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a b s t r a c t

Titanium dioxide based tubular nanocomposites containing long-chain amines were prepared by
hydrothermal reaction of anatase with neutral surfactants, dodecylamine and octadecylamine, under
strong alkaline conditions. Morphologically pure phases are obtained after reaction times of about 50 h
at 130 ◦C. Dodecylamine derivates are structural and thermally more fragile than those with octadecy-
lamine. Under more drastic reaction conditions, 72 h at 150 ◦C, amine is segregated leading to almost
pure inorganic nanotubes or fibers for octadecyl and dodecyl derivatives respectively. The products char-
acterized by electron microscopy, X-ray diffraction, FT-IR and elemental analysis are constituted by the
hydrogen titanat H2Ti3O7. Diffuse reflectance spectra reveal the products present typical size-dependent
optical properties. The photoluminescence spectra are qualitatively similar to that of anatase dominated
ithium intercalation
ptical properties

by the presence of traps located in the band gap. The electrochemical lithium intercalation and lithium dif-
fusion coefficients of the products were studied by intermittent galvanostatic method and galvanostatic
pulse relaxation technique respectively. Products were tested in a lithium cell using the nanocompos-
ites as the active material of the positive electrode. The hybrid dodecylamine derivative shows a first
cycle irreversible capacity of 219 mAh/g, and a capacity of 113 mAh/g after the 7th cycle which results
improved in comparison with those reported for H2Ti3O7 electrodes, thus pointing to a protective effect

of the amine.

. Introduction

Titanium dioxide is one of the best-known transition metal oxide
aterials. TiO2 has been extensively studied because of its excel-

ent properties, among others, chemical stability, low cost, and no
oxicity [1], as well as of its numerous applications, for instance, in
hotocatalysis [2] and energy conversion and storage [3].

Most prominent uses of this wide-gap semiconductor are
trongly related to the energy of its valence and conduction bands.
he photoexcitation of electrons from low laying valence band gen-
rate strong oxidant sites able to oxidize water and many organic

ompounds able to participate in photocatalytic processes useful,
or instance, in water and air pollution remediation [4]. Rather low
aying TiO2 conduction band is in turn a good electron acceptor.
his band may be easily populated, by chemical or electrochemical
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processes, thus generating electron donor centers able to par-
ticipate in diverse chemical redox reactions and charge transfer
phenomena, for example, in those involved in energy conversion
by dye-sensitized TiO2 based solar cells [5,6] or in the use of this
oxide as electrode in lithium–ion batteries [7,8].

Important variables in the development of new, improved mate-
rials for most TiO2 applications are both the size and shape of
the particles. In the case of optical and catalysis processes, which
are intrinsically surface phenomena, large surface to volume ratios
are essential for obtaining high quantum yields and conversion
efficiencies [9–11]. In electrochemical processes, where high elec-
tron and mass transport rates are needed, small particles with
high surface areas appear to be also important, especially in the
case of isolator oxides like TiO2 where both electrical conduc-
tivity and lithium diffusion coefficients are rather low. Indeed,
one-dimensional (1D) TiO2 based nanomaterials have revealed to

be interesting as active materials for potential applications [9,12,13].
So much work on the preparation of nanotubes and nanowires,
generally obtained by strong alkaline treatment of precursors like
anatase or rutile under hydrothermal conditions, has been reported
[14–16]. However, studies on an eventual role of surfactants as

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:ggonzale@uchile.cl
dx.doi.org/10.1016/j.electacta.2009.05.010
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tructure director, successfully used for instance in oxides like V2O5
17], are in the case of the titanium dioxide still scarce [18]. Recently

uch attention has been paid to electrodes composed of titanate
anostructures which because of their layered structures are excel-

ent hosts for lithium–ion intercalation, providing short path length
or electron and lithium–ion transport, as well as of their good
esponse to the strain of insertion–extraction process [19]. Large
nitial discharge capacities of H2Ti3O7 based titanates, nanotubes
nd nanowires, which are near to the theoretical value of 1 mol
ithium per mol TiO2, has been reported [19–23].

