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Introduction

One-dimensional (1D) functional semiconductor oxides,
such as nanowires, nanorods, and nanotubes, have attracted
great worldwide interest mainly because of their large
aspect ratio, single-crystal properties, and the directional
mobility of charge carriers in these systems. 1D semiconduc-
tor oxides have also been used as building blocks for a
number of nanoscale photonic and electro-optical devi-
ces.[1–7] Driven by this, manipulations with a given nanoscale
object have not only generated pure nanomaterials with
novel properties, but also achieved multicomponent nano-
systems (heterostructures) with diverse functions. 1D nano-
scale hierarchical heterostructures with modulated morphol-
ogies, compositions, and interfaces have obtained considera-
ble attention.[8–11] Especially, new hierarchical heterostruc-

tures, in which the major 1D cores and branches consist of
different materials, have attracted particular interest.[12,13] So
far, there have been a number of reports on branched 1D
nanostructures synthesized by two-step or multistep cata-
lyst-assisted metal–organic chemical vapor deposition meth-
ods and metal–organic vapor-phase epitaxy methods.[14–18]

Demonstrated materials include ZnO, In2O3/ZnO, Si, CdS,
and ZnS/SiO2. However, these methods require extreme
conditions, special equipment, and the products cannot be
mass-produced, which hampers their practical applications.
In this case, it would be a viable and complementary ad-
vance to develop a facile and practical approach to synthe-
size 1D branched hierarchical heterostructures. Such an ap-
proach could avoid i) the high temperature, ii) the expensive
and complicated equipment, and iii) the potential toxic pre-
cursors and by-products.

Electrospinning,[19–21] a comparatively low-cost and appli-
cable technique, is able to synthesize materials in the form
of fabric with a certain strength and flexibility on a large
scale. This nanofibrous fabric could be manipulated more
easily than other forms, such as particles, powders, and films.
Moreover, the electrospun nanofibers with both high porosi-
ty and large surface area are promising materials for surface
modification and functionalization. Another chemical tech-
nique, the hydrothermal method, has also been proven to be
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a powerful procedure owing to its environmentally friendly
approach, low temperature, and the controllable morpholo-
gy obtained. It has been demonstrated that the hierarchical
heterostructure can greatly improve its performance by use
of the advantages of the electrospinning and hydrothermal
methods.[22] Currently, however, the growth of the hetero-
structure occurs almost naturally on its own crystal habit,
and has not yet been controlled uniformly. Much more
effort should be employed to further enhance the compre-
hensive properties of these materials for practical applica-
tion by tuning the shape and size of the 1D hierarchical het-
erostructure. Furthermore, the general large-scale synthesis
of different metal oxides (MOs) with a branched hierarchi-
cal heterostructure remains a tremendous challenge, because
it is very difficult to control the growth of different MOs
into branched nanostructures on the surface of nanofibers
uniformly and densely. Thus, it is highly appealing to estab-
lish a general method that uses safe, inexpensive, and “user-
friendly” reagents to synthesize various branched hierarchi-
cal heterostructures with different functionalities. This
would open up possibilities for the extensive study of the
physical and chemical properties of the most promising
nanostructures and extend their practical applications.

Motivated by the above concerns, in this work we devel-
oped a general approach for the large-scale synthesis of a
series of uniform 1D functional MOs, such as NiO, ZnO,
and SnO2, on TiO2 nanofibrous mats to form a branched
nanofiber–nanorod hierarchical heterostructure (TiO2/MO)
by combining the electrospinning technique with the hydro-
thermal method. Compared with the previous strategy, this
approach is reproducible and enables excellent control over
the hetero-nanoarchitectures. The morphology of the nano-
structured MO can be varied easily by simply tuning the
precursor. The as-prepared fabric obtained by this general
approach has shown higher mobility of charge carriers and
enhanced photocatalytic activity, which exemplifies the ex-
cellent properties of such branched hierarchical heterostruc-
tures. Moreover, these hierarchical heterostructure fabrics
are structurally well defined and can be generated in reason-
able quantities, which could be the framework for devices
and systems in practical applications. The key point is that
our method is generalizable and can be adapted to the pro-
duction of families of branched hierarchical heterostructures
(TiO2/MO), which are the focus of our efforts herein.

