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ABSTRACT Implications of nanostructuring and conductive carbon interface on lithium insertion/removal capacity and insertion
kinetics in nanoparticles of anatase polymorph of titania is discussed here. Sol-gel synthesized nanoparticles of titania (particle size
∼6 nm) were hydrothermally coated ex situ with a thin layer of amorphous carbon (layer thickness: 2-5 nm) and calcined at a
temperature much higher than the sol-gel synthesis temperature. The carbon-titania composite particles (resulting size ∼10 nm)
displayed immensely superior cyclability and rate capability (higher current rates ∼4 A g-1) compared to unmodified calcined anatase
titania. The conductive carbon interface around titania nanocrystal enhances the electronic conductivity and inhibits crystallite growth
during electrochemical insertion/removal thus preventing detrimental kinetic effects observed in case of unmodified anatase titania.
The carbon coating of the nanoparticles also stabilized the titania crystallographic structure via reduction in the accessibility of lithium
ions to the trapping sites. This resulted in a decrease in the irreversible capacity observed in the case of nanoparticles without any
carbon coating.
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1. INTRODUCTION

Titanium dioxide (TiO2) has been successfully demon-
strated as a prospective material for a variety of
applications such as catalysis (1), photovoltaics (2),

and sensing (3). Recently, TiO2 (and TiO2 based materials
such as Li4Ti5O12) have also been demonstrated as promising
anodes in rechargeable lithium ion batteries (4-9). In
comparison to conventional carbonaceous anode materials,
TiO2 has a lithium insertion voltage at approximately 1.5 V,
which is far above the lithium plating voltage (∼100 mV) and
thus leading to safer lithium-ion batteries. Additionally, TiO2

is chemically stable, environmentally benign and cheap.
Among the various polymorphs of TiO2, anatase and TiO2

(B) in recent times have been extensively investigated as
anode in lithium batteries (4). Because of low packing
density, anatase (density, F ) 3.89 g cm-3) and TiO2 (B) (F
) 3.73 g cm-3) phases show higher lithium storage com-
pared to densely packed brookite (F ) 4.13 g cm-3) and
rutile (F ) 4.25 g cm-3) phases (4). However, against this
conventional thought, Dambournet et al. recently demon-
strated that rutile and brookite (porous) titania can also store
lithium equivalent to the anatase polymorph (10). Addition-
ally, nanostructuring of anatase and TiO2 (B) phases have
led to further enhancement in electrochemical performance.
Nanotubes, nanowires, and various other nanostructures of
anatase and TiO2 (B) have shown near theoretical specific

capacities () 335 mA h g-1) and improved rate capabilities
(5). The improved performance resulting out of nanostruc-
turing is ascribed to reduced diffusion path lengths for the
conducting species and larger electrode/electrolyte contact
areawhichfacilitateseasierlithiuminsertion/removal(11-13).
However, poor electronic conductivity of TiO2 (∼1 × 10-12

Ω-1 cm-1) (14, 15) compared to carbon limits it is usage in
lithium ion battery. For better rate capability, the intercalat-
ing host must be a good ionic as well as an electronic
conductor. Several opportunities exist for the optimization
of these intrinsic parameters (16-20). An often employed
approach for improving electronic conductivity has been to
optimize host particle size and shape or coat titania particle
surface either during or post synthesis with conductive
additives such as carbon. The electron transport is enhanced
primarily due to the formation of a percolating arrangement
of carbon and intercalating host (active) particles. A serious
drawback associated with nanometer sized particles is that
repeated Li insertion/removal leads to particle agglomeration
due to high surface energy. As a result benefits of the
nanoscale are lost and this is manifested via poor battery
cycling performance. The aggregation problem has been
dealt in extensive detail worldwide by several research
groups (21-23). The approach here too involves coating of
nanoparticles by a second phase material and organization
of the particles in a porous network. Furthermore, as em-
phasized by P. Novak and his co-workers, homogeneity in
the network comprising the conductive additives and inter-
calating host nanoparticles is a prerequisite for high-power
lithium batteries (24). Therefore, in situ grown homogeneous
conductive coating such as hydrothermally grown carbon
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can simultaneously solve the problems related to percolation
and aggregation associated with nanostructured lithium
insertion materials. Importantly optimization of the additive
carbon is found to be very crucial for high rate performance
as demonstrated recently in refs 25 and 26.