In this work we describe some optical and electrochemical prop-
rties of H2Ti3O7 organic–inorganic nanostructured composites
repared via the reaction of anatase with NaOH in the presence
f the long-chain neutral surfactants, dodecylamine (DDA) and
ctadecylamine (ODA), that with the aim of evaluating its potential-

ty as materials for eventual photocatalitic or lithium-based energy
torage applications. H2Ti3O7 tubular nanostructures prepared by
he methods described here are hybrid products containing amine
hich present both optical behavior and lithium uptake capacity

imilar to those of anatase nanostructures.

. Experimental

.1. Syntheses

0.4 g Anatase (Aldrich) with an equimolar amount or amine
DDA and ODA Aldrich 98%) were treated with 5 mL of 10 M NaOH
Merck) aqueous solution. Resulting suspensions poured in a Teflon
ined autoclave were hydrothermically treated during different
imes, typically 12, 30, 48 and 72 h, at temperatures in the range
20–150 ◦C. Resulting solid white products were separated from
he suspension by centrifugation, stirred in 0.1 M HCl for 24 h,
ashed repeatedly with deionized water until pH 6, and finally
ried under vacuum (10−3 Torr). The products were analyzed by
-ray diffraction analysis (Siemens D-5000, Cu-K radiation), FT-IR

Bruker Vector 22 Fourier transform infrared spectrometer in the
ange 4000–250 cm−1 using KBr), SEM (Phillips XL-30), TEM (JEOL
00-SX, and FEI Tecnai F20) and elemental analysis (SISONS ES-
108). Elemental analysis for selected samples: DDA 130 ◦C, 48 h:

Found (calculated for (H2Ti3O7)(DDA)0.4): C: 16.74 (16.75); H:
.63 (4.63); N: 1.88 (1.63). ODA, 130 ◦C, 72 h: % found (calculated
or (H2Ti3O7) (ODA)0.55·H2O): C: 23.73 (23.73); H: 6.56 (6.56), N:
.55 (1.54). ODA, 150 ◦C, 72 h: % found (calculated for (H2Ti3O7)): C:
.31 (0.00); H: 1.22 (1.20), N: 0.16 (0.00).

.2. Optical measurements

The diffuse reflectance UV–vis spectra were recorded using a
himadzu UV–vis spectrophotometer, 2450 PC model, equipped
ith an integrator sphere. Barium sulfate was used in all cases

s reference material, and spectra were recorded in the range of
00–800 nm with an aperture of 0.1 nm and media scanning speed
t room temperature. Reflectance measurements were converted to
bsorption spectra using the Kubelka–Munk function. The photolu-
inescence (PL) spectra were recorded at room temperature using
PerkinElmer spectrofluorometer, MPF-2A model. This spectrom-

ter is equipped with a 150 W xenon lamp source, emission and
xcitation monochromator, and photomultiplicator tube (R-106).

.3. Electrochemical measurements
Working electrodes were prepared by pressing about 2–3 mg of
mixture of the sample with 15 wt% of pure carbon powder as con-
uctive assistant material on a 0.3 cm2 gold mesh. A piece of 7.5 mm
hin lithium ribbon was used as both counter and reference elec-
rode. Electrodes were separated by glass fiber soaked in 1 M LiPF6
cta 55 (2010) 1373–1379