Results and Discussion

The overall synthesis procedure employed for the prepara-
tion of branched TiO2/MO hierarchical heterostructures is il-
lustrated in Figure 1, and is briefly composed of two steps.
First, a TiO2 nanofibrous mat was electrospun from a Ti-ACHTUNGTRENNUNG(OBu)4 sol at an appropriate voltage, and then the obtained
nonwoven film was calcined to form an anatase and rutile
TiO2 nanofibrous mat. Second, the electrospun TiO2 nanofi-
brous mat was placed into an autoclave containing an MO
sol and metal salt (Mn+)–hexamethylenetetramine (HMT)–

H2O solution. The hydrothermal reaction process was car-
ried out at a desired temperature and time. As a result, per-
fectly branched TiO2/MO hierarchical heterostructure fab-
rics were obtained in high yield. The detailed mechanism for
forming this morphology by the general approach will be il-
lustrated later.

Preparation of a branched TiO2/NiO hierarchical hetero-
structure : The synthesis of the branched TiO2/NiO hierarch-
ical heterostructure was performed first to show that the
TiO2 nanofibrous mat was covered with a dense layer of
NiO nanorods forming a branched morphology by using a
controllable hydrothermal method at 180 8C for 20 h.

A typical scanning electron microscopy (SEM) image of
such a structure is shown in Figure 2 A. In general, the TiO2

nanofibrous backbones can be as long as tens of microme-
ters with a relatively smooth surface by using the electro-
spinning method, and could be fabricated on a large scale
according to practical requirements (see Supporting Infor-
mation, Figure S1). This is one of the advantages of the elec-
trospinning method.[22d] After applying the controllable solu-
tion growth of NiO nanorods, the hierarchical heterostruc-
ture resembled the leaves of a pine tree (Figure 2 A). The
diameter of the hierarchical nanofibers was about 600 nm.
Close observation of the nanofibers (Figure 2 B) reveals that
a high density of secondary NiO nanorods was uniformly
dispersed on the primary TiO2 substrate. The nanorod
branches stand nearly perpendicular to the surface of the
TiO2 nanofibers. The high-magnification SEM image of a
single nanofiber (Figure 2 C) further shows that the length
of the secondary NiO nanorods grown on the TiO2 back-
bone ranges from 200 to 400 nm with a diameter of about
80 nm. In addition, many pores with different diameters,
which may serve as transport paths for small molecules and
utilize light efficiently, are found among the nanorods and
nanofibers in this hierarchical heterostructure.

The structure was further examined by transmission elec-
tron microscopy (TEM). The TEM image in Figure 2 D
shows an individual TiO2/NiO hierarchical nanofiber. It was
confirmed that the whole diameter of the hierarchical nano-

Figure 1. Preparation of the branched TiO2/MO hierarchical heterostruc-
ture fabric.

Chem. Eur. J. 2010, 16, 11412 – 11419 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 11413

FULL PAPER

www.chemeurj.org


fibers was about 600 nm, which agrees well with that re-
vealed by the SEM images. Each NiO nanorod is of uniform
diameter along its entire length. Now we come closer to the
NiO nanorods, from which the high-resolution TEM
(HRTEM) image and the 2D fast Fourier transform (FFT)
of the lattice image of the NiO nanorod were recorded (Fig-
ure 2 E). The NiO branch is single-crystalline with clear lat-
tice fringes. The interlayer distance is consistent with the in-
terplanar distance of the (110) plane of NiO (0.147 nm).
This means that the NiO nanorod is single-crystalline and
the growth is along the [110] direction. It has been demon-
strated that the single-crystalline material with 1D nano-
structure has the property of fast directional migration of
charge. Therefore, this branched heterostructure is assumed
to exhibit higher mobility of charge carriers and enhanced
photocatalytic activity.

