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a b s t r a c t

Nanosized rutile TiO2 has been prepared by sol–gel chemistry from a glycerol-modified titanium pre-
cursor in the presence of an anionic surfactant. The sample has been characterized by X-ray diffraction,
nitrogen sorption, scanning electron microscopy (SEM), high resolution transmission electron microscopy
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(HRTEM) and electrochemical tests. Nanosized rutile TiO2 has been electrochemically investigated using
two potential windows: 1.2–3 V and 1–3 V. It exhibits excellent high rates capabilities and good cycling
stability.

© 2009 Elsevier B.V. All rights reserved.
node material
ithium ion battery

. Introduction

New types of batteries are urgently needed to meet the press-
ng demands of future key technologies. The development of hybrid
lectric vehicles (HEV) and electric vehicles (EV) strictly depends on
he cost and availability of batteries with high energy, power den-
ities, safety and long life [1–3]. These requirements are not met
y existing batteries. New batteries having specific features such as
exible design, high power, safety as well as long cycle life have to be
eveloped. These new batteries will have better volumetric energy,
buse tolerance and power rate for both charge and discharge. Rea-
onable cost will be achieved by using proven Li-ion technology and
ow cost raw materials.

Many problems are due to the use of graphite-based anodes
xhibiting poor performances under particular operating con-
itions, i.e. low temperatures and high charge/discharge rates.
herefore there is an increasing interest in the development of
lternative anode materials with enhanced kinetics and high rate
apabilities. Anodic materials based on titanium oxides are promis-

ng candidates as alternative materials to carbonaceous anodes
ue to their advantages in terms of cheapness, safety and toxicity
even compared to other potential anodic materials). Among the
iO2 polymorphs, anatase [4–7] and TiO2(B) [8,9] are considered as

∗ Corresponding author. Tel.: +49 731 9530 601; fax: +49 731 9530 666.
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the most efficient materials. The electrochemical performance of
anatase TiO2 strongly depends on the morphology of the material
[10–14]. Moreover its performance can be enhanced by the addition
of conductive phases [15–17].

Lithium insertion into bulk rutile is negligible at room temper-
ature, but reversible Li insertion into rutile at 120 ◦C in lithium
polymer cells has been reported [4,18]. Recently, it has been demon-
strated that Li can be reversibly inserted into nanosized rutile
[19–23]. Lithium insertion/extraction into/from rutile is highly
anisotropic proceeding via fast diffusion along the c-axis channels
while Li diffusion in the ab planes is very slow. The theoretically cal-
culated diffusion coefficients for Li+ diffusion along the c-axis and
ab plane are 10−6 cm2 s−1 and 10−14 cm2 s−1, respectively [24–26].
Thus, the control of the morphology of rutile nanoparticles appears
as one of the key points for an efficient electrochemical behaviour.

Generally, rutile TiO2 is obtained by thermal treatment of
anatase TiO2. The metastable anatase phase irreversibly transforms
into rutile at temperature higher than 450 ◦C depending on particle
size and/or presence of impurities [27,28]. The formation of rutile
by annealing anatase particles leads to particle growth, which is
unfavourable for lithium insertion. The rutile structure can also
be synthesized at room temperature by precipitation in aqueous
media [20,21,23], ionic liquids [29–31] or under hydrothermal con-

ditions [32–34].

In this study, nanosized rutile TiO2 was synthesized via a
hydrolytic sol–gel route applying a glycerol-modified precursor in
presence of an anionic surfactant. Typically in sol–gel processing
simple, commercially available alkoxides are used as precursors,

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:margret.wohlfahrt-mehrens@zsw-bw.de
dx.doi.org/10.1016/j.jpowsour.2009.06.021
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Fig. 2. TEM micrographs of nanosized rutile TiO2.
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owever, diol/polyol-modified starting molecules, such as the
lycerol-modified one, have some distinct advantages, especially
ith respect to processing in the presence of surfactants [35–37].

he conditions of synthesis resulted in oriented “nano-whisker”-
haped rutile particles. The obtained material shows excellent
lectrochemical performances in terms of capacity, cyclability, sta-
ility and reversibility, especially at high charge/discharge rates.