ethylene carbonate/dimethyl carbonate v/v electrolyte solution.
The cells were assembled in a dry argon-filled globe box and kept
hermetically sealed during the experiments. Intermittent galvano-
static discharge studies were performed at room temperature using
a current density of 150 �A cm−2 (Autolab Potentiostat-Galvanostat
12). The amount of intercalated lithium was determined coulom-
metrically. Quasi-equilibrium potentials were measured stepwise
(1 h intercalation followed by 10 h rest under open circuit con-
ditions) and referred to the Li/Li+ electrode. Lithium chemical
diffusion coefficients in samples were determined in the same
cell by the galvanostatic pulse relaxation technique [24] at differ-
ent temperatures in the range 15–40 ◦C. In these experiments, a
constant current (i) is applied for a short time (�), thus produc-
ing a concentration excess (� mol/cm2) of lithium on the surface
of the titanat electrode. After interrupting the current, the time-
dependent relaxation of the voltage (E) is measured. In order to
meet the boundary conditions relevant to the solution of the dif-
fusion equation, especially the semi-infinite boundary condition,
the duration of pulse has to be short compared to l2/2D where l is
thicknesses of the electrode and D the diffusion coefficient. Consid-
ering working experimental conditions – current pulse durations
(�) of 5–10 s and planar disk electrodes with thicknesses (l) in the
range 0.02 mm – and assuming a low diffusion coefficient, D, for
the intercalated lithium, the following relation was used for the
determination of the lithium chemical diffusion coefficient in the
samples:

nF(E − E0) = RT ln

{
[C0 + �(�Dt)1/2]

C0

}
with � = i�

nFA
,

where n is the number of electrons per lithium mol reduced, F the
Faraday constant, E0 the voltage of the unperturbed electrode, C0
the concentration of lithium in the solid, and A the surface area of
the electrode.

Charge/discharge cycles at room temperature were performed
at 70 mA/g (Arbin Instrument College Station, USA) with cut-off
voltages of 1.0 and 3.0 V (versus Li/Li+).

3. Results and discussion

3.1. TiO2-based hybrid nanotubes

The hydrothermal treatment of anatase under alkaline con-
ditions, NaOH 10 M, in the presence of long-chain alkylamines
leads to a series of products with composition and morphology
which depend on both temperature and duration of the treat-
ment as well as on the nature of the amine. In general, at short
reaction time (<12 h) and low relatively temperatures (<130 ◦C),
mixtures containing pristine anatase and other not always identifi-
able nanostructured products are obtained. Reactions performed
in absence of amine or using short-chain amines lead to prod-
ucts mainly containing particles, fibers, or rods. However the use
of longer amines leads to the formation of tubular species in good
yields.

Best results, considering the purity of the phases and the
morphological homogeneity of the structures, are obtained using
amines with alkyl chains larger than 12 carbon atoms, at tempera-
tures of about 130 ◦C, and reaction times equal or longer than 40 h.
Under these conditions it is possible to obtain pure phases con-
taining tubular organic–inorganic nanocomposites. Therefore we
focused our attention on the products formed in the presence of

dodecyl (DDA) and octadecyl amine (ODA). At temperatures higher
than 130 ◦C, the morphology and the composition of the prod-
ucts using these two amines are however different. As may be
observed in Fig. 1, the formation of nanostructures in the pres-
ence of DDA is extremely sensible to both, the temperature and
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Fig. 1. TEM images of products obtaining in presence of DDA at 130 ◦C at different reaction times: (a) 30 h, (b) 48, and (c) 72 h.
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As observed in Fig. 4, the XRD patterns of the nanotubes pre-
pared with either DDA or ODA at 130 ◦C are similar. In spite of the
rather low crystallinity of the samples, reflections which may be
assigned to the species H2Ti3O7 [22] are detected. Elemental analy-
ig. 2. Nanotubes prepared in the presence of DDA at 130 ◦C and a reaction time o
fter 10 min sonocation in ethanol.

he heating time under hydrothermal conditions. In general, pure
hases were obtained only at reaction times longer than 40 h.
hus the product obtained at 130 ◦C after 30 h (Fig. 1a) contains
mixture of tubes, particles and pseudospherical arrangements.

t reaction times in the range 40–50 h unique phases entirely
onstituted by tubular species as those illustrated in Fig. 1b are
btained. Yields are practically quantitative. Something similar
ccurs in the reaction performed in presence of ODA. In this case,
morphological pure phase constituted by spheres with diameters

n the range 150–350 nm is apparent. However, X-ray diffraction
nalysis of the samples indicates the product corresponds to a mix-
ure of species, principally H2Ti3O7 nanotubes and its precursor
natase. So in this case, similarly to the reaction in presence of
DA mentioned above, the transformation of anatase into nan-
tubes appears to be completed only after 40 h reaction. There
re however differences between the products prepared with DDA
nd ODA.

