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We report here the use of a layer-by-layer assembly technique to prepare novel TiO2 heterogeneous nanostructures
in which anatase nanoparticles are assembled on rutile nanorods. The preparation includes assembling anatase nanoparticle
multilayers on rutile nanorods via electrostatic deposition using poly(sodium 4-styrene sulfonate) as a bridging or
adhesion layer, followed by burning off the polymeric material via calcination. The composition of the heterogeneous
nanostructures (i.e., the anatase-to-rutile ratio) can be tuned conveniently by controlling the experimental conditions
of the layer-by-layer assembly. It was found that, with the optimum preparation conditions, the heterogeneous
nanostructures showed better photocatalytic activity for decomposing gaseous acetaldehyde than either the original
anatase nanoparticles or the rutile nanorods. This is discussed on the basis of the synergistic effect of the existence
of both rutile and anatase in the heterogeneous nanostructure.

Introduction

The concept of coupling two different types of semiconductor
photocatalytic materials or photoelectrolytic materials in order
to enhance electron-hole charge separation and inhibit recom-
bination has been around for quite some time.1-3 Heterogeneous
systems of this type have often involved TiO2 and have attracted
a great deal of attention for the development of high-activity
photocatalysts.4-18 For example, anatase/rutile TiO2,4-8 TiO2/
SnO2,9-12 TiO2/WO3,13 and TiO2/CdS14-18 have been studied
intensively. In particular, the anatase/rutile TiO2 heterogeneous
nanostructure is intriguing because it involves only a change in
the crystal structure of the same material. In fact, a synergistic
effect has been proposed for the high photocatalytic activity of
Degussa P25 TiO2, which contains both anatase and rutile.19The

coupling of anatase and rutile phase TiO2 allows the transfer of
electrons excited by ultraviolet light from anatase to rutile TiO2

as a result of the slightly lower conduction band energy of the
rutile phase,4,20 and thus charge recombination can be sup-
pressed.4-6 It is necessary to note that this effect does not
necessarily involve either sensitization or energy transfer (antenna
effect)21 (i.e., electron-hole pairs are produced in both phases).

Therefore, it is of prime importance to develop effective
techniques to fabricate such heterogeneous nanostructures. There
have been several reports dealing with the preparation of anatase/
rutile heterogeneous nanostructures for powder-type photocata-
lysts.6,8 For example, Kawahara et al.6 prepared anatase/rutile
coupled particles by a dissolution-reprecipitation method. Ohno
et al.8 prepared an anatase/rutile mixture by physically mixing
anatase and rutile TiO2particles in water or calcining pure anatase
TiO2 powders at different temperature. However, these methods
cannot isolate the heterogeneous particles from the pure anatase
or rutile particles. Moreover, the ability to control the composition
of the heterogeneous nanostructures accurately and conveniently
should be developed. Here, we report that anatase/rutile nano-
structures can be easily prepared by the layer-by-layer (LbL)
assembly technique, which was originally formulated by Decher22

in general and then was used by several groups for the assembly
of nanoparticles.23-30 By this technique, for the first time, we
deposited anatase nanoparticles on the surfaces of 1-D rutile
TiO2 nanorods. A prominent merit of the LbL preparation
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methodology is that it can isolate the heterogeneous nanostructures
from the non-adsorbed anatase particles by repeated centrifuga-
tion. Furthermore, our experimental conditions are quite mild,
and the compositions of the heterogeneous nanostructures can
be easily controlled via the parameters of the LbL assembly. It
should be mentioned that the use of the long 1-D rutile TiO2

nanorods as described here provides an excellent overall structure
in which the resulting anatase/rutile TiO2 heterogeneous nano-
structures can be observed distinctly while simultaneously
preserving sufficient surface area for the photocatalytic reaction.

Experimental Section

Materials. Rutile TiO2 nanorods (acicular-type TiO2, FTL-200)
and an anatase TiO2 colloidal solution (STS-100) were obtained
from Ishihara Sangyo Co., Ltd., Japan. Hydrochloric acid (35-
37%) and ethanol were obtained from Wako Chemicals. Polyelec-
trolyte poly(sodium-4-styrenesulfonate) (PSS, 30 wt % solution in
water, MW) 70 000) was obtained from Aldrich. Before use, the
PSS solution was diluted to 10 g L-1 with water. The pH value of
the solution was adjusted to about 2.5 with hydrochloric acid. Milli-Q
water with a resistivity of 18 MΩ·cm was used in all of the
experiments.

