium in LiCoO2. These titanium
substituted materials have also possessed similar morphology as
that of LiCoO2, but however exhibiting larger particle size.

In order to explain the particle size for the synthesized mate-
rial, the synthesized materials were subjected to particle size
analysis, the results of which are illustrated by particle size dis-
tribution in Fig. 5a and b. It is clear from figure that LiCoO
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Fig. 3. Lattice parameter values z in LiCo1−zTizO2 (0.00 ≤ z ≤ 0.5).
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ossess the average particle size of about 1.46 �m, whereas in
he case for LiCo1−zTizO2 (z = 0.25 and 0.50) the average size
f the particle is 4.026 �m, which is suitable for high-power
pplications. Furthermore, the cyclic stability of LiCoO2 with
–4 �m size particles is found to be better than the one with
–10 �m size particles as reported earlier.

The X-ray fluorescence spectroscopy (XRF) for the prepared
athode LiCo1−zTizO2 (0.00 ≤ z ≤ 0.50) is shown in Fig. 6. With
he use of this peak, we are able to account for the composition
f cobalt and titanium present in the prepared materials. The two
eaks, which are observed for both titanium and cobalt, are the
ne with the high intensity peak due to primary X-rays and the
ther one is due to secondary X-rays. In LiCoO2, the presence
f very high intensity peak for cobalt, with the absence of any
ther peaks, obviously indicates that the prepared LiCoO2 is free
rom impurities. In the case of LiCo0.75Ti0.25O2 the peak inten-
ity for cobalt is reduced with respect to the concentration of
itanium introduced. There is an equal intensity peak observed
oth for cobalt and titanium in LiCo0.5Ti0.5O2. Thus, the stoi-
hiometries of the synthesized compounds are assessed and it is
n accordance with our aimed composition.

. Electrochemical characterization

Cyclic voltammetry plays a key role in electrochemical char-
cterization studies, which enables the scanning of the potential
f working electrode in both anodic and cathodic directions. The
yclic voltammetry of Li//LiCo1−zTizO2 is performed with the
lectrolyte 1:1 EC and DMC along with 1 M LiPF6 between
.7 V and 4.2 V versus Li/Li+ electrode at the scan rate of 1 mV
nd is depicted in Fig. 7A and B. These figures obviously show
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Fig. 4. SEM micrograph of: (a) LiCoO2, (b) LiCo0.75Ti0.25O2 and (c) LiCo0.50Ti0.50O2.

three sets of peaks. The anodic peaks appeared in the voltages
range of 3.92 V, 4.06 V and 4.17 V, whereas the corresponding
cathodic peaks are at 3.89 V, 4.06 V and 4.16 V versus Li/Li+ for
LiCo1−zTizO2 (0.00 ≤ z ≤ 0.50), respectively. These results are
in agreement with literature values [37]. The lithium deintercala-
tion and intercalation may be the cause for major oxidation peak
formed at 3.92 V and the reduction peak at 3.89 V. Separation of
peaks is only 3 mV, which indicates perfect reversibility. Further-
more, two sets of low intensity peaks were observed above 4 V,
which is mainly because of order/disorder phase transition [37].
In the case for titanium doped cathode material, the sharp peaks
with high intensity are turned to broad peak one and the low
intensity peak, i.e. high voltage peaks are gradually decreasing
with respect to the increase in titanium concentration. The high
voltage peaks observed here are attributed to continuous phase
transitions and not due to anion adsorption or surface impurities
[38]. Thus titanium substitution suppresses the phase transition
peaks of high voltage.

In order to explain, further, the charge–discharge behaviour
for the prepared cathode materials was studied. Typical
charge–discharge behaviour of the synthesized compound is
shown in Fig. 8. This has been done with a current rate of
c/5 at the voltage range between 2.7 V and 4.2 V. It can be
found that, during charging, LiCoO2 delivers a charge capac-

ity of 142 mAh g−1 and a discharge capacity of 135 mAh g−1,
respectively, with the loss of 5%, while in the case for titanium
doped cathode materials, the cell capacity was gradually fading
to 113 mAh g−1 and there is a slight increase of cell voltage by
the amount of Co3+ ion replaced by Ti4+ ion. This is clearly given
in Table 2. Thus, the initial capacity fading, which is expected
in the doped LiCoO2, decreases with an increase of titanium
content. This is illustrated in the case of LiCo0.75Ti0.25O2 mate-
rial, which provides the charge–discharge of 135 mAh g−1 and
124 mAh g−1, respectively, with the loss of capacity about 8%,
which is comparable to those of LiCoO2. It is generally seen that
a decrease in specific capacity with an increase of doped titanium
was observed, i.e. from 142 mAh g−1 to 126 mAh g−1 while

