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bDepartment of Chemistry, University of Waterloo, Waterloo N2L 3G1, Ontario, Canada.
E-mail: lfnazar@uwaterloo.ca

cInstitut des Matériaux Jean Rouxel, Ecole Polytechnique de l’Université de Nantes,
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Mesostructured titania was prepared according to Rao et al. using dodecylamine as the amine template. X-Ray

absorption spectroscopy was used to study changes in the Ti local coordination environment during formation

of the mesoporous material—starting from the alkoxide precursor, followed by hydrolysis and condensation to

form poorly crystallized anatase upon heat treatment. Neutral amine inhibits the formation of dimers prior to

the hydrolysis reaction and gives rise to a more connected local structure. The Ti site is highly distorted, with

a coordination environment ranging between Oh and D4h symmetry. A higher surface area (up to 260 m2 g21)

results when acid washing is employed to remove the surfactant template, whereas a surface area of only

80 m2 g21 is obtained when the template is removed by heat treatment. Li insertion proceeds via a pseudo-

capacitive behavior in the presence of dodecylamine (DDA), whereas an anodic peak at 1.8 V vs. Li is present

when the framework is condensed to form anatase. The incorporation of niobium atoms reinforces the

structure, and the electrochemical behavior is more stable in cycling.

Introduction

Since the first mesoporous silicon oxides were reported in 1991
by researchers at Mobil,1–7 extending this approach to transi-
tion metal oxides has been inhibited by difficulties in preparing
template-free mesoporous metal oxides analogous to silica.8–10

For applications such as heterogeneous catalysis or photo-
catalysis, Ti atoms have been incorporated into the silica
framework, either by an ion implantation method,11 or by
grafting of an organometallic complex on the surface.12–15

More recently, a mesoporous titanosilicate (Ti-HMS) was
prepared directly by the incorporation of Ti atoms into the
MCM-41 framework.16,17 Template titanium tetrabutoxide
displacement has also been used.18 Shrinkage of the pore
diameter is generally observed for high Ti loading.19 A mixed
xerogel of composition (TiO2)x(SiO2)12 x has been prepared by
the hydrolysis of tetraethyl orthosilicate in the presence of
titanium isopropoxide.20

For Ti-rich compositions, silica-free mesoporous TiO2 can
be prepared in the absence of a silica support. This may have
application in dye-sensitized solar cells,21 in fuel cells as a
porous exchange membrane for proton conductivity,22 or as a
Li-ion negative electrode.23 Various syntheses of TiO2 meso-
porous materials have been reported, including examples using
a modified ‘‘sol–gel’’ process involving titanium isopropoxide
bis(acetylacetonate) and alkylphosphate surfactants.10 Ideally,
removal of the surfactant from the materials would leave a very
large porous structure, in which the pore size distribution is
related to the size and arrangement of the surfactant within the
material. Unfortunately, complete surfactant removal from
these structures without collapse of the framework is difficult;

often it is found that the surfactant acts as stabilizing species
and cannot be fully extracted. In mesoporous TiO2 formed with
alkylphosphate surfactants, for example, there is substantial
incorporation of the phosphate head groups into the wall
structure after surfactant ‘‘removal’’. X-Ray diffraction and
transmission electron microscopy observations suggest a meso-
lamellar structure is actually achieved in these materials, not a
strictly mesoporous structure.24

To decrease any attractive strength between the surfactant
and the inorganic framework, and, to some extent, decrease the
organic residue content in the final mesoporous material,
neutral surfactants such as dodecylamine (DDA) and hexade-
cylamine (HDA) are required.8,9,25 Other structure-directing
agent may be used, such as b-cyclodextrin with urea,26 or
D-glucose.27 Low concentrations of these specially shaped
templates are sufficient to obtain mesoporous phases, but they
give rise to highly disordered pore structures. Well-defined
mesoporous TiO2 spheres can be prepared via slow hydrolysis
of Ti(OPr)4 with DDA.28 Alternatively, dispersed nanosized
titania particles may be prepared by other methods, such as
electrodeposition,29 infiltration through a 3D template,30 or
thin-film methods.23