Subsequently, X-ray diffraction (XRD) analysis was per-
formed to investigate the crystal phase of the TiO2/NiO hier-
archical heterostructure (Figure 2 F). The typical XRD pat-
tern indicates that all the diffraction peaks of the TiO2/NiO
heterostructures can be well indexed as the anatase TiO2

(JCPDS No. 73-1764), rutile TiO2 (JCPDS No. 21-1276), and
rhombohedral NiO (JCPDS No. 44-1159) phases. No other
impurity peaks are detected, which indicates the absence of
other impurities. Besides, no remarkable shift in diffraction
peak was detected, which indicates that no obvious interface
reaction between TiO2 and NiO occurred. It is obvious that
the synthesis route adopted successfully achieves a TiO2/
NiO heterostructure integrating the rhombohedral NiO and
the TiO2 anatase and rutile phases.

Preparation of branched TiO2/ZnO and TiO2/SnO2 hierarch-
ical heterostructures : This approach can be easily extended
to the synthesis of other 1D functional oxides with hetero-
structures in high yield. In the case of ZnO, a relatively low
temperature (100 8C for 3 h) was used to fabricate the
branched TiO2/ZnO hierarchical heterostructure. The low-
magnification SEM image (Figure 3 A) shows the relatively
uniform secondary ZnO nanorods grown on the primary
TiO2 substrates. It can be seen from the high-magnification
SEM image (Figure 3 B) that the hydrothermally generated
ZnO nanorods are of lengths ranging from 200 to 400 nm
and diameters of about 100 nm. Furthermore, it has been
identified that the nanorods have a hexagonal end face,
which is the typical crystal habit and growth form of ZnO
(wurtzite structure).[23] The XRD pattern also confirmed
that all diffraction peaks can be indexed as the anatase TiO2

(JCPDS No. 73-1764), rutile TiO2 (JCPDS No. 21-1276), and
hexagonal ZnO (JCPDS 36-1451) phases (see Supporting
Information, Figure S2). The structure was further examined
by TEM (see Figure 3 C); the image of an individual ZnO
nanorod shows that the nanorod is of uniform diameter
(about 100 nm) along its entire length. This indicates that

Figure 2. A) SEM image of the overall morphology of the branched
TiO2/NiO hierarchical heterostructure fabric. B) Detailed view of
branched TiO2/NiO hierarchical nanofibers. C) A single nanofiber.
D) TEM image of an individual TiO2/NiO hierarchical nanofiber.
E) HRTEM image of a NiO nanorod. Inset: 2D FFT of the lattice image.
F) XRD pattern of the TiO2/NiO hierarchical heterostructure. & indi-
cates the rhombohedral NiO; A: anatase; R: rutile.

Figure 3. A) SEM image of the overall morphology of the branched
TiO2/ZnO hierarchical heterostructure fabric. B) A single nanofiber.
C) TEM image of an individual TiO2/ZnO hierarchical nanofiber.
D) HRTEM image of a ZnO nanorod. Inset: ED pattern.
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the growth anisotropy is strictly maintained in the c axis
throughout the whole growth stage. Moreover, the contrast
between the dark center and the pale edge provides con-
vincing evidence of the hexagonal structure. The HRTEM
image (Figure 3 D) further confirms the single-crystalline
structure of the ZnO nanorods with a lattice spacing of
0.259 nm from the (002) face. The electron diffraction (ED)
pattern of an individual ZnO nanorod grown on a TiO2

nanofiber can be indexed as [1̄10] zone spots (inset in Fig-
ure 3 D). These mean that the ZnO nanorod is single-crys-
talline and that growth is along the [002] direction.

Similarly, the branched TiO2/SnO2 hierarchical hetero-
structure can also be easily synthesized through this general
approach. As shown in Figure 4 A, the diameter of the TiO2/