We report here a systematic and detailed study concern-
ing the influence of nanostructuring and carbon coating on
the lithium storage and insertion kinetics in anatase TiO2.
The problem of nanoparticle agglomeration and beneficial
effect of carbon along with trivial size effects are discussed
in the context of high current rate galvanostatic cycling
performance. A simple one-step procedure was employed
to synthesize nanoparticulate anatase TiO2 and carbon
coating was done post TiO2 synthesis using an optimized
hydrothermal method. All synthesized materials were char-
acterized using X-ray diffraction, transmission electron mi-
croscopy, thermogravimetry analysis, and N2 adsorption/
desorption isotherms. Electrochemical studies in the form
of cyclic voltammetry and galvanostatic cycling at various
current rates were done to investigate the lithium insertion
kinetics.

2. EXPERIMENTAL SECTION: MATERIALS AND
METHODS

Synthesis and Characterization of TiO2. Anatase TiO2 nano-
particles were synthesized by a simple one step method similar
to that reported in ref 27. Titanium tetraisopropoxide (TTIP,
Spectrochem Pvt. Ltd. Mumbai) was used as the titania precur-
sor. In a typical synthesis, 2.73 mL of TTIP is dissolved in 100
mL of ethanol. This transparent solution was slowly added to
100 mL of distilled water maintained at 80 °C and stirred
continuously. The reaction was continued for 1 h at 80 °C. The
resultant white product was recovered by centrifugation and
washed with deionized water and ethanol several times and
dried at 100 °C for 24 h. The dried product was further calcined
at 400 °C for 4 h under air at a heating rate of 2 °C min-1.
Carbon coated TiO2 nanoparticles were synthesized by hydro-
thermal treatment of the synthesized TiO2 nanoparticles (100
mg) in 0.2 M aqueous sucrose solution at 150 °C for 6 h. The
black product after recovery via centrifugation was washed
several times with ethanol and water. It was dried at 100 °C
and annealed at 400 °C for 4 h under N2 atmosphere at a
heating rate of 2 °C min-1. All synthesized materials were
stored in an evacuated desiccator until further usage. The
materials were designated as T100, T400, and TC400, corre-
sponding to the as synthesized product dried at 100 °C, calcined
product at 400 °C, and the carbon-coated TiO2 nanoparticle,
respectively.

The crystallographic phase identification of the products was
performed using powder X-ray diffraction (XRD; Philips X’Pert
Pro diffractometer; Cu-KR radiation, λ ) 1.5418 Å) with step
width and scan rate of 0.02 and 1.2° per min, respectively. The
particle size and morphology before and after galvanostatic
cycling was observed by transmission electron microscopy
(TEM, FEI Technai T20; accelerating voltage 200 kV). Specific
surface area (BET) and pore-size distribution were obtained
from nitrogen adsorption-desorption isotherms (Belsorp). Es-
timation of carbon content and thermal stability of TiO2 nano-
particles was done using thermogravimetric analysis (TGA,
Mettler Toledo). TGA experiments were done by heating the
sample in air from room temperature (30 °C) to 850 °C at a
heating rate of 5 °Cmin-1.