Nanotubes prepared with DDA are rather homogenous showing
xternal and internal diameters of 10 ± 0.5 and 7.2 ± 0.5 nm respec-
ively. Comparing Fig. 2a and b, which correspond to the same
roduct before and after sonicating the sample during 10 min in
thanol respectively, it may be realized that the tubes are rather
ragile. Moreover, the conditions under which these nanotubes may
e isolated as a pure phase appear to be rather singular. Indeed

onger reaction times make the tubes begin to collapse. So at 72 h a

ixture containing majority fibers is obtained (Fig. 1c).

Nanotubes prepared with ODA (Fig. 3) are mechanically and
hermally more stable than those obtained in the presence of DDA.
ndeed they may be obtained in a wider range of reaction times,
nd their tubular morphology is preserved up to reaction times of
: (a) SEM image of as prepared nanotubes and (b) TEM image of the same product

72 h. Indeed TiO2-based tubular species are also produced at 150 ◦C
when prepared in the presence of ODA.
Fig. 3. TEM image of nanotubes obtained in the presence of ODA at 130 ◦C during
72 h.
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3.2. Optical properties
ig. 4. X-ray diffraction patterns of nanotubes obtained in the presence of: (a) DDA
1-0192 [34]; H2Ti8O17 36-0656 [35]; Anatase, 83-2243 [36].

es show that the products are TiO2-amine nanocomposites which
ay be described by the general formula H2Ti3O7(amine)x with
between 0.12 and 0.5. A typical FT-IR spectrum of these prod-

cts is that displayed in Fig. 5, spectrum (a) corresponding to the
DA derivate. The absorption bands �(N–H), �(C–H) and ı(N–H)
ssignable to the amine may be clearly detected in the spectra
greeing with such a formulation. The fact that the presence of
mine does not alter essentially the X-ray diffraction pattern of the
2Ti3O7 nanotubes permits to conclude the organic component has

o be inserted inside the tube but not in the interwall spaces.
As mentioned above, when the preparations are performed

nder more drastic conditions, about 70 h at 150 ◦C, the use of
DA leads only to fibers and wires. Meanwhile in the reaction
erformed with ODA, a practically quantitative formation of nan-
tubes is achieved. The X-ray diffraction pattern of this product

s displayed in Fig. 4b. Although this product appears to be much
ore crystalline than that obtained at 130 ◦C, their XRD patterns are
ualitatively similar. In both cases, reflections corresponding to the
-titanat H2Ti3O7 are observed. However, in the product prepared

n presence of ODA at 150, dehydration products as H2Ti8O17 and
natase are also detected (Fig. 4b). Another important difference
etween the products obtained with ODA at 130 and 150 ◦C is the

ig. 5. FT-IR spectra of nanotubes obtained: (a) in the presence of DDA at 130 ◦C
uring 48 h and (b) in the presence of ODA at150 ◦C during 72 h.
DA at 130 ◦C and (b) ODA at 150 ◦C. Peak labeling from data-base JCPDS: H2Ti3O7,

composition. Both FT-IR spectrum and elemental analysis indicate
that the nanotubes obtained at 150 ◦C, contrarily to those prepared
at 130 ◦C, do not contain amine. In order to test the role of the ODA in
the formation of tubular species, the same experiment, 70 h, 150 ◦C,
but without amine was performed. As observed in Fig. 6, only the
formation of fibers was observed.