When Ti atoms are anchored to silica walls, they exhibit Td

symmetry,11,31 whereas highly distorted Ti–O sites (mostly Oh)
are observed for Ti incorporated in HMS walls.16 To our
knowledge, no study has been performed to characterize the
intimate nature of mesoporous titania. A recent report describes
the thermal behavior of titania formed using hexadecyltrimethyl-
ammonium bromide (CTAB) as the template.32 It is found that
the titania walls are destroyed at 400 uC. Here, we use DDA as
the pore-forming agent and employ X-ray absorption spectro-
scopy to understand how the collapse of the 3D mesostructure
occurs at each step. This picture differs from the recently
reported non-assisted surfactant pathway,33 as will be shown.

{Basis of a presentation given at Materials Discussion No. 5, 22–25
September 2002, Madrid, Spain.
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Titanium oxides also have been extensively studied as
potential candidates for negative electrode materials in Li-
ion batteries.34–39 Both TiO2 and the lithium-deficient titanium
spinel Li4Ti5O4 have been studied. Compared to graphite,40

titania is a low strain battery material that fulfills safety
requirements, at the expense of exhibiting a higher discharge
potential.41 Moreover, titania is readily available, cheap, and
nontoxic. Large diffusion pathways and the high surface area
provided by a mesostructure may be an advantage for Li
diffusion, especially as electrolyte can permeate the interior of
the mesopores. Here, the Li insertion process is studied as a
function of DDA removal, viz. surface area, via heat treatment
or acid washing. The electrochemical behavior is compared
to commercially available high surface area titania. Finally,
niobium atoms are introduced in the titania walls to reinforce
the structure. Electrochemical results are reported as a function
of Nb loading.

Experimental

Synthesis of mesostructured titania

In a typical preparation, dodecylamine (DDA; 98%, Aldrich;
1.12 g, 6 mmol) was dissolved in 2-propanol (PrOH; reagent
grade; 12.02 g, 200 mmol) and titanium isopropoxide [Ti(OPri)4;
99.999%, Aldrich; 5.70 g, 20 mmol] was then added to the
mixture. After 15 min, deionized water (10.81 g, 60 mmol) was
slowly added. The hydrolysis product mixture was covered
and aged at room temperature for 18 h. The resulting white
precipitate was filtered off, rinsed with water and ethanol, and
dried at 110 uC for 6 h. In order to prepare the Nb–Ti oxides,
niobium ethoxide was added to the titanium isopropoxide
before the hydrolysis reaction, in Nb/Ti proportions ranging
from 10 to 25%.

Surfactant removal

Thermal treatment is often employed to remove surfactant
from mesostructured metal oxides, but in the case of TiO2

materials, this often results in collapse of the framework. A
leaching process to extract the amine is preferable. To achieve
this, the mesostructured, template-containing material was
dispersed in a 50 : 50 ethanol–water mixture, to which different
concentrations of HCl (10 to 50 mM) were added. Following a
short reaction time, the material was filtered off and dried as
before. The amount of residual surfactant was quantified by
elemental analysis. Experimentally, we found that up to 50% of
the initial surfactant content is removed when the sample is
stirred with 20 mM HCl for 30 min.

Ti-HMS

This material was prepared according to literature reports16

by using DDA as the neutral surfactant and ethanol as the
co-solvent. A solution of tetraethyl orthosilicate (TEOS) and
titanium isopropoxide (Ti/Si molar ratio of ca. 2%) was added
to a vigorously stirred DDA–EtOH mixture, and the resultant
solid was filtered off and treated as above.

Commercial titania

Bulk anatase (99.91%, Aldrich), nanocrystalline anatase
(Hombikat UV 1001, Sachtleben Chemie) and mesostructured
titania (Mesotech Modern Materials) were used as received.

Instrumentation

Powder X-ray diffraction (XRD) analysis was performed
on a Siemens D500 X-ray diffractometer with a diffracted
beam monochromator and Cu-Ka source. Thermal gravimetric
analysis (TGA) and differential thermal analysis (DTA) were
performed simultaneously on a PL Thermal Sciences STA 1500

thermal analysis system. Brunauer–Emmett–Teller (BET)
specific surface areas of the mesostructured samples were
determined by nitrogen adsorption techniques, using a
Quantachrome Autosorb-1 instrument.