. Experimental

.1. Synthesis of nanosized rutile TiO2

In a typical synthesis, 1.53 g (5.32 mmol) sodium dodecylsul-
ate (SDS, Merck) were dissolved in 250 mL diluted hydrochloric
cid (pH 0). To this solution, 6.4 g GMT (bis(1,2,3 trihydrox-
propyl)titanate, prepared from titanium tetraisopropoxide and
lycerol) corresponding to 26.6 mmol Ti, were added and the sus-
ension was subsequently ultrasonically treated at 60 ◦C for 2 h.
fter ageing at 60 ◦C overnight, the resulting powder was cen-

rifuged, washed with water (3 times) and dried at 60 ◦C overnight.
he sample was calcined at 400 ◦C for 4 h for complete surfactant
emoval.

.2. Structural and morphological characterization

X-ray diffraction measurements were performed using Cu K�
adiation (� = 0.154 nm) on a Siemens D5000. SEM images were
ollected on a LEO 1530 VP. Transmission electron microscopy
TEM) was performed on a Titan 80–300 kV. Nitrogen porosime-
ry measurements were performed on a Autosorb MP1 instrument
Quantachrome). The surface area was calculated according to
runauer, Emmet and Teller (BET) in the p/p0 range of 0.05–0.3
nd the pore size distribution was determined according to Bar-
ett, Joyner and Halenda (BJH) from the desorption branch of the
sotherm.

.3. Electrode preparation and electrochemical measurements

The electrodes have been manufactured by prepar-
ng a slurry with the following composition: TiO2:Super

:PVDF = 76:12:12 wt.%. The slurry was coated on an aluminum foil
s current collector using the “doctor blade” technique (thickness
50 �m) and dried at 40 ◦C/1 h. Circular electrodes were punched
rom the foil, pressed for better contact of the material and
luminium current collector and dried (130 ◦C) under vacuum

Fig. 1. X-rays diffractogram of nanosized rutile TiO2 after calcination at 400 ◦C. Fig. 3. SEM pictures of nanosized rutile TiO2.
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reproducible and versatile access to nanoscale rutile particles with
a good control of the resulting physical properties (structure and
morphology) of the material.
Fig. 4. SEM pictures of nanosized rutile TiO2.

vernight. The final electrodes have an active material loading of
mg cm−2.

The electrochemical measurements were performed using
hree-electrode cells assembled in an argon glove box (MBRAUN).

etallic lithium was used as reference and counter electrodes, glass
icrofiber (Whatman, GF/A) as separator and 1 M LiPF6 in EC:DMC

1:1 by wt.%) (UBE Industry, Japan) as electrolyte. The maximum x
n LixTiO2 is assumed to be 1 (335 mA h g−1) and thus, the charging
ates in these measurements were based on the following rela-
ionship: 1C = 0.335 A g−1. All the measurements were carried out
t room temperature using a VMP/Z (Princeton, Biologic) electro-
hemical workstation. All potentials are given vs. Li/Li+.

. Materials characterization

Generally, low temperature hydrolysis and condensation of
itanium-based precursors leads to the formation of amorphous or
natase phases, sometimes even given nanoparticulate powders.
sually the thermodynamically stable rutile phase is prepared at

he micro-scale range under severe conditions (high temperature
r hydrothermal treatment). In this work nanoscale TiO2 rutile has
een synthesized via a hydrolytic sol–gel route from a glycerol-
odified titanium precursor in presence of the anionic surfactant