Electrode Preparation and Electrochemical
Characterization. For the working electrode, slurry of active

material was prepared with carbon black (Alfa Aesar) and PVdF
(Kynarflex) in a weight ratio of 80:10:10 in N-methyl-pyrroli-
done (NMP). The slurry was cast on a copper foil (Alfa Aesar,
thickness )0.05 mm) and dried in vacuum at 120 °C for 20 h.
The weight of active materials varied between 1.5 and 2.5 mg
for each cell. Room temperature cyclic voltammetry (CV) and
galvanostatic charge/discharge cycling were done in Swagelok
cells with pure metal Li (Aldrich) as anode, Whatman glass fiber
as separator and 1 M LiPF6 in ethylene carbonate (EC, Aldrich)
and dimethyl carbonate (DMC, Aldrich) (1:1 w/w) as electrolyte.
All cell assembly was done at 25 °C in a glovebox (MBraun)
under argon (H2O: < 0.1 ppm). The voltage ranges for CV and
galvanostatic cycling were respectively 1-2.5 V (scan rate: 0.1
mV s-1) and 1-2.5 V (versus Li+/Li). For ex situ XRD measure-
ments, requisite number of galvanostatic charge/discharge
cycling was performed at a constant current rate of 75 mA g-1.
The cells were disassembled inside argon filled glovebox and
the (charged/discharged) electrodes were cleaned repeatedly
with a solution of EC/DMC (1:1 w/w). They were dried and
stored in the glovebox until further use. Electrochemical imped-
ance spectroscopic analysis (EIS) was conducted using Alpha
Novocontrol equipment by applying an ac stimulus with 0.01
V of amplitude and no applied bias voltage in the frequency
range of 200 kHz to 10 mHz. The impedance response was
measured before cycling (at open circuit potential) and after first
discharge cycle (current rate ) 75 mA g-1). For reproducibility,
nearly three cells per sample were run simultaneously. All
electrochemical data were within (5%. All electrochemical
measurements were carried out using Arbin Instruments
(MSTAT).

3. RESULTS AND DISCUSSION
All synthesized and calcined products showed broad

X-ray diffraction peaks which can be indexed to anatase
phase with lattice parameters a ) b ) 3.7852 Å, c ) 9.5139
Å, and space group I41/amd (141) (JCPDS No. 21-1272) (see
the Supporting Information, Figure 1). In the case of XRD
(see the Supporting Information, Figure 1c) of TC400, no
peak shift was observed, suggesting the absence of chemical
bonding or reaction between the carbon material and TiO2

nanoparticles. Furthermore, no characteristic peak from
carbon was detected in XRD strongly indicating the forma-
tion of amorphous carbon. The broad diffraction peaks in
all cases are attributed to the small size of the TiO2 crystal-
lites. From the full width at half-maximum (fwhm) for the
(101) peak (2θ ) 25.50°), the crystallite size using Scherrer
equation is estimated to be approximately 5.6 nm (fwhm )
1.444°) for T100 and 10 nm (fwhm ) 0.822°) for T400 and
TC400. The formation of bigger crystallites in case of T400
and TC400 is attributed to temperature induced crystalliza-
tion. It must be mentioned here that the annealing temper-
ature of 400 °C was selected to prevent phase transitions
from anatase to rutile (28).

The nitrogen adsorption-desorption isotherms (support-
ing Figure 2a) of all the materials exhibit type IV isotherm
with type H2 hysteresis loop signifying existence of meso-
pores (29). The BET surface area of T100, T400, and TC400
are 240, 85, and 100 m2 g-1 respectively. Though the
crystallite size of T400 and TC400 are the same, the BET
surface area of TC400 is higher than T400. This is attributed
to the presence of micropores in the hydrothermally grown
carbon layer (30). The pore size distribution plot estimated
using BJH method (31) shows that the distribution of pore
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size and shape is not well-defined (see the Supporting
Information, Figure 2b). It must be noted here that the
synthesis has been carried out without any structure direct-
ing agents (such as surfactants) typically used for synthesiz-
ing mesoporous materials such as MCM41/48 (32). There-
fore, the existence of mesopores in the final products can
be reasonably attributed to the spacing between the nano-
particles comprising the aggregates. The formation of TiO2

porous aggregates is also quite evident from the TEM images
shown in Figure 1. Images a and b in Figure 1 and images c
and d in Figure 1 correspond to T100 and T400, respectively.
From the HRTEM images (Figure 1b, d), it is clear that TiO2

