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a b s t r a c t

Sn-doped In2O3 [indium tin oxide (ITO)] nanotubes, about 250 nm in diameter and 2–5 �m in length,
were prepared via a simple template method with 2-methoxyethanol as solvent. The hydrogen bond
interaction between 2-methoxyethanol and the metal-alkoxide formed by reaction of metal ions with 2-
ccepted 21 May 2010
vailable online 27 May 2010
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methoxyethanol played an important role in fabricating intact ITO nanotubes. Additionally, the suitable
concentration of 2-methoxyethanol (1–1.5 mol L−1) was necessary to prepare intact ITO nanotubes with
smooth surfaces in this method. At room temperature, the synthesized ITO nanotubes exhibited strong
PL emission at 473 nm, indicating a high level of oxygen deficiencies in the ITO nanotubes.

© 2010 Elsevier B.V. All rights reserved.
-Methoxyethanol
etal-alkoxide

. Introduction

Since the first report on the discovery of carbon nanotubes,
arious nanotubes with different compositions have been syn-
hesized, such as TiO2 [1], SnO2 [2], V2O5 [3], and ZnO [4], for
he enhanced properties compared with their corresponding bulk

aterials. For instance, nanotubes have large inner volumes, which
an be filled with various desired chemicals, biochemicals or gas
pecies, ranging in size from small molecules to proteins [5,6].
dditionally, nanotubes have open channels, which makes the

nner surface accessible and subsequent incorporation of species
ithin the tubes particularly easy [7]. For synthesis of nanotubes,

emplate-based strategies have mainly been applied for their sim-
le processes using metal and organic crystals, the tobacco mosaic
irus [8], and carbon nanotubes as templates. Especially, porous
embranes have widely been used to prepare nanotubes. Typically,

anoporous anodized aluminum oxide (AAO) template is mostly
sed for the deposition of a variety of materials composed of metals,
emiconductors, polymer, carbon [9–13] etc.
Indium tin oxide (ITO) as a transparent semiconductor has
ttracted intense interests because of its potential applications in
elds of optoelectronic devices, flat-panel displays, organic light
mitting diodes and solar cells [14–17]. However, the literatures
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on ITO nanotubes are scarce by comparison with the large stack
of works devoted to ITO films or nanowires [18,19]. It is therefore
imagined that many current applications for ITO could be enhanced
by synthesis of ITO nanotubes. For example, ITO nanotubes will find
promising application in high-performance solid-state gas sensors
due to their ultrahigh surface-to-volume ratio. But to present, the
gas sensors are mainly focused on ITO thin films and nanowires,
and seldom on ITO nanotubes due to their low productivity and
imperfect structure, which limit their applications as high efficient
materials for gas sensors. It is thus necessary to prepare intact ITO
nanotubes through a simple method.

The sol–gel approach is an efficient solution-based method to
deposit various ultrathin metal oxide films on substrate [20]. It is
based on chemical adsorption of metal-alkoxide from covalently-
bound monolayer, followed by hydrolysis to give a thin metal oxide
gel film with hydroxylated surface for further film deposition. The
film morphology can be controlled at the nanoscale level [21]. It
is therefore applied widely in fabricating metal oxide nanotubes
via sol–gel process in nanoporous templates. So, it is crucial to
select a suitable solvent or metal-alkoxide in synthesizing intact
ITO nanotubes. Such as, the precursors of indium methoxyethoxide
(In(OCH2CH2OMe)3 and tetraisopropoxytin–isopropanol adduct
(Sn(OiPr)4·iPrOH) were applied to prepare ITO nanotubes, which
exhibited excellent electro-conductive character [18]. However,

the multisteps reaction and expensive precursors limit the large
scale production of ITO nanotubes, and therefore it is crucial to
develop an alternative method to obtain ITO nanotubes efficiently.

In this study, the 2-methoxyethanol was used as solvent to
synthesize ITO nanotubes by combining sol–gel process with the

dx.doi.org/10.1016/j.jallcom.2010.05.079
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Fig. 1. The formation scheme of preparing intac

emplate technology based on porous AAO under mild conditions.
he metal-alkoxides were formed via a simple sol–gel method. The
ydrogen bonds between solvent of 2-methoxyethanol and metal-
lkoxides played a crucial role in forming smooth and intact walls
f ITO nanotubes. Finally, the PL properties of the ITO nanotubes
ere investigated.