Table 2
Charge–discharge capacity for LiCo1-zTizO2 (z = 0 to 0.5)

LiCo1−zTizO2 First cycle Loss of
percentage

Charge capacity
(mAh g−1)

Discharge capacity
(mAh g−1)

z = 0.00 142 135 5
z = 0.25 135 124 9
z = 0.50 115 94 22
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Fig. 5. Particle size distribution of: (a) LiCoO2 and (b) LiCo1−zTizO2 (z = 0.25
and 0.50).

charging and 135 mAh g−1 to 113 mAh g−1 during discharging.
The decrease of such specific capacity could be attributed to
the increase of inactive titanium as well as the raise of volt-
age plateau. This is further illustrated as the titanium content
is increased in LiCoO2; the deintercalation of Li+ is reduced in
the potential window studied. The initial capacity losses of the
LiCo1−zTizO2 cathodes in this work do not increase with the
increase of the extra transition metal at the 3a site as observed in
[28]. This may be attributed to the improved structural stability
during cycling and lower oxidation ability at high delithiated
state. The decrease of the capacity losses originated from lattice

Fig. 6. XRF of LiCo Ti O : (a) LiCoO , (b) LiCo Ti O and (c)
L

Fig. 7. Typical cyclic voltammogram of: (A) LiCoO2 and (B) LiCo1−zTizO2

((a) LiCo0.75Ti0.25O2 and (b) LiCo0.50Ti0.50O2).

changes and interface reaction compensate the increase of the
capacity losses caused by the extra transition metal at the 3a site
so that the initial capacity loss of the LiCo1−zTizO2 cathodes
does not show obvious changes compared to that of LiCoO2.

Fig. 8. Typical charge–discharge characteristic of LiCo0.75Ti0.25O2.

1−z z 2 2 0.25 0.75 2

iCo0.50Ti0.50O2.
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Fig. 9. Derivative graph of LiCo1−zTizO2: (a) LiCoO2, (b) LiCo0.75Ti0.25O2

and (c) LiCo0.50Ti0.50O2.

Furthermore, the excess of titanium may lower the electronic
conductivity and adversely affect the charging and discharging
efficiencies. In general titanium is electrochemically inactive in
the voltage range of 2.7–4.2 V.

The cycle stability of the cathode materials has been tested
up to 10 cycles. There is a slight fade in capacity at the initial
stages up to 10 cycles. The enhanced stability could be attributed
to the fact that phase transition is suppressed during intercala-
tion and deintercalation and this is revealed from the differential
capacity curves in Fig. 9. Among the prepared cathode materi-
als, LiCoO2 possesses sharp peaks and several small peaks in
the voltage of high region, which has suppressed by Ti dop-
ing. By the increase of titanium content from z = 0.25 to 0.5
the sharp peaks changed to a broad peaks and the small peaks
diminish gradually. The sharp peaks are due to first order phase
transition as reported in [28] and the broad ones are due to con-
tinuous phase transition. Thus, this material has no longer first
order phase but this possesses continuous phase transition for
the entire region. Moreover, in the investigated cathode material,
LiCo0.5Ti0.5O2 possessed gradually decreased capacity thereby
indicating that this composition is not optimum level of dopant
for getting good capacity, whereas the presence of high titanium
content improves the cyclability at the expense of capacity.

5. Conclusion

L

through TG/DTA, X-ray diffraction pattern, SEM, XRF and
particle size analyzer. The voltage profiles of the layered sub-
stituted oxides were monitored in the voltage range 2.7–4.2 V.
The overall capacity of the oxides was reduced due to the tita-
nium metal substitution; however, more stable charge/discharge
cycling performances have been observed, as compared with
the performances of the native oxides. The rechargeability
of the Li//LiCo1−zTizO2 cells seems better than the native
oxide because of the lack of the two-phase behaviour in
the high-voltage region. Among the composition studied
LiCo0.75Ti0.25O2 performed better than the other composi-
tions studied. This means that, for Ti4+ dopant, the optimum
level for good capacity and cyclability would be z = 0.25 in
LiCo1−zTizO2.
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