nanoparticles of size 5-6 nm and 9-11 nm form the TiO2

aggregates. The presence of homogeneous uniform amor-
phous carbon coating around TiO2 particles in TC400 can
be observed in the TEM images e and f in Figure 1. The

carbon shell thickness is approximately 2-5 nmm as evi-
dent from the HRTEM image in Figure 1f. The final particle
size for the carbon coated titania was 10 nm. It has been
generally observed that coating of small crystallites by a
second phase inhibits growth of the crystallites during
annealing process (22, 28). However, in the present case,
the TiO2 nanoparticles are in agglomeration with broad pore
size distribution (see the Supporting Information, Figure 2b)
prior to carbon treatment. Therefore during the hydrother-
mal carbonization process (from carbohydrates), amorphous
carbon initially starts growing in the available mesopores
and not over individual TiO2 nanoparticles. Consequently,
the TiO2 nanoparticles also start growing because of tem-
perature-induced crystallization and get coated with carbon
with the simultaneous retention of a mesoporous structure
(as evident from pore size distribution, see the Supporting

FIGURE 1. Transmission electron micrographs (before cycling) for (a, b) T100, (c, d) T400, and (e, f) TC400. The amorphous carbon shell
present in TC400 is indicated by the arrow.
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Information, Figure 2b). All the primary particle sizes as
observed from the TEM images are in fairly good agreement
with sizes estimated from XRD.

The dehydration process of T100, T400, and carbon
content in TC400 were investigated using thermogravimetric
analysis (TGA) (see the Supporting Information, Figure 3).
TGA plot shows two step dehydration processes in case of
T100, representing a weight loss of 5% (between 30-150
°C) and 4% (between 150-800 °C). The first step weight
loss is attributed completely to the physiadsorbed water on
the titania surface and the second step corresponds to the
decomposition of residual organic impurities present in
T100. However, there is only one-step weight loss in case
of T400, which signifies that the weight loss is entirely due
to physiadsorbed water. Similar to T100, TC400 exhibited
a two-step dehydration processes. The weight loss below 150
°C is attributed to the physiadsorbed water, whereas weight
loss in between 150 and 800 °C is due to the decomposition
of the amorphous carbon. The weight loss in the range
150-800 °C was estimated to be approximately 12 wt %
of the total weight.

Electrochemical Analysis and Lithium
Battery Performance Studies. Figure 2 shows the
galvanostatic charge (Li removal)/discharge (Li insertion)
profiles obtained from T100, T400, and TC400 at a current
density of 75 mA g-1 at room temperature (25 °C). The Li
ion insertion/removal reaction in TiO2 proceeds according
to the following reversible reaction: TiO2 + xLi+ + xe- S

LixTiO2. The maximum value of x ranges from 0.5 to 1
depending on the temperature and experimental conditions
(theoretical capacity of TiO2 ) 335 mA h g-1 corresponding
to x ) 1) (33-35). The kinetics of lithium insertion/removal
reaction and consequently the lithium storage capacity is not
only dependent on the crystallite size of TiO2, but it also

shows strong dependence on the conductive carbon coating.
The permeation of lithium ions to the active material TiO2

in case of TC400 takes place through the micropores avail-
able particularly in amorphous carbon layer (30). T100
exhibited a discharge capacity of 279 mA h g-1 in the first
discharge cycle, whereas it is 264 and 265 mA h g-1 for T400
and TC400, respectively. The capacities for T400 and TC400
are same owing to their identical particle size. This demon-
strates that conductive carbon coating over TiO2 nanopar-
ticles is not beneficial in enhancing the initial lithium storage
at low current rates. Structure of the storage material and
changes resulting out of nanostructuring influences initial
lithium storage. However, one observes significant changes
in cycle stability and lithium storage at high current rates
due to carbon coating. Similar to as reported for anatase TiO2

