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ABSTRACT: The paper describes for the first time the successful synthesis of Fe,0;/TiO, tube-like nanostructures, in which
TiO, shell is of quasi-single crystalline characteristic and its thickness can be controlled through adjusting the added amount of
aqueous Ti(SO,), solution. The characterization of samples obtained at different stages using transmission electron microscope
indicates that the outer TiO, shell is changed gradually from amorphous and polycrystalline phase into quasi-single crystal under
thermal actions through the Ostwald ripening process, accompanying the corrosion of the central parts of Fe,O; nanorods, and
the formation of small particles separating each other, leading to the special core/shell nanorods. Furthermore, Fe,05/TiO, tube-
like nanostructures can be transformed into Fe,TiO; nanostructures after they are thermally treated at higher temperatures.
Those nanostructures exhibit enhanced ethanol sensing properties with respect to the monocomponent. Our results imply that
not only hollow nanostructures, but also a novel type of nanostructures can be fabricated by the present method for nanodevices.
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1. INTRODUCTION

Core/shell and hollow nanostructures have attracted much
interest in recent research because of their applications in
catalysis, targeted drug delivery and photonic crystals, etc.' '
Recently, Liu et al. reported enhanced optical absorption of
carbon nanotube (CNT)/CdS core—shell structures in the
UV—visible region.” Zhu et al. synthesized CNT/ZnO
nanocomposites and fabricated ultrafast nonlinear optical
switch based on the hybrid system.® Kuang et al. observed
the new luminescence properties from ZnO/SnO, core—shell
nanostructures induced by the epitaxial interfaces.” Kim et al.
prepared SnO,/InO; core—shell nanowires which could be
used as Li ion battery electrodes.'® Very recently, Zhu et al.
synthesized carbon-strabilized iron nanoparticles for environ-
mental remediation,"’ and Zhang et al. fabricated Fe-sillica
nanoparticle/polyurethane composites as electromagnetic field
shielding materials.'> Therefore, so far, various preparation
strategies have been developed to fabricate hollow or core/shell
nanostructures, including the Kirkendall effect,”” acid etching,18
corrosion-aided Ostwald ripening,'” preferential dissolu-
tion,”**! sonichemical process,zz’23 and etc.

TiO, and Fe,O;, as two kinds of important semiconductors,
have increasingly gained attention over the past decade.”””>*
Recently, nanohybrids based on these two materials have been
synthesized in order to extend their applications. For example,
TiO, nanotubes coated with ultralsmall superparamagnetic iron
oxide can be detected by magnetic resonance imaging and have
promising applications in the ther%peutics;29 Fe-doped TiO,
can be used as chemical catalysts;3 ~3% Fe,0,/TiO, mixtures
act as the building-blocks for a high performance dye-sensitized
solar cell;** a-Fe,0,/TiO, solid solutions and y-Fe,0,/TiO,
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thick films can be used as gas sensing materials for detecting
ethanol vapor;35’36 a-Fe,05-filled TiO, nanotubes or a-Fe,0;-
covered TiO, surfaces show enhanced photoactivity by
hematite-induced recombination versus surface-specific ractiv-
ity.*® Therefore, the heteronanostructures based on Fe,0; and
TiO, have potential applications in many areas. However, to
the best of our knowledge, there have been very few studies on
synthesis and structural transformation of Fe,O5/TiO, tubular-
like nanostructures for ethanol gas sensors.

Here we report for the first time the successful synthesis of 1
D Fe,0;/TiO, tube-like nanostructures with quasi-single
crystalline TiO, shells through a controllable way. The special
core/shell nanostructures exhibit enhanced ethanol sensing
properties with respect to the monocomponent, with the
heterojunction barrier-controlled sensing mechanism proposed.
Furthermore, Fe,TiOg nanostructures with different morphol-
ogies can be also obtained after further thermal treatments of 1
D Fe,0;/TiO, tube-like nanostructures. Our results imply that
not only hollow nanostructures, but also a novel type of
nanostructures, with interesting applications in nanodevices,

can be synthesized by such proposed method.