X-Ray absorption spectroscopy

Experiments were performed at the LURE facility (Orsay,
France) using X-ray synchrotron radiation emitted by the DCI
storage ring at the D44 beam line. Spectra were collected at
room temperature in the transmission mode. For EXAFS, a
double-crystal Si(111) monochromator scanned the energy in
2 eV steps from 100 below to 900 eV above the Ti K-absorption
edge (4966 eV). Three spectra were recorded for each sample,
with an accumulation time of 2 s per point. The extracted kx(k)
spectra are displayed in Fig. 1. For XANES, a double-crystal
Si(311) monochromator was used. Two spectra were recorded
from 4950 to 5100 eV in steps of 0.25 eV, with 1 s of accumu-
lation time per point. The analysis of the EXAFS data was
performed as previously reported42 using either the program
package developed by A. Michalowicz43 or WINXAS 9744

using the amplitude and phase functions from Mac Kale or
Feff tables, respectively. It is important to note that the two
types of data treatment give very similar results. Special care
was taken in considering the number of variable parameters. At
the beginning of the procedure, for which only the Ti–O shell
was considered, the Dk and DR ranges are 12.24 Å21 and 1.0 Å,
respectively. In a second step, the other contributions of the
radial distribution function (RDF) were considered, and the
first Ti–O contribution was kept unchanged. In this case, DR~
2.1 Å. Fig. 2 allows the reader to visualize the quality of the fits.
Rutile TiO2 and Ti2O3 were used as reference materials.

Electrochemical studies

The active material was first passed through a 50 mm mesh and
then mixed with acetylene black and polyvinylidene fluoride

Fig. 1 Extracted EXAFS data for various samples. Above: (a) rutile;
(b) 460 uC TiO2; (c) solid obtained without DDA; (d) dried sample.
Below: (a) liquid without DDA; (b) liquid with DDA; (c) gel-like
sample; (d) dried sample.

3246 J. Mater. Chem., 2002, 12, 3245–3253
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(PVDF) binder (80 : 15 : 5 m.w.) in cyclopentanone. The
composite slurry was cast on a metallic nickel disc and
air-dried. Typically, each composite electrode contained ca.
2 mg of active material. The reference and working electrode
was lithium metal, and the electrolyte was 1.0 M LiPF6 in
EC/DMC (1 : 1 vol.). Swagelock-type cells were assembled in
an argon-filled glove box. An electrolyte-soaked porous glass
separator bridged the two electrodes, which were held in
intimate contact through a spring-loaded system. The cells
were cycled under ambient conditions on a multi-channeled
galvanostatic/potentiostatic system (MacPile, France). Typi-
cally, current densities of 20 and 15 mA g21 were used for the
discharge and charge processes, respectively.

Results and discussion

From liquid to solid

The results of the EXAFS fit for rutile TiO2 are in good
agreement with the crystallographic data (Table 1). As a

further check of the validity of the data treatment, the same
protocol was also used to successfully refine the Ti local order
in Ti2O3.

Ti environment prior to hydrolysis. The local Ti environment
in Ti(OPri)4 was studied and compared to that obtained after
placing the compound in an PriOH solution with or without
DDA. Fig. 3 shows the moduli of the Fourier transform
corresponding to a pseudo-radial distribution function around
the Ti atoms. The first intense peak attributed to the Ti–O
contribution is best fit with 4 oxygen atoms. The Ti–O distance
is in agreement47 with the presence of TiIV (Table 2). In the
absence of DDA, an additional shell arising from a light
backscatterer needs to be added to improve the goodness of fit.
The additional distance may contribute to a very small valency
effect if the contribution is assigned to oxygen atoms (# 0.2
valency units).