Preparation of the Heterogeneous Nanostructures.The prepa-
ration process of anatase/rutile heterogeneous nanostructures is
summarized in Scheme 1. In a typical preparation, 0.2 g of rutile
TiO2 nanorods was dispersed in 100 mL of a hydrochloric acid
solution (pH∼2.5) ultrasonically. A 25 mL portion of PSS solution
(pH∼2.5) was added to the TiO2suspension, and the mixture solution
was stirred for 30 min. During this period, PSS was adsorbed on the
surface of TiO2 nanorods because the former is negatively charged
and the latter is positively charged as a result of the fact that the pH
is below the isoelectric point (pH∼5.931). Thereafter, the nonadsorbed
polyelectrolyte was removed by four repeated centrifugation/water
wash/redispersion cycles. The polyelectrolyte-coated rutile TiO2

nanorods were redispersed in 100 mL of water, and 2 mL of the
anatase TiO2 colloidal solution (STS-100) was added to allow
adsorption for 30 min. The nonadsorbed TiO2 particles were also
removed by repeated centrifugation. The above adsorption cycles
were repeated until the desired number of adsorption cycles,n, was
reached. Finally, the sample was calcined at 500°C for 1 h toremove
the polymeric material. In the present work, the numbers of cycles
used for anatase TiO2 were 3, 5, 7, 9, and 11.

Characterization. The diffuse UV-visible absorption spectra
of TiO2 powders were recorded on a Shimadzu UV-2450 spectro-
photometer equipped with an integrating sphere. Transmission
electron microscope (TEM) images were obtained on a Topcon EM-
002B high-resolution transmission electron microscope. X-ray
diffraction (XRD) patterns were measured on a Rigaku RINT 1500
X-ray diffraction meter using Cu KR radiation in the range of 20
to 60°. The powders were spread on the surface of a silicon wafer
and then used for the XRD measurements.

Evaluation of the Photocatalytic Activity. The photocatalytic
activity of the heterogeneous nanostructures was evaluated by the

gas-phase decomposition of acetaldehyde in a batch-type reactor.32

The vessel was made from Pyrex glass with a volume of 500 mL.
Portions (20 mg) of the photocatalyst powders were spread evenly
on the bottom of a glass disk (about 6.2 cm2 area), and this was
placed in the reaction vessel. Commercially available pure air (Taiyo
Nippon Sanso Corporation) was humidified to about 50% by flowing
through a water/ice mixture and introduced into the reaction vessel
at room temperature. Then, 8 mL of a reaction gas (1 vol %
acetaldehyde in N2, Takachiho, Japan) was introduced into the
reaction vessel using a Pressure-Lok syringe. After adsorption in the
dark for 1 h, with adsorption equilibrium having been confirmed by
the constant concentration of acetaldehyde, the reactor was placed
below black-light lamps (Toshiba, FL10BLB, wavelength range of
290-420 nm with a peak at 352 nm), which emit UV light with an
irradiance of 1.2 mW/cm2 as measured with a power meter
(Hamamatsu Photonics, C9536-01). The decrease in the acetaldehyde
concentration was monitored using gas chromatography (GC-8A,
Shimadzu, Japan).

Results and Discussion

The rutile TiO2 nanorods were found to disperse poorly in
water. The addition of PSS solution, however, remarkably
improved the state of dispersion. It was thus assumed that the
PSS adsorbed on the TiO2 surface, and this resulted in the in-
crease in the surface charge density of the TiO2 nanorods. Even
though the sign of the surface charge would then reverse, it is
reasonable to propose that the magnitude would increase. The
subsequent addition of colloidal anatase solution degraded the
dispersibility of the rutile nanorods, indicating the adsorption of
small anatase nanoparticles on the larger nanorods by means of
the PSS adhesion layer, decreasing the charge density. With the
further addition of PSS solution, the suspension again became
well-dispersed.

Figure 1a shows a TEM image of the naked rutile TiO2

nanorods. As shown, the diameter is ca. 60-80 nm, and the
length is on the order of several micrometers. Alternating
treatments with PSS and anatase nanoparticles roughen the smooth
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Scheme 1. Flow Chart for the Preparation of TiO2
Heterogeneous Nanostructures by the LbL Assembly

Technique

Figure 1. TEM images of the original rutile TiO2 nanorods (a) and
heterogeneous nanostructures withn ) 5 (b), 9 (c), and 11 (d).
Magnified images of the heterogeneous nanostructure withn ) 11
(e, f). The heterogeneous nanostructures were all calcined to remove
polymer material.
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surface of the nanorods, as shown in Figure 1b-d, clearly
indicative of the assembly of the nanoparticles on the nanorods.
Magnified images of the heterogeneous nanostructure withn )
11 are shown in Figure 1e,f. As shown, the anatase TiO2 particles
(ca. 8 nm diameter) become interconnected to form a porous
layer on the nanorod. The high-resolution images show that the
anatase particles are fully crystalline, with lattice spacings of
0.35 nm, which corresponds to the (101) crystal plane. Increasing
the number of adsorption cycles resulted in the increasing
thickness of the anatase layer on the surface of the nanorod.
Thus, we were able to control the thickness of the anatase porous
layer conveniently by means of the LbL assembly process.