SnO2 hierarchical nanofibers was up to about 3 mm by using
the controllable solution growth of uniform and dense SnO2

nanorods on the surface of TiO2 nanofibers. Upon magnify-
ing a single nanofiber (Figure 4 B), it can be seen that the
morphology of this branched TiO2/SnO2 hierarchical hetero-
structure was similar to that of the TiO2/NiO product except
for the longer length of the SnO2 nanorods, which was about
1 mm. The high-magnification SEM image from the top of
the SnO2 nanorods shows that the diameter of the secondary
nanorods is about 80 nm (Figure 4 C), and nearly every
SnO2 nanorod branch was oriented in a perpendicular fash-
ion to the surface of the TiO2 nanofibers (see the inset of
Figure 4 C). The HRTEM image (Figure 4 D) further con-
firms the single-crystal structure of the SnO2 nanorods with
a lattice spacing of 0.334 nm on the (110) face. Furthermore,
the XRD pattern confirmed that all diffraction peaks can be
indexed to the anatase TiO2 (JCPDS No. 73-1764), rutile
TiO2 (JCPDS No. 21-1276), and tetragonal SnO2 (JCPDS

41-1445) phases (see Supporting Information, Figure S3).
This means that the SnO2 nanorod is single-crystalline and
the growth is along the [110] direction.

Formation mechanism of the branched hierarchical hetero-
structure : To sum up, it has been demonstrated that a series
of branched TiO2/MO hierarchical heterostructures have
been synthesized in a general and facile way by combining
the electrospinning technique with the controllable hydro-
thermal method. The controllable formation process of the
branched heterostructure is schematically illustrated in
Figure 1.

Before the hydrothermal process, the pristine TiO2 nanofi-
brous mat has to attach a layer of MO seed nanoparticles by
dip-coating as specific nucleation sites. It is noted that the
seed layer is mandatory because no secondary growth to
form a branched morphology was observed when this step
was omitted. Taking NiO as an example, as shown in
Figure 5, only the longer nanorods dispersed on the TiO2

nanofibers and no branched TiO2/NiO hierarchical hetero-
structures were obtained. In this key step, the uniform small
nuclei play an important role in determining the growth ki-
netics of small nanorods on the surface of TiO2 nanofibers.
Firstly, the uniformity of nanoparticles obtained by the sol
method is very important for a narrow size distribution of
nanorods. In the current hydrothermal process to obtain the
nanorod arrays, MO seeds synthesized by the sol method
are deposited on the TiO2 substrates. The crystal growth ki-
netics process is the epitaxial heterogeneous nucleation on
the existing nuclei when nanorods grow from the nucleation
sites of the seed layer. However, the homogeneous nuclea-
tion occurs in the supersaturated aqueous solution if there is
no crystal seed limitation. As a result, the nanorods grow at
a fast rate and tend to form a longer length under hydro-
thermal conditions (Figure 5). Secondly, the lattice matching
between MO nanorods and the nucleus seeds (MO nanopar-
ticles) is crucial to the crystal growth on the seed surface.
They have the same crystal type, and provide the best
matching and lowest energy barrier to obtain the branched
heterostructure.

The general chemical reactions in the following hydro-
thermal deposition process involving HMT and a desired

Figure 4. A) SEM image of the overall morphology of the branched
TiO2/SnO2 hierarchical heterostructure fabric. B) A single nanofiber.
C) TEM image of the individual TiO2/SnO2 hierarchical nanofiber.
D) HRTEM image of an SnO2 nanorod.

Figure 5. SEM image of the TiO2/NiO sample prepared without NiO
seeds under hydrothermal conditions.
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metal salt as reactants can be expressed as follows [Eqs. (1)–
(3)]:[23–25]

ðCH2Þ6N4 þ 6H2O D!6HCHOþ 4NH3 ð1Þ

NH3 þH2O! NHþ4 þOH� ð2Þ

nOH� þMnþ !MðOHÞn !MOðsÞ þ
n
2

H2O ð3Þ

The initial pH of the metal salt and HMT solution is 6.7
and remains relatively constant throughout the nucleation
and growth processes. For this pH and the metal salt con-
centration used (0.05 m), the predicted dominant metal spe-
cies present will be hydrated Mn+ . With prolonged heating,
the solution will contain partially decomposed HMT com-
plexes, ammonia (NH3), and formaldehyde (HCHO) with
the vapor containing a mixture of H2O, NH3, and HCHO.[26]