Results described above show that the first step in the formation
of tubular nanostructures under strong alkaline conditions always
consists in the formation of alkali titanates as being abundantly
established in the literature [25–27], independently of the pres-
ence of the amine described here. The role of the amine appears
to be essentially related to the stabilization of new phases like the
spheres and the tubes containing amine as well as of the conven-
tional nanotubes which, under the same conditions but without
amine, leads principally to fibers.
Besides the exploration of the synthetic strategies leading to
new nanostructured products in the form of nanotubes functional-
ized with the insertion of amines described above, it is interesting

Fig. 6. TEM image of the product obtained at 150 ◦C during 72 h in absence of amine.
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ig. 7. Diffuse reflectance spectra of TiO2 anatase and nanotubes after a
ubelka–Munk transformation (room temperature). The inset shows the (K/Sh)2 vs.
, the intercept in h gives Eg values.

o analyze the optical properties of these nanocomposites; that in
rder to know if the presence of the amine alters significantly the
lectronic structure of the products. In the case of inorganic semi-
onductor derivatives, such studies are normally centered on the
ize-dependent optical properties, especially in the determination
f the optical gap, as well as the photoluminescent properties of the
roducts.

In Fig. 7 are reproduced the diffuse reflectance spectra, after
ubelka–Munk transformation [28], of a series of the products
btained during this study are compared with that of the pris-
ine anatase. Although the shape of the spectra is in general the
ame, notorious differences in the absorption edges are observed.
s expected, all these products behave as “quantum” materials in
hich the most prominent property is the displacement of the

bsorptions towards higher frequencies with decreasing size of the
article. Such an effect may be interpreted as a result of the vari-
tion of the band gap with the reduction of the particle size. It is
ell known that in particles with sizes in the order of the nanome-
er, a situation that can be seen as a frontier in the transit from
he band description in conventional solids to the discrete energy
evels proper of molecular species occurs; it is expected the optical
ap should increases with decreasing particle size. An evaluation of
he optical gap in the different products may be made from the plot

ig. 8. (a) Photoluminescence spectra of the TiO2 anatase and nanotubes with excitatio
pectra of TiO2 anatase.
cta 55 (2010) 1373–1379 1377

(K/Sh)2 versus energy displayed in the inset of Fig. 7. The absorption
edge energy or optical band gap (Eg) corresponds to the intersection
point between the baseline along the energy axis and the extrapo-
lated line from the linear portion of the threshold. In all the cases
the product absorption edges of the nanostructured species present
characteristic blue shifts respect to that in the micrometric anatase.
Interestingly, the band gap values observed for all tubular struc-
tures result to be similar, independently of their amine content,
thus agreeing with the nature of the inorganic component which is
the same in all these products.

In Fig. 8a may be observed the photoluminescence (PL) spectra
of the products analyzed in this work. All spectra were performed
under similar conditions, using an excitation wave length of 300 nm
(4.13 eV). The samples exhibit a strong, wide PL signal in the range
350–550 nm. As shown for anatase as a typical example in Fig. 8b,
the fitting of experimental PL spectra using seven Gaussian curves
indicates the presence of different emission states. In the spectrum
of anatase, the small band observed at about 393 nm (3.15 eV) is
attributed to the emission band edge of free excitation (excitonic
emission). This band is blue shifted in the nanotubes, agreeing with
observed UV–vis spectra commented above. Two peaks of higher
intensity centered at 423 and 486 nm are attributed to emissions
arising from traps located in the band gap, which in turn mainly
result from surface defects type oxygen vacancies [29,30]. It is
interesting to observe that in all the cases the spectra of obtained
nanostructured products are similar to that of the pristine anatase.
In each of them practically the same features, number, location and
structure of the bands, are observed; they only differ in the inten-
sity of the bands. Like in anatase, the emission corresponding to
the direct transition is practically not observed, only a low inten-
sity shoulder at high energy could be considered to arise from direct
recombination. Such behavior indicates that the nature of the traps
is the same in all the products, i.e. defects in the inorganic com-
ponent of the nanostructures present in the pristine oxide which
do not varied with the treatment used for the preparation of the
products. That is certainly possible considering the relatively soft
method used in the preparations.