. Experimental details

.1. Materials and preparation of ITO precursor
Nanoporous anodized aluminum oxide (AAO) template (Whatman International
td. Company, 50 �m, 250 nm diameter pores) was heated at 500 ◦C for 3 h in vac-
um, followed by boiling in 30 wt.% H2O2 aqueous solution at 160 ◦C for 24 h to

mprove wettability. 0.78 g of indium nitrate pentahydrate (In(NO3)3·5H2O, 99.98%)
nd 0.0784 g of tin chloride (SnCl4, 99.9%) were dissolved in 2-methoxyethanol

Fig. 2. The morphology and structure of the obtained ITO nanotubes: (a)
nanotubes using 2-methoxyethanol as solvent.

aqueous solution (0.5–2 mol L−1), respectively, to obtain the individual solution.
After the tin chloride solution was dropped into the indium nitrate solution, the
solution mixture was refluxed at 80 ◦C for 24 h to be colorless and transparent, and
then aged for 6–8 h at room temperature.

2.2. Synthesis of the ITO nanotubes

The treated AAO template was immersed and filled with the ITO precursor
through the “down to up” method, as shown in Fig. 1. Firstly, the AAO template was
fixed into a glass tube. Following that, the ITO composite precursor was dropped

onto one side of AAO template. Simultaneously, the other side of AAO template
was heated continuously at 40 ◦C. After several cycles, the immersing process of
ITO mixed precursor was completed. Subsequently, the impregnated AAO template
was heated at 80 ◦C for 48 h and then at 550 ◦C for 3 h in air. Finally, ITO nanotubes
were collected by dissolving the AAO templates with a 1 mol L−1 NaOH solution and
centrifugation.

SEM image, (b) TEM image, (c) XRD pattern, and (d) EDS spectrum.



H. Zhang et al. / Journal of Alloys and Compounds 504 (2010) 171–176 173

b) nar

2

b
m
d
c
t
i
P
b

Fig. 3. XPS spectra of the prepared ITO nanotubes: (a) XPS wide scan, (

.3. Characterization

The microstructure and morphology of the ITO nanotubes were observed
y scanning electronic microscopy (SEM, Jcxa-733) and transmission electronic
icroscopy (TEM, JEOLJEM-1200EX). Phase contents were determined by X-ray

iffraction (XRD, Rigaku-D/max-�pc instrument) using Cu K� radiation. Chemical

omposition was investigated by energy-dispersive X-ray (EDX, model DX-4) fixed
o the Jcxa-733. MK II X-ray photoelectron spectroscopy (XPS) instrument (employ-
ng Mg K�) was further applied to study the composition of obtained ITO nanotubes.
hotoluminescence (PL) excited by 250 nm using a 150 W Xe lamp was measured
y a Hitachi F-4500 spectrofluorometer at room temperature.

Fig. 4. SEM images of the ITO nanotubes prepared with different concentrations o
row scan of In3d, (c) narrow scan of O1s, and (d) narrow scan of Sn3d.

3. Results and discussion

3.1. Morphology and crystal structure of ITO nanotubes

Typical SEM and TEM micrographs of the ITO nanotubes are

shown in Fig. 2. Intact ITO nanotubes with diameter around 250 nm
and length from 2 to 5 �m were obtained using 2-methoxyethanol
as solvent to prepare the precursor solution (Fig. 2a). The hol-
low structure of the ITO nanotubes composed of nanocrystals with

f 2-methoxyethanol: (a) 0.5 mol/L, (b) 1 mol/L, (c) 1.5 mol/L, and (d) 2 mol/L.
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Fig. 5. Schematic illustrations of the formed m

iameter about 15 nm (insets of Fig. 2b) could be clearly observed
y the TEM micrograph shown in Fig. 2b. The particles on the
anotube should be ITO pieces, which are also shown in the SEM
icrograph in Fig. 2a. Fig. 2c shows the XRD pattern of the typical