Due to the decomposition of metal salt and HMT at elevat-
ed temperature, the concentration of Mn+ and OH� increas-
es correspondingly. Finally, M(OH)n or MO nuclei start to
form when the degree of supersaturation surpasses a critical
value. In the whole process, the precursors are consumed for
the growth of MO on the nuclei seeds, and the precursor
concentration decreases quickly. Therefore, it was assumed
that the branched TiO2/MO hierarchical heterostructures
were hardly obtained under the conditions of a lower metal
salt concentration. Figure 6 shows representative SEM

images of hierarchical TiO2/NiO nanostructures obtained by
decreasing the concentration of metal salt and HMT
(0.01 m), while keeping their 1:1 ratio unchanged. Obviously,
both the density and diameter of the secondary NiO nano-
rods decrease directly with the concentration of salts. The
high-magnification SEM image shows that the diameter of
the secondary nanorods is less than 100 nm (Figure 6 B),
which is similar to the nanoparticles on the surface of the
TiO2 nanofibers.

It is noticeable that the HMT was crucial in the formation
of the MO nanorods. The branched products could only be
obtained in the presence of an appropriate amount of HMT.
A different agent, NaOH instead of HMT, was applied in
the reaction system in our experiment. No branched struc-

tures were observed. The morphology of the secondary MO
nanostructures is tailored to another nanostructure by
changing the HMT to NaOH during the hydrothermal pro-
cess. Figure 7 shows the TiO2/NiO hierarchical heterostruc-

ture using NaOH as the source of OH�. Instead of a 1D
branched nanostructure, 2D layers of NiO nanosheets on
the TiO2 nanofibers (TiO2/NiO nanosheets) were obtained.
The NiO nanosheets are about 100 nm in thickness and
about 1 mm in length (Figure 7 B). It is demonstrated that
the slow degradation of HMT at elevated temperature and
the rise of pH value (buffer effect) are important factors
that contribute to anisotropic growth and result in perspec-
tive and an interesting 1D morphology of MO nanostruc-
tures.[23,27,28]

Photocurrent investigation : The mobility capability of elec-
trons generated in the semiconductors under light irradia-
tion can be directly monitored by the photocurrent.[29]

Figure 8 shows the photocurrent density of the samples gen-

erated in suspensions under UV–visible light. It is noted
that the photocurrent density of the branched TiO2/NiO hi-
erarchical heterostructure is approximately 1.5 times higher
than that of the TiO2 nanofibrous mat. This indicates that
carriers transfer faster to the surface of the TiO2/NiO heter-
ostructure than they do in the TiO2 nanofibrous mat. There-

Figure 6. SEM images of hierarchical TiO2/NiO nanostructures prepared
by decreasing the concentration of metal salt and HMT (0.01 m).
A) Lower-magnification SEM image. B) Higher-magnification SEM
image.

Figure 7. SEM images of the TiO2/NiO hierarchical heterostructure using
NaOH as the source of OH�. A) Lower-magnification SEM image.
B) Higher-magnification SEM image.

Figure 8. Photocurrent density as a function of light irradiation time over
TiO2/NiO (gray line) and TiO2 (black line) samples.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 11412 – 1141911416

W. Wang et al.

www.chemeurj.org


fore, it can be concluded that the branched hierarchical het-
erostructure promotes the transfer rate of carriers to the
sample surface. Overall, our results intimate that the as-pre-
pared samples have high mobility of charge carriers and
high-quality optical properties, which may lead to several
practical applications.

Photocatalytic activity : The applications in solar-energy con-
version and degradation of pollution by semiconductor pho-
tocatalysts have received extensive attention in modern soci-
ety. It has been proven that the photocatalytic activity is
also closely related to the structure and the efficiency of the
photogenerated electron–hole diffusion from the inner re-
gions to the surface.[30] The photocatalytic degradation of
aqueous ammonia, a major nitrogen-containing pollutant,
was performed at pH 10.8.[31] As shown in Figure 9, under

light irradiation for 3 h the concentration of NH4
+/NH3 de-

creases from an initial 10 mg L�1 to approximately
0.85 mgL�1 in the presence of the branched TiO2/NiO hier-
archical heterostructure fabric, and more than 90 % of
NH4