3.3. Electrochemical insertion of lithium in H-titanat
nanocomposites
The variation of the quasi-equilibrium potential of the cou-
ple Li/Li+ with the amount of intercalated lithium for studied
nanocomposites, (H2Ti3O7)(DDA)0.4 and (H2Ti3O7)(ODA)0.55·H2O,
is reported in Fig. 9. As observed, a change in the potential of about

n at 300 nm. (b) Deconvolution in six Gaussian curves of the photoluminescence
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ig. 9. Insertion of lithium into tubular hydrogen titanat nanocomposites. Quasi-
quilibrium discharge voltages for nanotubes containing: (a) dodecylamine DDA
nd (b) octadecylamine ODA.

.0 V is produced after the intercalation of 1 mol lithium per mol
quivalent TiO2. The variation of the voltage with the amount of
nserted lithium is rather similar for both, DDA and ODA deriva-
ives. That agrees with the fact that the inorganic environment of
ithium ion in both systems is the same, because, as discussed above,
he organic component in the composites is located in the cen-
ral cavity of the nanotubes. However, some slight differences are
bserved in the range between 0.2 and 0.35 mol lithium per equiva-

ent TiO2. Indeed in the curve corresponding to the tubes containing
DA (curve b in Fig. 9) there are some slope changes which could
e interpreted as consecutive phase changes probably produced by
eorganization of the amine and/or the presence of water in the
roduct.

The diffusion of lithium in both DDA and ODA H2Ti3O7 (amine)x

ybrid nanotubes also shows differences. In Fig. 10 is shown the
ariation of the chemical diffusion coefficients with the temper-
ture for these two nanocomposites, both intercalated with the

ame amount of lithium, 0.1 mol lithium per equivalent TiO2. The
omparison of the values, 2.98 × 10−13 and 6.8 × 10−12 cm2 s−1 cor-
esponding to the products with DDA and ODA respectively, with
hose reported by Liu et al. for Li+ ion insertion in nano-sized

ig. 10. Chemical lithium diffusion coefficients of lithium in organic–inorganic H-
itanate nanotubes containing: (a) dodecylamine (DDA) and (b) octadecylamine
ODA).
Fig. 11. First discharge–charge curves of hybrid organic–inorganic H-titanate nan-
otubes containing: (a) dodecylamine (DDA) and (b) octadecylamine (ODA).

TiO2 (anatase) electrodes, 2.9 × 10−17 [31] shows that the former
are encouraging higher. Interestingly, lithium diffusion appears to
be somewhat favored in the compound with the longer amine.
The diffusion occurs in the nanotube walls; however, because the
large surface area/“bulk” ratio in this kind of structures, it can be
expected that the diffusivity of lithium is also affected by inter-
actions involving the inner surface of the tubes. Thus, a relatively
more disordered arrangement of the organic component inside the
tubes, due to a longer hydrocarbon chain, and the presence of water,
apparently induced by the insertion of a longer amine, could be the
reasons of the different diffusion coefficients observed in these two
products.

The first discharge–charge curves for samples of the tubular
nanocomposites (H2Ti3O7)(DDA)0.4 and (H2Ti3O7)(ODA)0.55·H2O
described here are displayed in Fig. 11. H2Ti3O7 nanotubes are mul-
tilayered structures in which inter-wall spaces as well as outer
and inner surfaces are covered with hydroxyl groups [32]; there-
fore, an irreversible reaction of these groups with lithium leading
to a pronounced initial capacity loss is expected. As reported by
Zhang et al. [20], as prepared H2Ti3O7 nanotubes present a first-
cycle irreversible capacity of 142 mAh/g. This capacity loss, which
is higher than that of titania nanoparticles [31,33], is reduced to 113
and 88 mAh/g when the samples are annealed to 200 and 300 ◦C
respectively pointing clearly to the benefit effect of the loss of
water on the capacity of these materials. The irreversible capac-
ity of the DDA and ODA derivatives observable in Fig. 11 accounts
94 and 136 mAh/g respectively. Interestingly, the capacity loss in
the first cycle for the DDA composite (curve a in Fig. 11) results
to be lower than that already mentioned for the purely inorganic
as prepared H2Ti3O7 nanotubes [20], thus pointing to a protective
role of the amine against the reaction of lithium with the hydroxyl
moiety in the product. However, the ODA nanocomposite displays
an irreversible capacity which is comparable to that of as prepared
H2Ti3O7 nanotubes reported by Zhang et al. [20]. The fact that ana-
lytical determinations indicate that the nanotubes containing ODA,
contrarily to those with DDA, retain water in its structure, agrees
with the effect of water in the irreversible capacity of the material
in dynamic discharge/charge processes.

