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Abstract

Composition of nanostructured metal particles on oxide tubes (TiO2 and ZrO2) were fabricated and characterized. The composite mate
were examined by transmission electron microscopy, scanning electron microscopy, FT-IR absorption, and UV–visible absorptio
The results of characterization showed that the composites indeed contained both oxide tubes and gold nanoparticles and th
nanoparticles were intimately associated with the nanotubes.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The development of practical strategies for the assem
of inorganic nanoparticles into well-defined arrays is thus
area of considerable current interest, because it offers op
tunities to exploit their unique optical and electronic prop
ties and possibilities to probe new, potentially collective p
nomena[1,2]. Among the oxide nanotubes, TiO2 is one of
the most investigated oxide materials owing to its techno
ical importance. Titanium dioxide is a wide-bandgap se
conductor and is well known to be a good oxidizing agent
photoexcited molecules or functional groups[3]. As such,
it has been widely employed as a photocatalyst[4–6], as
a sensor material[7,8], and as an electrode in a dye-bas
photovoltaic cell[9]. ZrO2 is also an important functiona
material and the film deposited on the metal surface has
extensively used in the fields of catalysis[10], sensors[11],
and transparent conductors[12]. Au colloidal nanoparticles
have received much attention in recent years. Gold has
come a favored coating material because of its simple
thetic procedure and chemical functionality[20]. For exam-
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ple, Au particles have been widely used for electronic
biological applications[13,14]. Self-assembly of nanopart
cles becomes more and more important because nove
lective properties will be produced in the ordered array
nanoparticles. Previous efforts to deposit metal nanoc
ters as thin films using Langmuir–Blodgett (LB) films or t
self-assembled monolayer approach provided the lower
erage of these particles[15–20]. Although these technique
using LB films or the self-assembled monolayer appro
are quite effective for assembling gold nanoparticles as t
dimensional arrays on an electrode surface, their low sur
area limits their use for further chemical modification. Th
are nearly no reports about the assembly of nanopart
in oxide nanotubes to fabricate the new composite ma
als [21,22]. Some reports only involve the composite ma
rials with carbon nanotubes[23–25].

Here we present a simple method of fabricating thr
dimensional assemblies of gold nanoparticles on TiO2 and
ZrO2 nanotubes. The modification of oxide tubes w
gold colloids represents an effective approach in this
gard. Results from characterizations using transmis
electroscope microscopy (TEM), scanning electroscope
croscopy (SEM), and UV–visible absorption spectra (U
vis) showed that the composite indeed contained both

http://www.elsevier.com/locate/jcis
mailto:jjzhu@netra.nju.edu.cn
http://dx.doi.org/10.1016/j.jcis.2005.04.072


J.-Z. Xu et al. / Journal of Colloid and Interface Science 290 (2005) 450–454 451

par

hod:
ith
on
cid
ther

–gel
f
n.
-
the

ged

nm
the

e-
om

wa
n

d in

ml
00-
he

as
ere

ne.
e-
ne.
ree
%

ni-
am-
ed

ld

nm
copy

CX
ac-
opy
t.
to

ared
as
as-

and
epa-

ges

into

m-

ime

n be
hat

s
the

ce
tity

-
O

e

en-
ne
nium tubes and gold nanoparticles and that the gold nano
ticles were intimately associated with the nanotubes.

2. Experimental

2.1. Preparation of TiO2 sol–gel solution

TiO2 nanotubes were prepared using the sol–gel met
5 ml of butyl titanate was added to 25 ml of ethanol w
stirring for 10 min in ice water bath. Then a mixed soluti
of 25 ml ethanol, 0.5 ml water, and 1.5 ml glacial acetic a
were added slowly and the solution was stirred for ano
30 min.

2.2. Preparation of ZrO2 sol–gel solution

ZrO2 nanotubes were also prepared using the sol
method: 1.0 g of ZrOCl2·8H2O was dissolved in 20 ml o
ethanol/water (volume ratio 4:1) with stirring for 10 mi
Then 0.2 ml of HNO3 (65%), followed by 5 ml of an ethano
lic solution of acetylacetone (0.15 g), were added and
solution was stirred for another 1 h. The solution was a
overnight to obtain the ZrO2 sol.

2.3. Preparation of TiO2 and ZrO2 nanotubes

Alumina template membranes with a diameter of 100
(obtained from Whatman Company) were immersed into
TiO2 and ZrO2 sol for 15 and 30 min, respectively. After r
moval from the sol, the membrane was dried in air at ro
temperature and annealed. The annealed temperature
ramped up (100◦C/h) to 500◦C and maintained for 6 h; the
the temperature was ramped back down (30◦C/h) to room
temperature.