We could find no evidence of a contribution at longer
distances for Ti alkoxide–DDA mixtures, whereas an addi-
tional peak is observed when PriOH is added to the alkoxide.
This peak is fit as a contribution from Ti–Ti atoms (Table 2).
Our finding differs from previous results,48 where a Ti–Ti
correlation was found for Ti(OEt)4 and Ti(OBu)4 alkoxides,
but an oligomeric assembly was not evident for Ti(OPri)4.
Additionally, it was claimed that a short Ti–O distance of
1.76 Å is combined with a coordination of three. We have no
explanation for such a discrepancy. If we surmise that Ti(OPri)4

entities remain isolated, the FT moduli should be super-
imposable. It has also been found that the hydrolysis of
acetylacetonate-modified Ti alkoxides leads to the formation of
dimers in which six-fold coordinated Ti atoms share edges
through oxo-bridges.49 Considering two Ti(OPri)4 molecules
3.02 Å apart and rotated 90u from each other as shown in
Fig. 4, the distance from a metal atom to an oxygen atom of
the adjacent molecule is close to that obtained by EXAFS
refinement, although the calculated coordination number is
underestimated.

The fact that DDA appears to suppress the contribution
from Ti–Ti correlations suggests that condensation or dimeri-
zation does not occur in its presence. However, 15N NMR data
do not show evidence of a direct interaction between DDA and

Fig. 2 Fitted EXAFS data for (a) rutile, (b) dried sample, (c) liquid
with DDA, and (d) liquid without DDA. Points and lines represent
experimental and theoretical values, respectively.

Table 1 XAS fit results for reference samples. Crystallographic data
are reported

Sample Shell N R/Å s2/1022 Å2
Reference
or ra (%)

Rutile (lit.) Ti–O 4 1.949 Ref. 45
Ti–O 2 1.980
Ti–Ti 2 2.959

Rutile (exp.) Ti–O 6 1.96 0.57
Ti–Ti 2 2.96 0.94 2.0

Ti2O3 (lit.) Ti–O 3 2.012 Ref. 46
Ti–O 3 2.083
Ti–Ti 1 2.590
Ti–Ti 4 2.989

Ti2O3 (exp.) Ti–O 6 2.05 0.55
Ti–Ti 1 2.59 0.58
Ti–Ti 4 2.99 1.46 2.4

ar ~ [S{k3xexp(k) 2 k3xtheo(k)}2/S{k3xexp(k)}2]1/2. The commonly
accepted fitting accuracy is about 0.02 Å for distance and 15 to 20%
for the number of neighbors.

Fig. 3 FT moduli of Ti(OPri)4 (a) with DDA and (b) without
DDA. Distances are not corrected for phase shift.

Table 2 XAS fit results for Ti(OPri)4 in PriOH in the absence and
presence of DDA

Shell N R/Å s2/1022 Å2 r (%)

Without DDA Ti–O 4.7 1.84 0.29
Ti–O 1 2.4 0.64
Ti–Ti 1.2 3.02 0.81 1.6

With DDA Ti–O 4.5 1.84 0.53 1.3

J. Mater. Chem., 2002, 12, 3245–3253 3247
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Ti(OPri)4.25 DDA must weakly interact with Ti alkoxide
entities, thus inhibiting association, and acting to disperse
the Ti alkoxide and slow down hydrolysis. The mixing of the
two prior to hydrolysis is, therefore, necessary to obtain a
mesostructured framework.

Optimization of the synthesis

When the DDA/Ti(OPri)4 solution is hydrolyzed, it turns white
and a gel is immediately formed. Due to the electrophilic
character of the metal, the reactivity of metal alkoxides is quite
high for Ti compared to Si. Acetylacetonate (acac) is usually
added to slow down the hydrolysis reaction. Even with acac
addition, a gel is rapidly formed, although increasing the
amount of acac induces a decrease in crystallinity, as shown in
Fig. 5. The peak at 29 Å (2h ~ 3.05u) is characteristic of the
mesostructured material that results from using DDA as the
template.25 The peak is assigned to the (001) reflection arising
from a disordered hexagonal mesostructured arrangement of
template/oxide precursor. The incorporation of acac decreases
the observed XRD intensity, and a large amount almost com-
pletely suppresses the formation of crystalline product, giving
rise to an amorphous sample [Fig. 5(c)].