In Fig. 12a and b is shown the variation of the capacity in the
first and following 6 cycles for the products containing DDA and
ODA respectively. The compound with ODA loses about 64% of its

capacity in the first cycle. After the 7th cycle it reaches a value of
59.4 mAh/g (72% loss respect to the initial capacity). Meanwhile the
loss of capacity of the DDA compound results to be comparatively
much lower, 33% (72.4 mAh/g) in the first cycle and 48% (113 mAh/g)
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ig. 12. Discharge/charge profiles of hybrid H-titanate electrodes: (a) dodecylamine
DDA) and (b) octadecylamine (ODA).

fter the 7th one. During following cycles the capacity of the prod-
cts slowly decreases, showing, after the 20th cycle, values of 110
nd 55 mAh/g for the nanocomposites containing DDA and ODA
espectively.

From results discussed above it is apparent that the length of
he amine carbon chain plays a role in the electrochemical behav-
or of the tubular H2Ti3O7-amine nanocomposites described here.
he effects possibly occur directly altering the order in the struc-
ures and/or influencing the activity of the inner surface of the tubes
s well as indirectly determining the amount of water retained by
he structures. In order to get a better comprehension these issues
nd thus enhancing the possibility of formulating and attaining
rganic–inorganic nanocomposites with improved electrochemical
roperties, further experiments using other organic components,
eactions conditions, and post-synthesis treatments are in progress.

. Conclusions

The addition of appropriate long-chain amines to the reac-
ion generally used for preparing nanostructures based on the
ydrogen-titanate H2Ti3O7 leads to nanotubes which contain
mine incorporated in their structures. The products are a new kind
f functionalized nanostructured TiO2-based species. The type of
tructures, the purity of the phases, and the content of the organic
omponent may be regulated by selecting both the reaction con-
itions and the length of the amine. The hybrid nature of these
tructures opens a new window in the applications of this wide
ap semiconductor frequently used in fields like photocatalysis and
nergy storage and conversion.

The functionalization of TiO2 with the amine appears to be a
oft process in which the essential characteristics of this oxide are
onserved. So the electronic spectra of these nanocomposites result
o be similar to those of the nano- or microparticles, but showing
bsorption band edges shifted to higher energies, according to the
haracteristic size of the nanotubes, independently of the nature
f the amine. The similitude of the optical behavior of TiO2 micro
nd nanostructures is also appreciated in the photoluminescence
pectra of the materials. All features characteristic of anatase may
e observed at the same wave length in all these nanostructured

roducts. The spectra are dominated by emissions arising from the
resence of traps possibly located in the common inorganic com-
onent in all these structures.

The TiO2 based hybrid tubular nanostructures are also able to
ost lithium up to about one lithium mol per equivalent TiO2. How-

[
[

[
[
[
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ever, the potential response to the intercalation of lithium of the
nanocomposites results to be not the same for both derivatives.
With the longer one, ODA, compositional and structural changes or
disorders affecting both, the equilibrium voltage and the reversibil-
ity of the charge/discharge process are apparent, so the loss of
capacity in the first cycle results about twice of that observed for the
dodecylamine nanocomposite. Moreover, the irreversible capacity
of the DDA nanocomposite results to be lower than that reported
for as prepared H2Ti3O7 nanotubes [20], a fact that could reflect a
stabilizing effect of the organic component.

The method described here successes in functionalizing TiO2
under conditions which are soft enough for maintaining the elec-
tronic structure of the pristine oxide in spite of the hybrid nature
of the products.
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