(7), here too one observes the existence of irreversible
capacity between first discharge cycle and first charge cycle
and reversible capacity between first and second discharge
cycle in all cases. However, the magnitude of loss is depend-
ent on the particle size and on carbon coating. The irrevers-
ible capacity values are 114, 101, and 90 mA h g-1 for T100,
T400, and TC400, respectively, which corresponds to Cou-
lombic efficiencies (ratio of extraction to insertion capacity)
of 59, 61, and 66%, respectively. Such irreversible capacity
loss solely due to formation of solid electrolyte interface (SEI)
can be ruled out from the single semicircle ac-impedance
spectra (supporting Figure 4) (6). After 30 cycles, the dis-
charge capacities are 137, 127, and 153 mA h g-1 with
Coulombic efficiencies of 97.6, 97.5, and 99% for T100,
T400, and TC400, respectively. It is well-known that nano-
particles possesses high surface energy compared to bulk
and can aggregate easily either during synthesis or during
the galvanostatic cycling. In the present case, the synthe-
sized TiO2 nanoparticles form porous aggregates during the

FIGURE 2. Galvanostatic charge-discharge curves of (a) T100, (b) T400, and (c) TC400 at a current density of 75 mA g-1 at room temperature
(25 °C), (d) comparison of the 30th discharge cycle profile of all materials.
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synthesis itself. In addition, repeated charge/discharge cy-
cling results in nanoparticle agglomeration effectively lead-
ing to growth of TiO2 particle size. This adverse effect is
observed in the form of gradual capacity fading in case of
T100 and T400 as shown in a and b in Figure 2 and in Figure
4. The post cycling TEM images taken after the 80th cycle is
shown in Figure 3 and provides evidence of the extent of
stability of the different TiO2 nanoparticles. It can be ob-
served from the TEM images of Figure 3a-d that TiO2

crystallites undergo further particle agglomeration accom-
panied with particle growth. Since the primary TiO2 crystal-
lite size in T400 (particle size ∼10 nm) is larger than that of
T100 (particle size ∼5.6 nm), it is expected that the cycle
stability of T400 will be better compared to T100 owing to
lower free surface energy and hence lower degree of ag-
glomeration upon cycling. In spite of lower aggregation the
degree of capacity fading for T400 is higher than that of T100

(a and b in Figure 2 and Figure 4). The poor performance in
this case can be mainly attributed to larger particle size of
T400 (lower surface:volume ratio). It is observed that TC400
(particle size ∼10 nm) exhibited superior performance in

FIGURE 3. Transmission electron micrographs (after cycling) for (a, b) T100, (c, d) T400, and (e, f) TC400. The amorphous carbon shell present
in TC400 is indicated by the arrows.

FIGURE 4. Variation in discharge capacity of T100, T400, and TC400
as a function of different current densities (0.075-4 A g-1).

A
R
T
IC

LE

www.acsami.org VOL. 2 • NO. 7 • 2091–2099 • 2010 2095



terms of cycle stability and storage capacity (Figures 2c and
4). Improved capacity retention in the carbon coated TiO2

nanoparticles is clearly due to the presence of conductive
layer coating which significantly enhances the electronic
conductivity via formation of effective percolating network
of conductive carbon around the titania nanoparticles. In
addition to enhancing the electronic conductivity it also helps
in avoiding particle agglomeration as demonstrated by the
post cycling TEM images e and f in Figure 3. TC400 retain
its initial porous aggregate nature and TiO2 crystallites are
still covered by the amorphous carbon layer after cycling.
The utility of carbon coating can also be observed in the rate
capability comparison of T400 and TC400 (Figure 4). TC400
showed better rate capability than T400 and T100. So the
combination of prevention of particle agglomeration and
carbon coating results in superior electrochemical perfor-
mance of TC400 over T400. The benefits of carbon coating
will be manifested even higher for a smaller-sized particle
than obtained in the case of TC400. We would like to
highlight here that nanoparticle agglomeration have been
demonstrated to play a very important role in determining
the cycling stability in alloy based electrode materials (e.g.,
Si, Sn, SnO2) where huge volume expansion occurs during
lithium alloying/dealloying process.