We employed several different surfactants and Ti sources in
the absence of acac to form the mesostructured products. The
resultant XRD patterns are displayed in Fig. 6. Using Ti(OPri)4

as a precursor, the surfactant DDA [Fig. 6(b)] gives rise to a
more ordered material than decylamine, [Fig. 6(a)]. The peak is
slightly shifted to a larger d-spacing when HAD is used as the

template [Fig. 6(c)], in accord with the longer chain length of
this surfactant. Comparison of Fig. 6(b) and (e) and Fig. 6(c)
and (f) reveals that using titanium ethoxide or isopropoxide in
the presence of the same neutral surfactant results in products
with similar XRD patterns. The only exception occurs with
titanium ethoxide–decylamine, which provides a more crystal-
line product [compare Fig. 6(d) to Fig. 6(a)]. Aging time and
heat treatment temperature were also optimized in a similar
manner. Diffraction peaks at higher angles are absent from
these XRD patterns, suggesting a high level of disorder in
the walls. To shed some light on the local order present in the
framework, XAS measurements were performed.

Ti local order

Near edge absorption. The features in the absorption edge
are sensitive to the immediate Ti environment. For the K edge,
the existence of a pre-edge and its intensity are closely related
to the degree of d–p orbital mixing and the departure from
a centrosymmetric environment. The edge jump corresponds
to the transition of electrons to bound excited electronic
states. For example, in a tetrahedrally coordinated Ti atom [i.e.
Ti(OPri)4], the dipolar transition gives rise to an intense pre-
edge feature [Fig. 7(a)]. More symmetric sites result in its
decrease, as illustrated in the spectra of fresnoite50 [Fig. 7(b)]
and rutile [Fig. 7(c)], where Ti atoms are coordinated to oxygen
to form a highly distorted square pyramid or an octahedral
environment, respectively.

Previous XANES studies on several TiIV-containing miner-
als established a quantitative comparison between pre-edge
intensity and energy with coordination number.51–53 Our
results confirm this trend, as higher coordination number
clearly results in a higher pre-edge energy associated with a
lower intensity (Fig. 7). The characteristics of the XANES
spectrum for the mesostructured material [Fig. 7(d)] reveal that
the Ti environment is at the border between coordination
numbers 5 and 6. The pre-edge intensity is greater than that of
rutile (Fig. 7, inset), although the three main spectral features
present in rutile are observed. These have been attributed to
3d–4p and 4p–4s transitions, based on a multiple scattering
model calculation.54 Not surprisingly, this shows that near edge

Fig. 4 Model for the Ti(OPri)4 dimer.

Fig. 5 XRD patterns of mesostructured titania prepared with acac to
Ti alkoxide ratios of (a) 0.12 : 1, (b) 0.35 : 1, and (c) 0.98 : 1.

Fig. 6 XRD patterns of mesostructured titanias prepared from (a)
decylamine and titanium isopropoxide, (b) dodecylamine and titanium
isopropoxide, (c) hexadecylamine and titanium isopropoxide, (d)
decylamine and titanium ethoxide, (e) dodecylamine and titanium
ethoxide, and (f) hexadecylamine and titanium ethoxide.

3248 J. Mater. Chem., 2002, 12, 3245–3253
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features are only sensitive to the nearest Ti–O neighbors, since
the mesostructured phase most definitely differs from the
condensed rutile phase at a longer length scale (vide infra). Note
also that the combination of pre-edge and main edge shapes
and positions allows us rule out the possibility of a mixture of
Ti atoms in both 4- and 6-coordinate environments. Further-
more, if the pre-edge features were the result of superimposed
rutile and Ti(OPri)4 or fresnoite spectra, such a mixture would
give a much more complex main edge containing at least two
well-separated features. Such features are completely absent.
Therefore the EXAFS spectra are fit assuming the presence of a
unique Ti environment.