2.4. Preparation of gold colloids

Gold colloids were prepared according to Ref.[26]. All
glassware used in the following procedures was cleane
a bath of freshly prepared 3:1 HNO3 and HCl, rinsed thor-
oughly in twice-distilled water, and dried in air. Then 7.5
(1%) of sodium citrate solution was added to a boiling 5
ml (0.01%) HAuCl4 aqueous solution. Stirred for 70 s, t
color of solution changes to claret red. The solution w
heated and stirred for another 15 min. The products w
stored in brown glass bottles at ca. 4◦C.

2.5. Assembling of Au–TiO2 and Au–ZrO2 composites

The composite of Au colloids and TiO2 (ZrO2) nano-
tubes was assembled via (3-aminopropyl)trimethoxysila
TiO2 (ZrO2) samples were immersed in 3 M NaOH aqu
ous solution for 10 min to remove the alumina membra
The sample was carefully washed with distilled water th
times. Then TiO2 (ZrO2) nanotubes were added to the 1
-

s

(3-aminopropyl)trimethoxysilane (APS) solution and so
cation was performed in a sonic bath for 0.5 h. The s
ple was washed with distilled water for twice and add
to Au colloid solution for 12 h. Hybrid structures of go
nanoparticle–TiO2 (ZrO2) nanotubes were obtained.

2.6. Analytical methods

The diameters of the gold colloids were about 15
and were measured using transmission electron micros
(TEM).

TEM images were performed using a JEOL-JEM 200
transmission electron microscope (TEM) working at an
celerating voltage of 200 kV. Scanning electron microsc
(SEM) pictures were recorded on a JSM-5900 instrumen

UV-3100 photospectrometer (SHIMADZU) was used
record the UV–visible absorption spectra of the as-prep
particles. VECTOR 22 (Bruker Company, Germany) w
used to record the FT-IR absorption spectra of the
prepared particles.

3. Results and discussion

We used the solution of butyl titanate ((C4H9O)4Ti) and
ZrOCl2·8H2O as the precursor in the sol–gel process,
an AAO membrane was used as the template for the pr
ration of the TiO2 and ZrO2 nanotubes.Figs. 1a and 1bshow
the transmission electron microscopy (TEM) and ED ima
of TiO2 nanotubes.Fig. 1c shows the TEM image of ZrO2.
They were prepared by immersing the AAO membrane
the sol of TiO2 and ZrO2 and calcined in a muffle at 500◦C
for 6 h. The wall thickness of the TiO2 and ZrO2 tubes was
varied by changing the immersion time of the AAO me
brane in the TiO2 and ZrO2 sol. The TiO2 and ZrO2 nan-
otubes could grow to nanowires when the immersion t
was longer than 30 min for TiO2 and 2 h for ZrO2. Electron
diffraction pattern of the TiO2 nanotubes shown inFig. 1in-
dicates that the tubes are polycrystalline. The pattern ca
indexed to the (101) (004) (200) (105) (204) indicating t
TiO2 belongs to anatase.

The AAO membrane with TiO2 and ZrO2 nanotubes wa
dissolved in the 3 M NaOH aqueous solution to remove
template. The dissolving time is 15 min for TiO2 and 20 min
for ZrO2. In the course of dissolving, the outer wall surfa
of TiO2 and ZrO2 nanotubes may produce a large quan
of hydroxyl. FT-IR studies for alkali-treated TiO2 and ZrO2
nanotubes, as shown inFig. 2, indicated the existence of hy
droxyl groups. The peak value of hydroxyl groups on Ti2
nanotubes is at 3428 cm−1 and that of ZrO2 is at 3430 cm−1.
The results of TiO2 are shown in curve (a). In this curve, th
absorbance values of 1633 and 1400 cm−1 corresponds to
TiO2 nanotubes.

TiO2 nanotube samples were then mixed by susp
sion in a concentrated (3-aminopropyl)trimethoxysila
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Fig. 1. The transmission electron microscopy (TEM) and ED image of T2
nanotubes. (a) Images of ED and single TiO2 nanotube. (b) Images of TiO2
nanotubes. (c) Image of ZrO2 nanotubes.

Fig. 2. FT-IR spectra of alkali-dissolved TiO2 (a) and ZrO2 (b) nanotubes.