SDS) at pH 0. The obtained solid was calcined at 400 ◦C/air for

omplete surfactant removal. Fig. 1 shows the XRD patterns after
alcination. All the diffraction peaks can be indexed as rutile phase
ithout the presence of other phases. The calculated cell param-

ters: a = 2.575 Å and c = 2.980 Å are in good agreement with the
eference values (JCPDS 21-1276 a = 4.593 Å; c = 2.959 Å). The result-
urces 194 (2009) 1099–1104 1101

ing sample was also investigated by HRTEM (Fig. 2). The rutile TiO2
showed a significant growth anisotropy, i.e. the whiskers revealed
a high aspect ratio with the diameter of the whiskers measuring
approximately 4–5 nm and the length exceeding 40–50 nm even
after calcination. The needles are aggregated to radial bunches,
thus forming nanowhiskers arrays. In addition, a clear preferen-
tial orientation of the growth direction in [1 1 0] can be observed
in the HRTEM images. The lattice distance of 0.32 nm corresponds
to the (1 1 0) d-spacing. The lattice distance 0.22 nm corresponds
to the (2 0 0) d-spacing. In addition, to the interesting morphol-
ogy, the nanosized rutile TiO2 exhibits a rather high specific surface
area of 181 m2 g−1. The nitrogen ad- and desorption isotherms, in
Fig. 3, can be classified as type III according the classification by
Brunauer et al. [38], which is characteristic of a non-porous mate-
rial. The SEM pictures are presented in Fig. 4. The nanosized rutile
whiskers are agglomerated to cauliflower-like aggregates of several
�m, thus favouring the contact between the active material and
the electrolyte. In summary, the applied synthesis protocol offers a
Fig. 5. Galvanostatic curves of TiO2 rutile C/5 between 1 and 3 V vs. Li+/Li. 1st cycle
(top) 2nd–6th cycles (bottom).
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ig. 6. Galvanostatic curves of TiO2 rutile at C/5 between 1.2 and 3 V vs. Li+/Li. 1st
ycle (top) 2nd–6th cycles (bottom).

. Electrochemical evaluation

The lithium insertion/extraction into TiO2 rutile can be
escribed by the following equation:

iO2 + x(Li+ + e−) = LixTiO2

he galvanostatic discharge–charge curves at current density
3.5 mA g−1 (C/5) of nanosized rutile TiO2 between 1 and 3 V vs.
i+/Li is presented in Fig. 5. The first lithium insertion leads to

capacity of about 295 mA h g−1 corresponding to 0.88 Li per
ol of TiO2. Three distinct regions can be observed during the

rst discharge. The first step of Li insertion is an initial potential
rop from OCV to about 1.4 V. The amount of inserted Li corre-
ponds to 0.15 Li per mol of TiO2. This phenomenon is commonly
bserved for nanometer sized materials. The amount of inserted

ithium during this first potential drop strongly depends on the

rystallite size and surface area of the material [10,39,40]. After
he first initial potential drop a plateau can be observed at 1.4 V
here 0.42 Li is inserted. The third part corresponds to a second

lateau at 1.1 V. Important structural changes have been observed
t 1 V by different groups. However, the exact structure of the
Fig. 7. Cyclic voltammetry for rutile TiO2 in 1 M LiPF6 EC/DMC (1/1, w/w), scan rate
0.05 mV s−1, potential window 1–3 V (top) 1.2–3 V (bottom).

obtained phase – hexagonal or cubic LiTiO2 – is still under dis-
cussion. The identification of the structural modification after the
first discharge is rather difficult due to the broadening of the
X-rays diffraction peaks during Li insertion. Chemical lithiation
by reaction of TiO2 with n-butyllithium [41] or metal lithium by
mechanical grinding [20] leads to the same controversial results.
The profile voltage during the first charge is a smooth sloped
curve ascribed to a solid solution domain reaction. No reversible
plateaus can be observed suggesting that the first lithium insertion
results in an irreversible phase transformation. A capacity loss of
60 mA h g−1 (0.18 Li) has been measured during the first cycle. The
subsequent cycles showed sloped curves typical of lithium inser-
tion/extraction in a solid solution domain. It can be seen that 0.57 Li
can be inserted/extracted reversibly corresponding to a capacity of
190 mA h g−1.