The presence of a crystalline anatase TiO2 component in the
heterogeneous nanostructures is further supported by XRD
measurements (Figure 2). The naked TiO2 nanorods show the
characteristic XRD pattern of the rutile structure (Figure 2A).
The strong diffraction peaks at 2θ ) 27.4, 36.1, 39.2, 41.2, 44.0,
54.4, and 56.7° can be indexed to the (110), (101), (200), (111),
(210), (211), and (220) crystal planes of rutile TiO2 (PDF card
75-1755, JCPDS). For the heterogeneous nanostructures, in
addition to these peaks, there also exists a peak at 2θ ) 25.3°
that can be indexed to the (101) plane of anatase TiO2. With the
increase in the number of adsorption cycles, the intensity of the
latter increased. On the basis of a standard calibration curve
(Supporting Information), we calculated that the weight fractions
of anatase TiO2 in the heterostructured photocatalysts withn )
3, 5, 7, 9, and 11 were 14.9, 23.7, 31.8, 38.5, and 46.9%,
respectively, a nearly linear relation with the number of adsorption
cycles (Figure 2B). The weight percentage increment of anatase
TiO2 added by every adsorption cycle was rather constant (ca.
4.2%). The uniform weight increase suggests that the deposition
of anatase TiO2 nanoparticles on the rutile nanorod proceeded
in an orderly fashion, similar to the assembly process on smooth
substrates.23

The absorption threshold of the heterogeneous nanostructures
was determined to be 420 nm from the diffuse UV-visible
absorption spectrum (Supporting Information), which was the
same as that of the rutile nanorods. In the short-wavelength region,

the anatase component caused the absorption of the heterogeneous
nanostructures to increase slightly.

We examined the photocatalytic activities of heterogeneous
nanostructures, withn ) 3, 5, 7, 9, and 11 by the decomposition
of gaseous acetaldehyde, which is a well-recognized photocata-
lytic reaction.32-34 For comparison, the activities of anatase
nanoparticles prepared by calcining STS-100 sample at 500°C
for 1 h and rutile nanorods were also measured. These data are
shown in Figure 3a. The decomposition of the acetaldehyde on
all samples was observed to follow mass transfer-controlled first-
order kinetics approximately as a result of the low initial
concentration of acetaldehyde (∼150 ppmv),32-34 as evidenced
by the linear plot of ln(C0/C) versus photocatalytic reaction time
t in minutes. Here,C0 is the initial concentration of acetaldehyde,
andC is the concentration of acetaldehyde after photocatalytic
reaction fort. The first-order kinetic behavior was first observed
in a liquid-phase photocatalytic reaction with a low initial
concentration of reactant.35-37 The rate constants of all samples
were calculated from Figure 3 a, and these data are plotted in
Figure 3B for a clear comparison. It is clearly seen in the two
figures that the rate constants for the complete decomposition
of acetaldehyde by the heterogeneous nanostructures were greater
than that for the original rutile TiO2 nanorods, and the rate
constants increased with increasingn from 3 to 9. The rate constant
of the heterogeneous nanostructure withn ) 9 was maximal
(0.017 min-1), which exceeded those for the nanostructures with
n ) 11 (0.016 min-1) and for the anatase sample (0.014 min-1).

Considering that anatase generally exhibits better photocatalytic
activity for the decomposition of acetaldehyde than rutile,4,6 it
is interesting that the anatase sample did not show higher
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Figure 2. (A) XRD patterns of rutile TiO2 nanorods (a) and
heterogeneous nanostructures withn ) 3 (b), 5 (c), 7 (d), 9 (e), and
11 (f). (B) Dependence of the anatase composition in the hetero-
geneous nanostructures on the number of adsorption cycles of anatase
TiO2 particles.

Figure 3. (A) Dependence of ln(C0/C) on the photocatalytic reaction
time t for rutile TiO2 nanorods (a), heterogeneous nanostructures
with adsorption cyclesn ) 3 (b), 5 (c), 7 (d), 9 (e), and 11 (f) and
the STS-100 sample (g) after calcination for 1 h. (B) Plot of the
first-order rate constant for the complete decomposition of acet-
aldehyde vs the number of adsorption cycles of anatase TiO2.
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photocatalytic activity than the heterogeneous nanostructures (n
) 9) of the same total weight. Note that the latter contained only
38.5% anatase by weight. These results clearly indicate the
existence of a synergistic effect between the rutile TiO2 nanorods
and anatase TiO2 nanoparticles in our heterogeneous nanostruc-
tures. The preparation method in our study can isolate the
heterogeneous nanostructures from the nonadsorbed anatase
particles by repeated centrifugation and can also ensure intimate
contact between the anatase particles and rutile nanorods, which
has been considered to be vital for the observation of the
synergistic effect.6 Our study also shows that the strength of the
synergistic effect is dependent on the number of adsorption cycles.
An estimation from the rate constants shows that the samples
with n ) 7 and 9 may exhibit maximal synergistic effects.