roducts. The sharp diffraction peaks suggest good crystallization.
ll the peaks can be indexed to a body-centered cubic In2O3 (JCPDS
6-0416) with lattice constant a = 9.49 Å, which is smaller than the
tandard c-In2O3 (a = 10.11 Å). Additionally, the Sn atomic radius
0.71 nm) is smaller than In atomic radius (0.81 nm), which will lead
o the decrease of the planar spacing of In2O3 crystal lattice. So, the
RD result indicates that the solid solution of Sn-doped In2O3 was
chieved, rather than a mixture of In2O3 and SnO2 formed after the
eat-treatment step. EDS shows ∼10 mol% Sn4+ in respect to In3+ in
he Sn-doped In2O3 structure, which is consistent with the initial
toichiometric proportion (Fig. 2d).

XPS was used to further determine the composition of products.
he wide XPS scan (Fig. 3a) clearly shows the photoelectron peaks
f In, Sn, O, and C. The corresponding XPS spectra are In3d5 (Fig. 3b),
1s (Fig. 3c), and Sn3d5 (Fig. 3d). From Fig. 3b, the binding energy
f In3d5/2 is lowered slightly from 444.8 (In2O3) to 444.68 eV. The

pectrum (Fig. 3c) is disconvoluted into two peaks by the best fit-
ing with Gaussian function. Peak 1 at 530.28 eV is due to the bulk
2− ions. Indium atoms have a full complement of six nearest O2−

ons. Peak 2 at 532.08 eV is corresponded to the O2− ions in oxygen

Fig. 6. SEM image (a) and TEM image (b) of the ITO nano
lkoxides: (a) Sn-alkoxide and (b) In-alkoxide.

deficiency regions [22,23], which shows that oxygen deficiencies
exist in ITO nanotubes. The binding energy of Sn3d5/2 (Fig. 3d) at
486.98 eV is higher than that of tin oxide (486.4 eV). The spectra
further indicate that atomic O is bonded to the In3+ and Sn4+ so
that ITO was formed [24].

In preparation of intact ITO nanotubes, the 2-methoxyethanol
revealed an optimum concentration, as shown in Fig. 4. In sam-
ples prepared with 0.5 and 2 mol L−1 2-methoxyethanol, ITO
nanotubes with coarse surface were obtained (Fig. 4a, d, and
insets). By comparison, in the samples with 1 and 1.5 mol L−1 2-
methoxyethanol, it is found that the ITO nanotubes show smooth
surface (Fig. 4b, c, and insets). The results indicate that the mor-
phologies of final products are affected by the concentration of
2-methoxyethanol. At low concentration of 2-methoxyethanol,
the rapid evaporation of 2-methoxyethanol would result in the
aggregation of ITO gel particles. While, the high viscosity pre-
cursor formed at high concentration of 2-methoxyethanol will
excessively stack in nanopores of AAO template, and finally ITO
glomeration was produced. According to the previous works, the
viscosity for 2-methoxyethanol exhibited a maximum when the

molar concentration, between water and 2-methoxyethanol, was
about 11.57 mol L−1 [25]. While, in this method, the mole fraction
(0.5–2 mol L−1) is lower than that of reported maximum, reveal-
ing a trend of increase in viscosity [25]. Therefore, the intact ITO

rods prepared using 2,4-pentanedione as solvent.



and Compounds 504 (2010) 171–176 175

n
r
a

3

b
d
H
g
c
M
c
A
c
m
r
I

I

I

S

i
f
a
w
q
(
I

2

S

u
v
i
c
h
d
a
d
m
v
b

3

t
c
P
S
h
b
i
[
i
W
i
i
l
n

[

[
[

H. Zhang et al. / Journal of Alloys

anotubes with smooth surfaces would be generated in a suitable
ange (1–1.5 mol L−1) of concentration of 2-methoxyethanol in this
pproach.