2. EXPERIMENTAL DETAILS

2.1. Synthesis of 1 D Fe,05/TiO, tube-like nanostructures.
All of the chemicals were of analytical grade and were used as received.
First, a-Fe,O3 nanorods were obtained using the modified method
reported by Jia and his co-workers.”*! Simply, specific amount of
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FeCl;, and NH,H,PO, were added into 40 mL of water under
vigorous stirring; the concentrations of FeCl;, and NH,H,PO, in the
final mixture were 0.02 and 7.15 X 107* mol/L, respectively. The mix-
ture was then transferred into a Teflon-lined stainless steel autoclave
with a capacity of 50 mL for hydrothermal treatment at 220 °C for 4 h.
As the autoclave cooled down to room temperature by it self, the
precipitates were separated by centrifugation, washed with distilled
water and absolute ethanol, dried in air.

0.075 g of the as-synthesized Fe,O; nanorods were dispersed into
100 mL of distilled water under vigorously stirring. Then 50 mL of
0.0325 mol/L Ti(SO,), aqueous solution was added into the
suspension in 1.5 h at 30 + 2 °C.* The mixture was stirred for
another 3 h at the same temperature, and then aged at the room
temperature for 2 h. The precipitates were separated by centrifugation,
washed with distilled water and absolute ethanol, dried in air. The
sample obtain at this stage was treated at 360 °C for 6 h under a
mixture of Ar/H, flow, and at 500 °C for 2 h and then 600 °C for
another 2 h under the ambient atmosphere. Then, the sample was
allowed to cool down to room temperature.

2.2. Synthesis of Fe,TiO; nanostructures. Two kinds of
Fe,TiO;5 nanostructures with different morphologies were obtained
after the 1 D Fe,O;/TiO, tube-like nanostructures were thermally
treated at 800 °C for 2 h and 1000 °C for 2 h, respectively.

2.3. Sensor fabrication. The fabrication process of the sensors
using these nanostructures was described elsewhere.***' Briefly, the
sensing materials were dispersed in ethanol, and a drop was spun on a
ceramic tube between metal electrodes to form a thin film. A heating
wire in the ceramic tube was used to control the working temperature
of the sensor. The sensor response (S) to target gases is defined as
S = R,/R, where R, is the sensor resistance in air, and R, is the
resistance in target—air mixed gas.

3. RESULTS AND DISCUSSION

3.1. Structrual characterization. 3.7.1. Structrual
characterization of Fe,03/TiO, tube-like nanostructures.
The overall crystallinity and purity of the as-synthesized
samples were investigated by X-ray powder diffraction (XRD)
and transmission electron microscope (TEM) measurement. As
shown in Figure 1, the indexed diffraction peaks by “#” and
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Figure 1. XRD pattern of 1 D Fe,03/TiO, tube-like nanostructures.

“*” symbols in the XRD pattern confirm the presence of
a-Fe,0, (ICDD 33—0664) and TiO, (ICDD 12—1272) in the
final product. Energy dispersive spectroscopy (EDS) spectrum
reveals that the final product consists of Fe, O and Ti elements,
and the atomic ratio of Fe to Ti is about 2.3:1, as shown in
Figure S1. The above results indicate that the products
obtained in the above are Fe,0;/TiO, nanostructures with
high purity and crystalline quality.

Figure 2a displays the TEM image of the 1 D Fe,0;/TiO,
nanostructures. On one hand, the central parts of the Fe,O;
nanorods have been disintegrated into small particles; whereas
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the outer TiO, wall is dense and smooth, leading to the
formation of 1 D tube-like structures as overall morphology.
The average diameter and length of the 1 D tube-like nano-
structures and the thickness of the outer wall are 120, 400, and
23.5 nm, respectively. The HRTEM image (Figure 2b) reveals
that the outer shell is quasi-single crystalline, in which the
lattice spacing can be determined to be 0.348 nm, cor-
responding to the (101) plane of anatase TiO,. Two spots
presented in the Fourier transform image further confirm the
quasi-single crystalline characters of the outer TiO, shell, as
shown in the inset of Figure 2b.