In our photocatalytic experiment, the emission of the black-
light lamp includes mainly UV light, with a peak at about 352
nm that can excite electrons into the conduction band in both
anatase and rutile. Considering that very little visible light is
emitted by the black-light lamp, it is reasonable to neglect any
possible antenna effect of rutile in transferring energy from visible-
light excitation to anatase. The charge transfer (electrons) from
anatase to rutile due to the slightly lower conduction band energy
of rutile4,20 should be responsible for the improvement of the
photocatalytic activity for decomposing acetaldehyde. Similar
results have been reported in previous anatase/rutile heterogen-
erous nanostructures by simultaneously exciting the two phases.4,6

Furthermore, such interfacial electron transfer has also been
evidenced by directly observing where silver nanoparticles have
been deposited (reduction sites).4

The photocatalytic oxidation of gaseous acetaldehyde by TiO2

has been proposed32to involve a carbonyl-radical-mediated chain
reaction, which is mediated by hydroxyl radicals, adsorbed
oxygen, superoxide radicals, and/or hydrogen peroxide. These
active species result from the trapping of photogenerated electrons
and holes by oxygen, H2O, and the hydrated surface of TiO2. The
charge-trapping processes can restore the photocatalyst to its
original state. In addition, the oxygen in the reaction system can
inhibit the formation of Ti3+ defect sites within the bulk of TiO2,38

which also ensures the original state of the photocatalyst after
the photocatalytic reaction. In our previous studies, acetic acid
and formic acid were detected as the main intermediates and/or
byproducts, and CO2 was the final product.39These intermediates
can be further oxidized to CO2 with prolonged UV illumination,39

which indicates that these intermediates cannot poison the
photocatalyst. In the present work, we found that for the
heterogenerous nanostructure withn ) 9, after 230 min of UV
irradiation almost 100% of the acetaldehyde molecules had been
decomposed but only approximately 43 mol % of the acetaldehyde
was mineralized to CO2.

Thus, the photogenerated electrons and holes both play major
roles in the oxidation of acetaldehyde. The improved photo-

catalytic activity of the sample withn ) 9 with regard to
decomposing acetaldehyde can be ascribed to improved charge
separation resulting from an anatase porous layer with an
optimized thickness. Following the charge transfer between
anatase and rutile, the photogenerated electrons in the conduction
of rutile can be scavenged by oxygen molecules to form
superoxide radicals, which contribute to the oxidation of
acetaldehyde. As shown in Figure 1c, the surface of the rutile
nanorods in the sample withn ) 9 is only partially covered by
anatase nanoparticles. This allows free access of oxygen to the
rutile surface. At the same time, the holes remaining in the valence
band of anatase can oxidize the acetaldehyde.

However, for the sample withn ) 11, the thickness of the
anatase porous layer on the rutile nanorods becomes excessive
(Figure 1d,f); the outermost anatase nanoparticles cannot form
an effective interface with the rutile nanorod, so the effectiveness
of charge separation is lessened. Furthermore, it becomes more
difficult for the photogenerated electrons to be scavenged by
oxygen because of a blocking effect (i.e., lack of free access of
oxygen to the rutile surface). Finally, the resulting accumulation
of the photogenerated electrons in the conduction band of rutile
can increase the recombination probability with the holes in the
valence band of anatase, which could also help to explain the
slightly worse activity for the sample withn ) 11, although the
anatase content in this sample increases.

In summary, we have designed a heterogeneous nanostructure
by depositing anatase TiO2 nanoparticles on the surface of rutile
TiO2 nanorods using the LbL assembly technique. Synergism
between anatase and rutile TiO2 was observed in the decomposi-
tion of gaseous acetaldehyde, and the strength of the synergistic
effect was found to be dependent on the thickness of the anatase
particle layer. The present LbL assembly method shows great
potential for developing highly active TiO2 photocatalysts that
can provide an optimization of the particle sizes of anatase and
rutile, the thickness of the anatase layer, and the LbL assembly
parameters. Similar methods should also be suitable for preparing
heterogeneous nanostructures from other oxide semiconductors.
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