EXAFS study. The FT modulus of the mesostructured phase
is displayed in Fig. 8. By comparison to the precursor Ti(OPri)4

(Fig. 3), significant changes occur on hydrolysis as expected
based on the modification of the coordination number and
the Ti atom environment during the reaction. The first peak
composed of overlapped contributions is fit with the three
distinct Ti–O distances [Table 3 and Fig. 8(a)]. The distribution
of Ti–O distances is consistent with a distorted site. This

provides further evidence of a strong distortion of the Ti
coordination polyhedra, leading to D3h or C4v symmetry. A
Ti–Ti contribution is also present (Table 1), along with an
additional contribution whose nature is puzzling and difficult
to disentangle, as the Dk range is rather narrow (12.34 Å21).
Possible assignments include nitrogen atoms capping the
polyhedron, oxygen atoms completing the coordination, or a
short Ti–Ti correlation. Two of these can be readily discounted.
With respect to the first, we note that nitrogen–metal coordina-
tion has been observed in a range of compounds, including
pyridine in a layered molybdenum oxide55 and in silica–titania
xerogels.20 However, we see evidence of the additional contri-
bution in our case in the absence of either DDA or acac (see
below), and thus rule out this contribution. Considering a Ti
atom as the backscatterer,56 such a short Ti–Ti distance would
necessarily correspond to face-sharing octahedra as present
in reduced oxides such as Ti2O3. No shift is observed in the
XANES spectra between the rutile and the mesostructured
phase, however, whereas the spectrum of Ti2O3 is shifted by
22.20 eV, as expected [Fig. 7(e)].57 This shows that the contri-
bution is associated with oxygen atoms and, consequently, may
explain the difficulty in assigning the coordination number as
an integer value.

The presence of DDA influences the Ti local order (Table 3),
as might be expected. The number of Ti–Ti correlations is
smaller in the absence of the neutral surfactant [Fig. 8(b)],
highlighting the role of DDA in establishing the framework
connectivity. Without DDA, the oxygen environment exhibits
a strong tendency toward C4v symmetry. These results are
different to those reported by Luca et al.33 for an analogous
material; they reported the presence of a Td site and a short
Ti–O distance of 1.85 Å. However, the presence of Td titanium
coordination was not supported by XANES.33

The pseudo-radial distribution function of commercial
mesoporous TiO2 from Mesotech is shown for comparison in
Fig. 8(c).25 This material exhibits a surface area of 630 m2 g21,
associated with an average pore size distribution of 32 Å.
The XRD suggests somewhat poor ordering of the pores.
The oxygen contribution may be described with two Ti–O
distances, slightly smaller than in our mesostructured material
(Table 3). The presence of Ti–Ti correlations indicates that,
despite its featureless XRD pattern, the Mesotech sample has
some long range order.

From the mesostructured TiO2 phase to anatase

The mesostructured assembly is retained up to 260 uC, as
shown in the XRD pattern (Fig. 9), although a decrease in
crystallinity accompanies the process. Treatment at higher
temperatures leads to the formation of TiO2 (anatase). The
corresponding thermal gravimetric/differential thermal curves

Fig. 7 XANES spectra of (a) Ti(OPri)4, (b) fresnoite, (c) TiO2 rutile,
(d) mesostructured titania, and (e) Ti2O3. The absorption has been
normalized at 5046 eV. E0 is taken at the edge of Ti metal (4966.4 eV).

Fig. 8 FT modulus of (a) mesostructured titania, (b) no DDA-assisted
material, and (c) commercial Mesotech TiO2. Distances are not
corrected for phase shift.

Table 3 XAS fit results for the materials after hydrolysis

Shell N R/Å s2/1022 Å2 r (%)

With DDA Ti–O 2.9 1.91 0.59a

Ti–O 2.4 2.06 0.59a

Ti–O 0.8 2.21 0.55
Ti–Ob 0.5 2.4 0.25
Ti–Ti 2.3 3.08 1.21 1.2

Without DDA Ti–O 3.8 1.92 0.72a

Ti–O 2.2 2.08 0.72a

Ti–Ob 1.6 2.58 0.88
Ti–Ti 1.0 3.05 0.74 1.0

Mesotech Ti–O 2.0 1.87 0.64a

Ti–O 2.7 2.00 0.64a

Ti–Ob 1.0 2.66 0.36
Ti–Ti 1.2 3.16 1.44
Ti–Ti 3.9 3.87 2.25 1.5

aDebye–Waller factors were kept equal during the fitting procedure.
bThe nature of the backscattering atom is discussed in the text.