The discharge curves in Figure 2a-c can be divided into
three regions marked as ab, bc, and cd. Significant differ-
ences are observed in these regions between materials
under study. There are two distinct potential plateaus at 1.77
and 1.91 V vs Li+/Li for discharging and charging processes
respectively for all materials similar to that reported in
literature (36). In the first discharge process, the potential
decreases monotonously (region ab) and reaches the plateau
at 1.77 V (region bc) and then gradually decreases to 1 V
(region cd). However, the amount of lithium inserted in the
region ab is found to be different in the first discharge cycle
for TC400 compared to T100 and T400. Region ab com-
prises of formation of solid solution domain of anatase TiO2

and LixTiO2 and lithium storage in ab is dependent on the
particle size (12, 37). However, in the present study such
kind of precise size dependence could not be observed. The
storage of lithium for TC400 corresponding to this region
(region a3b3, Figure 2c) is 0.09 mol Li per TiO2, whereas it is
0.15 mol Li per TiO2 for both of T100 (region a1b1, Figure
2a) and T400 (region a2b2, Figure 2b). The amount of lithium
storage in this region is constant from second discharge
cycle onward for T100 and T400. The capacity loss observed
in this region in the first discharge cycle for both of T100
and T400 suggest that some of the Li ions residing in this
solid solution domain can not be retrieved in reversible
manner. In case of TC400, capacity loss in this region is
significantly less. In ref 12, it was discussed that nanostruc-
turing increases the capacity associated with region ab at the
cost of the capacity in the plateau region (region bc).
However, we observed that carbon coating over TiO2 nano-
particles in addition to an increase in particle size can
increase the lithium storage on the plateau minimizing the
lithium storage in region ab. The potential plateau region bc

signifies a two phase electrochemical reaction where phase
transition from Li-poor titanate to Li-titanate (Li0.5TiO2) oc-
curs (9, 38, 39). The width of this biphasic region corre-
sponds to the number of lithium ions inserted into the
available interstitial octahedral sites in anatase structure
based on the Faradaic mechanism and it is observed to be
dependent on the particle size (37) as well as on the carbon
coating. Cava et al. (38) and Murphy et al. (39) had shown
from neutron diffraction studies of the anatase TiO2 to
Li0.5TiO2 phase transformation that Li+ ions reside on the
octahedral sites. C. L. Olson et al. (40) also showed through
atomistic simulation techniques that the octahedral holes are
the most energetically favorable sites for lithium storage in
anatase TiO2. About 0.27 mol of Li per TiO2 is being
intercalated in the plateau region corresponding to a dis-
charge capacity of around 90 mA h g-1 in the first discharge
cycle for T400 (region b2c2, Figure 2b) and TC400 (region
b3c3, Figure 2c), whereas it is 0.20 mol of Li per TiO2 for T100
corresponding to a discharge capacity of around 70 mA h
g-1 (region b1c1, Figure 2a). Although the capacity in the
plateau region (bc) of the first discharge cycle is the same
for both T400 and TC400, a significant increase in the width
of this plateau region (bc) in TC400 can be very well observed
in the 30th discharge cycle as shown in Figure 2d. T400 and
TC400 exhibited the same discharge capacity at the plateau
probably because of their identical particle size. Nanostruc-
turing or a decrease in particle size increases the surface to
volume ratio and eventually there is a decrease in the overall
available interstitial octahedral sites for Li insertion. The
surface area of T100 (∼240 m2 g-1) is quite high compared
to T400 (∼ 85 m2 g-1) and TC400 (∼ 100 m2 g-1), and
therefore most of the atoms lie near or on the surface, which
subsequently decreases the available interstitial octahedral
sites in T100. Consequently, we observed lower lithium
storage in the plateau region of T100 compared to T400 and
TC400. After all the available interstitial octahedral sites
inside the TiO2 crystallites are filled at the potential of 1.77
V, lithium storage takes place in the sloped region in
between 1.77 to 1 V vs Li+/Li (region cd). The lithium storage
in this region is merely associated with the available surface
states of TiO2 crystallites (37). The surface layer generates
states at potentials negative from the flat band (41), so Li
ions are further inserted into the surface layer under the
influence of the external force of the electric field in the
region cd. Theoretical investigations carried out by A. Stas-
hans et al. described that with decrease in the crystallite size
the energy levels accessible to the material broaden and a
wide voltage distribution at which the electrochemical reac-
tion take place appears (42). Therefore, the discharge curve
in the region cd appears to be a long sloped region. About
0.49 mol of Li per TiO2 is being intercalated in the region cd
corresponding to a discharge capacity of 163 mA h g-1 in
the first discharge cycle for T100. For T400 and TC400, it is
0.36 and 0.44 mol of Li per TiO2 corresponding to discharge
capacities of 122 (region c2d2, Figure 2b) and 149 mA h g-1