The same kind of experiment has been performed by limiting
the discharge potential cut-off to 1.2 V. In these conditions, the first
discharge is limited to the plateau at 1.4 V (Fig. 6). The limitation of
the potential leads to a lower capacity (190 mA h g−1) but also to a
lower irreversible capacity loss (35 mA h g−1). A reversible capacity
of 168 mA h g−1 (0.5 Li) can be seen in the subsequent cycles. In both
cases we can observe reversibility and high stability. The obtained
curves differ from their shape suggesting that the Li insertion pro-

ceeds in different mechanisms depending on the potential window.
After several cycles between 1.2 and 3 V the potential cut-off has
been decreased to 1 V. The second plateau occurring at 1.1 V is then
observed.
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Fig. 8. Charging rates and capacity.

Cyclic voltammetry has been carried out between 1–3 V and
.2–3 V on nanosized rutile at a scan rate of 0.05 mV s−1 for 5 cycles.
he obtained voltammograms are presented in Fig. 7a and b. The
rst cycle between 1 and 3 V shows two cathodic peaks at 1.4 and
.1 V. These peaks are ascribed to an irreversible phase transforma-
ion from TiO2 to LiTiO2. The subsequent cycles show reduction and
xidation peaks at about 1.8 V, which are consistent with lithium
nsertion/extraction in LiTiO2 [20]. An increase of the intensity of
hese current peaks upon cycling can be observed indicating better
inetics.

By limiting the cut-off voltage to 1.2 V the cyclic voltammograms
isplay the first reduction peak at 1.4 V and no distinct anodic peak
Fig. 6b). Usually, the presence of such a defined peak reveals a
wo-phases transition. In the subsequent cycles, this peak is still
resent with lower intensity. The recurrence of the peak indicates
hat the rutile structure is recovered during lithium extraction. The
eaker intensity may indicate a decrease in the crystallite size

nano-crystallization). Wagemaker et al. claimed that the phase
ransformation from nanosized rutile TiO2 to LiTiO2 involves an
ntermediate phase Li0.5TiO2 (space group P2/m) with a “rutile-like”
tructure [41], which is consistent with our findings. The formation
f Li0.5TiO2 is accompanied by a small volume increase and little
tomic rearrangement. On the contrary the second phase transition
nvolves a drastic atomic rearrangement and is not reversible. The

ifferent mechanisms for the phase transformation from TiO2 to
iTiO2 and the role of the different phases on their electrochemical
ehaviour are still a subject for further investigation.

[
[
[
[

urces 194 (2009) 1099–1104 1103

Other important parameters for electrode materials are high rate
capability and cycling stability. On Fig. 8 the voltage profile and the
discharge/charge capacity evolution of nanometer-sized rutile TiO2
at increasing current from C/5 to 30C are presented. The specific
capacity shows excellent values for charging rates up to 30C. Indeed,
the measured specific capacities are 190 mA h g−1 at a rate of C/5;
decreasing to 179 mA h g−1 at C/2, 170 mA h g−1 at C, 151 mA h g−1 at
2C, 138 mA h g−1 at 5C, 127 mA h g−1 at 10C, 112 mA h g−1 at 20C, and
finally, 100 mA h g−1 at 30C. In summary, rutile TiO2 displays high
capacities, excellent reversibility and stability upon cycling. This
high rate capability is ascribed to shorter transport lengths for both
electronic and Li+ transport as well as a higher electrode–electrolyte
contact area due to the high surface area.

5. Conclusion

The electrochemical lithium insertion into nanosized rutile
TiO2 synthesized using a glycerol-modified titanium-precursor
and an anionic surfactant as a structure-directing agent has been
investigated. It shows high charging/discharging capabilities and
remarkable stability, which makes it a promising anode material
for high-power lithium-ion batteries. These results are a further
example of the advantages of nanostructured materials in the field
of lithium-ion batteries.
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