J. Mater. Chem., 2002, 12, 3245–3253 3249
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shown in Fig. 10 (recorded in air) are similar to those recently
reported.32 The first weight loss is attributable to adsorbed
water and PriOH. The exothermic process between 150 and
500 uC is attributed to the removal of DDA by combustion.
The phenomenon at ca. 500 uC is attributed to oxidative
combustion of the remaining DDA residues, concomitant with
the formation of anatase.

Refinements of the EXAFS spectra of the heated samples
were performed, and the fits are summarized in Fig. 11. The
data shows that the oxygen environment is maintained up to
a temperature of 320 uC, with octahedral symmetry being
maintained at the Ti site. An additional long Ti–O distance that
is apparent in materials treated below 320 uC disappears at
higher temperature. This implies that the removal of DDA does
not have a significant effect on the framework. In contrast, the
Ti sites in titania/silica mixed xerogels change from Oh to Td

upon heat treatment.20

Electrochemical results

When the sample heated at 460 uC is cycled between 2.5 and
0.9 V vs. Li, the reversible capacity, Qrev, is approximately 1/2

Li per mole of TiO2, as shown in Fig. 12 (Qrev is the capacity in
the first charge). Qrev is, however, associated with an irrever-
sible response. This is due to Li ions being trapped in the
material during the first discharge. For materials heat treated
above or below 460 uC, the capacity is lower. Below 460 uC,
DDA molecules remain in the pores, resulting in a large
irreversibility (up to 60% of the total first discharge). At 515 uC,
densification occurs, giving rise to a large polarization which is
observed in the voltage–composition curves and acts to lower
the observable capacity.

To obtain a clearer picture of the processes that occur during
Li insertion/deinsertion, the electronic density curves (Fig. 13)
were examined. A Li insertion site is observed at 1.75 V vs. Li,
in accord with previous studies of TiO2.34 This reversible
process appears on the second discharge for the sample treated
at 460 uC. An additional discharge peak is observed at 1.2 V vs.

Fig. 9 XRD patterns of the mesostructured titania heat treated at (a)
25, (b) 260, (c) 460, (d) 515, and (e) 600 uC.

Fig. 10 TGA and DTA curves for the mesostructured titania.

Fig. 11 Evolution of (a) Ti–O and (b) Ti–Ti and long Ti–O distances
(see text) obtained from least-square fitting of the XAS signal. Data for
anatase are taken from the literature.58

Fig. 12 Li insertion profiles for heat-treated samples. The heat
treatment temperatures are indicated on the plots.
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Li (T ~ 515 uC), but a corresponding peak is not observed
when charging, showing that this irreversible process may be
the origin of the large polarization. After heat treatment of the
mesostructured material at 260 uC, a featureless profile is
observed, characteristic of multi-site insertion59 or the pseudo-
capacitive behavior60 displayed by amorphous materials.61 To
further characterize Li insertion, the discharge cut-off potential
was lowered. An intercalation of ca. 1 Li is reached for Vd ~

5 mV, but is associated with a dramatic increase in the
irreversibility.

The mesoporous materials in which the template was
removed by acid washing differ in their response to electro-
chemical Li insertion. In these materials, the hexagonal
mesostructural order is maintained on extraction of up to
50% of the DDA from the sample. The surface area increases
from 15 to 220 m2 g21 after template removal. Li insertion
results in a reversible capacity close to that obtained for the
460 uC heat-treated sample, but the irreversible contribution
is doubled. Thus, the open structure may be beneficial for Li
insertion, but it also has the drawback of irreversible reactions
as a result of high surface area (and residual reactive surface
groups). Li-ion uptake is proportional to DDA removal. In the
total absence of DDA during the synthesis, the reversible
capacity corresponds to 0.65 Li/Ti, but it rapidly falls upon
cycling. The Mesotech mesoporous TiO2 exhibits a low Li
insertion capacity associated with a large irreversibility.