(region c3d3, Figure 2c), respectively. We observed that with
increase in surface area the lithium storage increases in
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region cd in accordance with the reported literature (12, 37).
However, in spite of having identical primary particle size
of T400 and TC400, lithium storage in region cd is higher
for TC400. It can be anticipated that the difference might
arise because of the different amount of lithium storage in
T400 and TC400 in the initial region of the discharge, i.e.,
region ab and the occurrence of such difference is merely
because of the surface modification by the amorphous
carbon.

The cycle stability and rate capability (Figure 4) can be
described in terms of the particle size and more prominently
on the carbon coating. TC400 exhibit superior cycle stability
and rate capability in comparison to T100 and T400. It has
been observed that there is negligible change in the initial
sloped region between 1 and 1.89 V in the charging curve
upon cycling which is just the Li removal process of the Li
insertion between 1.77 and 1 V in TiO2 crystallites (Figure
2a-c), which signifies that the Li ions stored in the surface
states are highly reversible because of shorter diffusion time
required by the lithium ions to come out from the surface.
The major capacity loss in all cases is mainly attributed to
the loss resulting from the plateau region (region bc). Com-
parison of the 30th discharge cycle profile of all the materials
shown in Figure 2d indicates that the loss in the plateau
(region bc) during repeated cycling is more severe for T100
and T400 compared to TC400. During initial cycles, T400
(particle size ∼10 nm) accommodates a higher amount of
lithium ions in the plateau region (region bc) because of the
lower surface:volume ratio; because storage in the plateau
corresponds to lithium storage in the octahedral sites
(38-40), it can be interpreted that the Li ions inserted into
the bulk are gradually trapped and lose their reversibility
during cycling. Theoretical investigations have also revealed
that the connection between TiO6 octahedra is severely
distorted during Li ion insertion in the anatase framework,
which resulted in Li ion trapping (43). The beneficial effect
of carbon coating on cycle stability and high rate perfor-
mance can be observed in case of TC400 (particle size ∼10
nm) (Figures 2c and 4). The plateau region contributes 47%
of the total capacity in the 30th discharge cycle for TC400,
whereas it is 39 and 36% for T400 and T100, respectively
(Figure 2d). This relative enhancement in storage capacity
in TC400 can be explained qualitatively on the basis of
enhanced electronic conductivity and structural stability
provided by the homogeneous carbon layer to the anatase
TiO2 nanocrystallites during lithium insertion/removal. The
HRTEM image shown in Figure 3f also reflects the structural
stability provided by the carbon shell to the TiO2 nanocrys-
tallites. To further corroborate the lithium trapping phenom-
enon, electrode materials were investigated in steps via ex
situ XRD (6, 34, 35, 44) shown in Figure 5. Some new
diffraction peaks (marked by upward directing arrows in
Figure 5 at 2θ ) 23.83, 39.72, and 44.39° can be observed
in the first discharge cycle for all the materials. These can
be identified with some of the main characteristic peaks of
Li-titanate phase (LixTiO2, 0.25 e x e 0.7) (JCPDC No.
76-1974) (34, 45). It must be noted here that the broaden-