.2. Formation mechanism of the ITO nanotubes

The formation mechanism of the ITO nanotubes is speculated to
e associated with the hydrolysis–co-precipitation reactions and
ehydration of the In3+ and Sn4+ cations. This is because that the
2O in the solution and the hydrogen ions bonded to the oxy-
en atoms in the ethers of 2-methoxyethanol would lead to the
omplete hydrolysis of the In3+ and Sn4+ by Eqs. (1)–(3) [26,27].
oreover, the 2-methoxyethanol solvent as a typical glycol–ether

ompound is important for the setup of the intact ITO nanotubes.
ccording to the previous reports, the hydrolysis effects of the gly-
ol from the 2-methoxyethanol promote the connection between
etal-alkoxide and 2-methoxyethanol [28,29]. So, the hydrolysis

eaction is balanced by glycol, resulting in the formation of uniform
TO thin films on the walls of AAO template.

n3+ + 3H2O → In(OH)3 + 3H+ (1)

n(OH)3 → InOOH + H2O (2)

n4+ + 3H2O → SnO3H2 + 4H+ (3)

Fig. 5 illustrates the build-up processes of the metal-alkoxide
n the 2-methoxyethanol solvent. The 2-methoxyethanol is easy to
orm hydrogen bonds, as shown in Fig. 5a and b, by which uniform
nd stable thin film of the metallo-organic precursor on the inner
alls of the porous AAO template can be formed [30]. The subse-

uent dehydration of the co-precipitates as shown by Eqs. (4) and
5) after a proper heat-treatment [27] results in the formation of
TO with perfect nanotube structure.

InOOH → In2O3 + H2O (4)

nO3H2 → Sn2O5H2 → Sn4O9H3 → SnO2 (5)

In contrast, ITO nanorods with rough surfaces were generated
sing 2,4-pentanedione as solvent (Fig. 6a and b), which hardly pro-
ides the crucial hydrogen bonds among chelate compounds. This
s because that the indium ions located in the center of chelate
ompounds are surrounded by lots of hydrophobic alkyls. The
ydrophobic colloidal particles repulse each other and stack ran-
omly, inducing ITO precursor to nucleate and grow preferentially
t defects of AAO template, and finally resulting in the rough and
iscrete structure of the ITO nanorods. Comparison between 2-
ethoxyethanol and 2,4-pentanedione solvents gives us a clear

iew of the important effects of the solvent on the self-assemble
ehavior of the ITO nanotubes.

.3. Optical properties of the ITO nanotubes

The photoluminescence (PL) spectrum measured at room
emperature of the typical intact ITO nanotubes, prepared at con-
entration of 1 mol L−1 2-methoxyethanol, is shown in Fig. 7. The
L peak at 505 nm is induced by scattering of the nanostructure.
trong PL emission centered at 473 nm is recorded, suggesting a
igh level of oxygen deficiencies in the ITO nanotubes [31]. It has
een reported that the PL mechanism of In2O3 matrix compos-

te was mainly attributed to the effect of the oxygen deficiencies
32,33]. However, it is well known that ITO film cannot emit vis-
ble light even though it also contains oxygen deficiencies [34].
ith respect to the prepared ITO nanotubes, firstly, the possibil-
ty of the observed PL arising from a quantum confinement effect
s excluded, because the diameters of the ITO nanotubes seem too
arge to show a quantum confinement effect [35]. Secondly, the ITO
anotubes with high aspect ratio and peculiar morphology have

[
[

[

[

Fig. 7. Photoluminescence spectrum of the typical intact ITO nanotubes.

larger surface-to-volume ratio than that of the ITO films, which
favors the existence of large quantities of oxygen vacancies. Thirdly,
the high level of oxygen deficiencies should be associated with the
free 2-methoxyethanol molecules which evaporated under the gel
condition because of the weak hydrogen bonds [36]. In addition,
in this study, during the heat-treatment process, oxygen vacancies
could be generated on the surfaces of ITO nanotubes. So the strong
emission at 473 nm of ITO nanotubes is likely related to surface
oxygen vacancies and defects.

4. Conclusions

In this paper, a feasible method was reported to prepare
intact ITO nanotubes with 2-methoxyethanol as solvent based
on an improved template technology. It is decisive to use 2-
methoxyethanol as solvent for forming intact ITO nanotubes
due to the hydrogen bond interaction between the formed
metal-alkoxides and 2-methoxyethanol. The prepared intact ITO
nanotubes showed smooth surfaces compared to those of the ITO
nanotubes reported in other literatures. Strong PL emission cen-
tered at 473 nm suggested a high level of oxygen deficiencies in
the ITO nanotubes, indicating that the prepared ITO nanotubes are
promising in application as laser materials.
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