Highly crystalline anatase exhibits a small Li insertion
capacity (0.1 Li/Ti), associated with a tremendous polarization.
The voltage profile for the Hombikat UV 100 resembles that
of the 515 uC heat-treated titania (Fig. 14). Similarly, a pro-
nounced plateau at 1.8 V is observed under discharge, accom-
panied with a small polarization. The cyclability of Hombikat
UV 100 is poor. This arises from the low voltage portion, as
exemplified in Fig. 14(b). By using a cut-off voltage of 1.5 V,
the capacity is maintained for a few cycles.

The effect of the interface on the electrochemical behavior
was examined for the different materials. A measure of the

interface is taken as the surface area, S. In a log–log
representation, the total first discharge capacity is found to
be dependent on S (Fig. 15). On the other hand, the irrever-
sible portion is not proportional to S. This shows that some
irreversible events are not only due to interface effects, but also
to irreversible trapping of Li ions. Particle size is of importance
as well. In spite of a high surface area, the Mesotech material
performance is similar to anatase, and lower than the other
materials. The Mesotech sample has an average particle size of
150 nm, whereas our sample treated at 515 uC and Hombikat
UV 100 exhibit a particle size of less than 10 nm.

Ti, Nb mixed mesostructured oxides

Niobium cations have been incorporated in the titania frame-
work to stabilize the structure.62 The samples have similar
X-ray patterns to the niobium-free materials. Our EXAFS
study shows that two Ti–O distances are present at 1.92 and
1.98 Å, slightly shorter than for the Nb-free sample. The Ti site
remains unchanged for a NbIV concentration of up to 25 wt.%
The inclusion of Nb atoms improves the reversibility of the

Fig. 13 Electronic density curves corresponding to Fig. 10.

Fig. 14 Voltage profile for Hombikat UV 100 in the voltage ranges
(a) 2.5–0.9 V vs. Li and (b) 3.0–1.5 V vs. Li, with dx/dV vs. V curves
displayed in the inset.

Fig. 15 Q1D vs. surface area for several titania materials: Mesostruc-
tured samples heat treated at (a) 260, (b) 460, and (c) 515, (d) meso-
porous titania obtained by acid washing, (e) non DDA-assisted TiO2,
(f) Hombikat UV 100 TiO2, (g) anatase (Aldrich), and (h) Mesotech
TiO2. The voltage domain is 2.5–0.9 V vs. Li.
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Li insertion process, and also the reversible capacity. This
is dependent on the voltage cut-off, as shown in Fig. 16. An
optimum value is reached for 10 wt% NbIV associated with a
cut-off voltage of 0.5 V vs. Li. For a higher cut-off voltage of
1.5 V, Nb incorporation decreases the reversible capacity. The
voltage profile is characteristic of a multi-site insertion process.

Conclusion

The formation of a mesostructured titania using a neutral
surfactant can be characterized from a local order point of
view. We find that DDA molecules inhibit the dimerization
of Ti(OPri)4 at the start. On hydrolysis, the environment
surrounding the Ti atom changes from Td to highly distorted
Oh. The presence of the surfactant, DDA, leads to a metal
oxide framework that displays a greater degree of condensation
or order, as shown by the greater number of Ti–Ti correlations.
Partial loss of the surfactant by heat treatment at 260 uC
increases the surface area from 25 to 80 m2 g21. The porous
framework collapses at higher temperatures, giving rise to the
formation of anatase. A larger surface area of 260 m2 g21 can
be accessed by using acid washing to remove the surfactant
from the pores.

Li insertion in the mesostructured materials proceeds via
multi-site filling, a characteristic of the amorphous nature of
the walls, in materials heat treated up to a temperature of
460 uC. The performance in terms of storage and release of the
Li ions is hampered by the presence of DDA, however. With
complete departure of DDA, the sample performs as well as
Hombikat UV 100, a high surface area crystalline anatase, with
a capacity of 155 mA h g21 in the 2.5 to 0.9 V vs. Li voltage
domain.
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