ing of peaks due to smaller crystallite size and overlapping
of peaks of anatase TiO2 and Li-titanate phase made it
difficult to identify the other peaks of Li-titanate. The Li-
titanate diffraction peaks disappeared in the first charge
cycle for all the materials signifying that the structural
changes accompanying Li insertion in the pristine materials
are completely reversible. However, the XRD pattern taken
after the 30th charge cycle for T100 and T400 shows
Li-titanate characteristic peaks which are not observed for
TC400. It can be interpreted that some of the inserted Li ions
are getting trapped gradually in T400 and T100 during
repeated cycling. On the other hand, in the case of TC400,
we believe that because of the presence of the conducting
carbon interface, the mobility (46) of the conducting species
increases, leading to minimal trapping of Li in the anatase
framework and consequently leading to disappearance of
Li-titanate diffraction peaks. We would like to mention here
that in situ structural investigations as performed in refs
46-48 would be a better alternative. However, at the
present juncture, we are unable to do such experiments, as
this is beyond our scope.

Figure 6 shows the cyclic voltammogram (CV) in the
voltage range of 1-2.5 V for T100, T400 and TC400 at a

FIGURE 5. Ex situ X-ray diffraction patterns for (a) T100, (b) T400,
and (c) TC400. The upward directing arrows indicate the character-
istic diffraction peaks of Li-titanate phase. An * corresponds to
diffraction peaks from the Cu current collector under the anode
electrode film.
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scan rate of 0.1 mV s-1. Only one pair of distinct cathodic
(insertion)/anodic (removal) peaks can be observed. Though
there are no appreciable changes in the magnitude of peak
currents, the peak separations are different in all cases. The
peak separation is lowest (0.23 V) for T100 (particle size
∼5.6 nm) which signifies that lithium insertion-removal
process is more facile in case of smaller TiO2 crystallites. M.
Grätzel and his co-workers identified that kinetically favored
“surface” states as primary sites for lithium insertion in TiO2

(49). Since the surface area of T100 is quite large (∼ 240 m2

g-1), the overpotential required for the transformation of
TiO2 to LixTiO2 is lower. On the other hand, higher peak
separation (0.41 V) is observed for T400 (particle size ∼10
nm). Though the primary particle size of TC400 is identical
to T400, the observed peak separation (0.36 V) is lower than
T400. It signifies that the carbon coating significantly re-
duces the corresponding polarization resistance of the elec-
trode/electrolyte interface in the cell. A similar phenomenon
occurring because of the carbon coating has been observed
in the reported literature (28, 50). Therefore, nanostructuring
along with conductive coating improves the performance of
lithium storage materials.

4. CONCLUSIONS
We have demonstrated here quite convincingly the role

of nanostructuring and amorphous carbon coating on the
lithium storage and insertion kinetics in anatase TiO2. The
results indicate that nanostructuring seems to be not the only
criteria for improved cyclic stability or higher lithium storage,
but coating the active particles by a conductive phase such
as the amorphous carbon can significantly influence the
performance of the active material. This is vividly observed
in the case of better cyclability and rate capability perfor-
mance of TC400 compared to T400. The carbon coating
suppresses particle agglomeration and growth and provides
better electronic conductivity. Additionally, the carbon coat-
ing influences the lithium insertion kinetics in anatase TiO2

causing facile lithium insertion-removal and provides struc-
tural stability minimizing lithium trapping sites. Higher
benefits of carbon coating can be obtained for even smaller-
sized particle than obtained in case of TC400. We envisage
that integration of a thin layer of homogeneous conductive
phase in various nanostructured (e.g., nanotubes, nanorods,
hollow/solid nanospheres, etc.) electrode materials will result

in additional improvements in the performance of lithium
ion batteries.
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