+/NH3 was degraded. Only 53 and 77 % of the
NH4

+/NH3 were degraded after 3 h in the presence of the
TiO2 nanofibrous mat and TiO2/NiO nanosheets, respective-
ly, thus indicating the excellent photocatalytic performance
of the branched TiO2/NiO hierarchical heterostructure
fabric. Furthermore, the separability and the stability of the
high photocatalytic performance of the as-prepared sample
were also confirmed by circulating runs in the photocatalytic
degradation of aqueous ammonia (see Supporting Informa-
tion, Figure S4). The branched TiO2/NiO hierarchical heter-
ostructure fabric could be easily recycled without deactiva-
tion, which indicated that the large-scale fabric did not pho-
tocorrode during the photocatalytic oxidation of the pollu-
tant molecules, which is especially important for its applica-
tion.

The potential photocatalytic mechanism in the degrada-
tion of pollutant has been previously described and may in-
volve several steps: 1) photoabsorption of the TiO2/MO cat-
alysts, 2) generation of photoinduced electrons and holes,
and 3) transfer of charge carriers to the surface.[32,33] The

photocatalysis proved that the branched TiO2/MO hierarchi-
cal heterostructure fabric prepared by the facile and general
method presents enhanced photocatalytic activity, which is
most likely affected by many correlated factors. The Bruna-
uer–Emmett–Teller (BET) surface area of the branched
TiO2/NiO hierarchical heterostructure fabric was estimated
to be about 36.68 m2 g�1, which was much higher than that
of the TiO2 nanofibrous mat (6.92 m2 g�1) or TiO2/NiO nano-
sheet sample (15.1 m2 g�1). The high surface area and plenty
of pores in the 3D branched hierarchical heterostructure
allow not only more surface to be reached by the incident
light but also more active catalytic sites, which results in
good photocatalytic performance.[34] Moreover, the TiO2/
MO samples prepared by combining the electrospinning
technique with the hydrothermal method provide a hetero-
geneous structure. On the basis of the relative energy level
of TiO2 and MO, the photogenerated holes and the photo-
generated electrons can be promoted by the internal field,
which results in charge separation and stabilization, thus
hindering the recombination process. The photocurrent in-
vestigation (Figure 8) can also prove that the heterostruc-
ture could promote the transfer rate of carriers to the
sample surface. A larger number of electrons and holes on
the catalyst surface can participate in photocatalytic reac-
tions to directly or indirectly mineralize organic pollution,
and thus the photocatalytic reaction can be enhanced great-
ly (see Supporting Information, Figure S5). Besides, the
higher photocatalytic activity of the branched TiO2/MO hi-
erarchical heterostructure fabric can also be ascribed to the
branched nanostructure. It has been reported that high-qual-
ity 1D nanostructured semiconductors have been considered
as model systems for efficient transport of electrons and op-
tical excitations.[5,35] As a result, the branched TiO2/NiO hi-
erarchical heterostructure fabric showed higher photocata-
lytic activity than the TiO2/NiO nanosheet sample
(Figure 9). More importantly, as schematically illustrated in
Figure 10, we believe that the unique branched hierarchical

heterostructure with an appropriate space between the
nanorods allows multiple reflections of electromagnetic
waves, such as ultraviolet and visible light,[36] thus allowing
more efficient use of the light source and therefore endow-
ing these branched hierarchical heterostructure fabrics with
greatly enhanced properties.

Figure 9. Photocatalytic degradation of NH4
+/NH3 in the presence of as-

synthesized photocatalysts.

Figure 10. Schematic illustration of multireflections within the branched
hierarchical heterostructure.
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Conclusion

A family of branched nanofiber–nanorod hierarchical heter-
ostructure fabrics including TiO2/NiO, TiO2/ZnO, and TiO2/
SnO2 has been successfully synthesized on a large scale by a
facile and general approach by combining the practical elec-
trospinning technique with the controllable hydrothermal
method. The number density and morphology of the secon-
dary 1D MO nanostructure can be tuned by simply adjust-
ing the precursor conditions, which is also the key point to
obtaining the branched morphology. The as-prepared
branched TiO2/MO fabric exhibited higher mobility of
charge carriers and practically enhanced the photocatalytic
activity, which is correlated with the hierarchical hetero-
structure and spatial 3D arrangement of the 1D nanorods.
Moreover, the present general method is quite simple, envi-
ronmentally benign, and cost-effective, thus permitting it to
be developed for the design of other complex heterostruc-
tured fabric systems that might find potential applications in
many fields, such as catalysis, chemical/biological separation,
sensing, lasers, and solar-energy conversion devices.