(APS)/water (1:100 v/v) and were sonicated in a sonic b
for 0.5 h. After this treatment, the outer wall surface of
tubes was modified on APS because of the generatio
–O–Si– between the –OH groups (from outer wall surfac
TiO2) and the CH3O–Si– (from APS). The nanotubes we
thorough washed with deionized water and centrifuged
Fig. 3. The transmission electron microscopy (TEM) of Au nanoparti
(15 nm) synthesized by the sodium citrate method.

eral times, then dispersed in water again. In this study, T2
nanotubes are used as the beginning template material.

Au colloids were prepared by using sodium citra
method. The size of Au particles is ca. 15 nm. The TE
image of Au nanoparticles is shown inFig. 3. Gold nanopar-
ticles are assembled on TiO2 nanotubes via APS on the out
wall surface of TiO2 nanotubes under ambient condition
After the TiO2 nanotubes with APS modification, the s
lution of TiO2 nanotubes was mixed with a gold collo
for 12 h. The negatively charged gold nanoparticles w
attached to the surface of the nanotubes through the ele
static interaction between the amino groups of nanotube
the nanoparticles. The complete scheme for the nano
surface modification and the gold nanoparticle attached
the oxide nanotube surface is shown inFig. 4. The TEM im-
ages were prepared by dispersing the nanotubes in eth
Nanostructured gold colloids on TiO2 and ZrO2 nanotubes
observed inFig. 5 suggest that these particles retain
identity of individual nanoparticles.Fig. 6a shows the SEM
images of TiO2 nanotubes after dissolving partial alumi
membrane, in this image, highly ordered and a perfect a
of TiO2 nanotubes are observed. The length of the nanot
corresponds to the thickness of the AAO membrane.
SEM image of gold nanoparticle–TiO2 nanotubes is show
in Fig. 6b. Compared with the slippery and clean surface
TiO2 nanotubes (inFig. 6a), the rough surface is observe
which shows gold nanoparticles dispersed on the outer
surface of TiO2 tubes. To make a comparison, the expe
ment in the absence of APS has been carried out, and
on the TiO2 nanotubes could not be observed. Therefore
can deduce that the structure of the APS plays an impo
role in the assembly of the gold–TiO2 nanotubes composite

Fig. 7 shows the UV absorption spectra of TiO2 nan-
otubes (curve (a)), gold colloids (curve (b)), and nanost
tured composite (curve (c)). There is no obvious absorp
peak in the range of 400–800 nm in curve (a). The abs
tion peak is observed at 520 nm in curve (b) and attribu
to the typical surface plasma response of the gold nanop
cles. However, the different absorption peaks are observ
composite material: there are two peaks appearing at 53
and 620 nm in curve (c). In order to find the reason for
different absorption, the APS is added into the Au coll
solution, and the spectrum is shown in curve (d). There
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Fig. 4. Schematic view of the process for attachment of gold nanoparticles to TiO2 nanotubes.

(a) (b)

(c) (d)

(e)

Fig. 5. TEM images of gold nanoparticle–TiO2 nanotubes hybrid structures: (a) single nanotube of Au–TiO2 nanotube hybrid structures; (b) two side-by-si
nanotubes of Au–TiO2 nanotube hybrid structures; (c) many nanotubes of Au–TiO2 nanotube hybrid structures; (d) single nanotube of Au–ZrO2 nanotube
hybrid structures; (e) many nanotubes of Au–ZrO2 nanotube hybrid structures.
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two peaks appearing at 530 and 620 nm in curve (d).
amino group of the APS can couple with the surface of
Au nanoparticle with a negative charge to change the pla
character of the Au nanoparticle. So the peak at 530 nm
be attributed to the surface plasma absorption of the
nanoparticles and the peak at 620 nm can be attributed t
new surface character of Au nanoparticles with APS. T
similar absorption peaks in curve (c) can prove that the
nanoparticle can assemble to the oxide nanotubes by th
teraction with amino group of the nanotube surface.
-

4. Conclusion

In summary, gold nanoparticles can be effectively ass
bled to TiO2 and ZrO2 nanotubes via (3-aminopropyl)tr
methoxysilane under ambient conditions. Results from
characterization of the composites show that the gold n
particles are intimately associated with the nanotubes
face. These nanoparticle-modified nanotube compo
could be used in catalytic, electronic and optical appli
tions.
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Fig. 6. (a) SEM images of TiO2 nanotubes and (b) hybrid structures of go
nanoparticle–TiO2 nanotubes.

Fig. 7. The UV absorption spectra of TiO2 nanotubes: (a) absorption spe
trum of TiO2 nanotubes, (b) absorption spectrum of Au colloid, (c)
sorption spectra of Au–TiO2 composites, and (d) absorption spectru
of Au–APS.
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