Experimental Section

Materials : Poly(vinyl pyrrolidone) (PVP) with a molecular weight (MW)
of 1.3� 106 was obtained from Aldrich; other reagents were of analytical
purity and were used as received from Shanghai Chemical Company. The
TiO2 nanofibrous mat was prepared according to the previous study.[22d]

Synthesis of branched TiO2/MO hierarchical heterostructure fabric : Typi-
cally, the desired metal salt (NiCl2, Zn ACHTUNGTRENNUNG(NO3)2, SnCl4) was dissolved in
ethanol (100 mL) and the solution was heated at 80 8C for 2 h. Tetrame-
thylammonium hydroxide (TMAH) was added to adjust the pH value of
the final suspension to about 10. Then the mixture was stirred for 1 h at
room temperature. Afterwards, the mixture was exposed to high-intensity
ultrasonic irradiation (6 mm diameter Ti-horn, 300 W, 20 kHz) at room
temperature in ambient air for 30 min and an MO sol was obtained. Sub-
sequently, the TiO2 (1.2 mmol) nanofibrous mat was immersed in the as-
prepared MO sol for 10 min to coat it with MO nanoparticles as seeds,
and then, with MO sol (10 mL), it was immediately put into an autoclave
containing an aqueous solution (30 mL) of equimolar amounts of metal
salt and HMT (forming a 0.05 m solution). Then the autoclave was sealed
and heated at 180 8C for 20 h (NiO), at 100 8C for 3 h (ZnO), or at 180 8C
for 12 h (SnO2). The fabric was washed with deionized water and ethanol
to remove any ionic residual material and then dried in an oven at 80 8C
for 4 h.

Characterization : The XRD patterns of the samples were measured on a
D/MAX 2250 V diffractometer (Rigaku, Japan), with monochromated
CuKa (l= 0.15418 nm) radiation at 40 kV and 100 mA and scanning over
the range of 108�2q�708. The morphologies and microstructures of the
as-prepared samples were analyzed by SEM (JEOL JSM-6700F) and
TEM (JEOL JEM-2100F, accelerating voltage 200 kV). Nitrogen adsorp-
tion–desorption measurements were conducted at 77.35 K on a Micro-
meritics Tristar 3000 analyzer after the samples were degassed at 200 8C
for 6 h. The BET surface areas of the products were estimated by using
the adsorption data.

Photocurrent measurement : Photocurrent measurements were performed
by using a CHI 660C electrochemical workstation. A photocatalyst
(25 mg) was suspended in deionized H2O (75 mL) containing acetate
(0.1 m) and Fe3+ (0.1 mm) as an electron donor and acceptor, respectively.
A Pt plate (1 � 1 cm2, 0.125 mm thick, both sides exposed to solution), a
saturated calomel electrode (SCE), and a Pt gauze were immersed in the
reactor as working (collector), reference, and counter electrodes, respec-

tively. Photocurrents were measured by applying a potential (+1 V vs.
SCE) to the Pt electrode with a potentiostat (EG&G). All experiments
were conducted at about 25 8C.

Photocatalytic experiments : Photocatalytic activities of the as-prepared
samples were evaluated by the degradation of aqueous ammonia under
UV–visible light irradiation with a 500 W Xe lamp. The photocatalyst
(0.1 g) was added to NH4Cl solution (100 mL), the pH value of which
was adjusted to 10.8 by aqueous NaOH. Before illumination, the solution
was stirred for 120 min in the dark to reach the adsorption–desorption
equilibrium between the photocatalyst and NH4

+/NH3. The concentra-
tion of NH4

+/NH3 was estimated before and after the treatment using
the Nesster�s reagent colorimetric method.
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