Through the analyses of the products in the different
synthesis stages, we suggest that the following mechanism is
responsible for the formation of the tube-like core/shell
nanostructures, as shown in the Scheme 1. Fe,0;/ amorphous
TiO, (a-TiO,) core/shell nanostructures were first obtained
after the hydrolysis of Ti(SO,), in the solution containing
Fe,O; nanorods. The outer TiO, shell is very smooth and its
thickness is about 21 nm, as shown in Figure 3a. The fact that
only the diffraction peaks from Fe,O; are observed in the XRD
pattern (Figure 3b), indicates that the TiO, shell is amorphous
at this stage. When the Fe,O;/TiO, core/shell nanostructures
were exposed to hydrogen at 360 °C for 6 h, their structures
changed significantly. The Fe,O; and the amorphous TiO,
were transformed into cubic Fe;O, and anatase TiO,, respec-
tively (confirmed by XRD pattern, shown in Figure S2). TEM,
HRTEM and selective-area electron diffraction (SAED)
(Figure 3c and 3d) show that the surface of outer shell,
which consisted of polycrystalline TiO, particles with an
average diameter of 4 nm, is changed to be relatively roarse.
Thus, Fe;0,/polycrystalline TiO, (p-TiO,) core/shell nano-
rods were obtained at the stage. It is worth noting that
micropores can be produced in the cores under the reducing
treatment, which is helpful to the formation of Fe,0;/TiO,
tube-like nanostructures in the subsequent treatments.”"*’
After the Fe;O,/TiO, core/shell nanostructures were thermally
treated at 500 °C for 2 h under the ambient condition, the
outer TiO, shell became dense and smooth, and its thickness
decreased to about 17 nm, as shown in Figure 3e. HRTEM and
the Fourier transform images (Figure 3f) indicate that the
degree of crystallinity of the TiO, shell is improved. On the
other hand, the Fe;O, was transformed to Fe,O;, including
a-Fe,0; and y-Fe,0; phases (proved by XRD measurement,
shown in Figure S3). Simultaneously, the outer layer of the
Fe,0; got thinner slightly because the high thermal energy was
exposed to the core part. Finally the outer TiO, shell was
changed gradually from polycrystalline phase into quasi-single
(gs) crystal under thermal treatment through the Ostwald
ripening process companying with further corrosion of the
center of Fe,O; nanorods and the formation of small particles,
separated by each other, leading to the special tube-like
nanostructures with quasi-crystalline TiO, shell, as shown in
Figure 2a and 2b. During this process, the outer Fe,O; was
diffused outward and formed an intimitate contact with the
TiO, shell during the cooling process, leading to the increase of
the thickness of the outer shell from 17 to 23.5 nm. It should be
noted that the presence of the TiO, shell plays a very important
role in the formation of the tube-like nanostructures because
the 1 D structure of bare a-Fe,O; nanorods still remained well
through the same treated processes (see Figure S4). This also
reveals that the TiO, shell make thermal energy to be more
directly irradiated to the Fe,O; core.
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Scheme 1. Illustration of the growing processes of 1 D
Fe,0,/TiO, tube-like nanostructures
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The XRD, SEM and TEM analyses above illustrate that the
Fe,0;/TiO, tube-like nanostructures can be successfully
prepared by the present method. Importantly, the thickness
of outer wall can be tuned by simply varying the concentration
of aqueous Ti(SO,), solution. Fe,0;/TiO, core/shell nanorods
with armorphous shell of about 32 nm were fabricated as the
concentration of Ti(SO,), solution was increased to 0.05 mol/
L, as shown in Figure SSa. After the sample were exposed to
hydrogen at 360 °C for 6 h and then thermally treated at 500
°C for 2 h under ambient conditions, the TiO, shell was very
smooth and its thickness was about 28 nm, as shown in Figure
S5b. Through the HRTEM and the Fourier transform images in
Figure SS5c, we can see that the outer TiO, shell is consisted of
polycrystalline particles. After further treated at 600 °C for 2 h,
the Fe,0;/TiO, tube-like nanostructures with the outer shell
thickness of about 30 nm were fabricated, as shown Figure S5d.
HRTEM and the Fourier transform images demonstrate that
the outer TiO, is changed from polycrystalline phase to quasi-
single crystal, as shown in Figure SSe. EDS spectrum (Figure
S5f) shows the final product is consisted of Fe, Ti and O
elements. Thus, through the proposed method, the thickness of
the TiO, shell can be easily controlled.

3.1.2. Structrual characterization of Fe,TiOs nanostruc-
tures. It is interesting that 1 D Fe,0;/TiO, tube-like
nanostructures will transform into Fe,TiOg nanostructures if
they are further thermally treated at higher temperature under
the ambient atmosphere. In Figure 4, the XRD patterns show
the presence of Fe, TiOj phase, after the sample being treated at
800 or 1000 °C for 2 h, repectively. All the diffraction peaks
in the patterns can be indexed to orthorhombic Fe,TiOs
(ICDD 76-1158, lattice constants: a=3.739 A, b=9.779 A,
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Figure 3. (a) TEM image and (b) XRD pattern of the Fe,O;/
amorphous TiO, core/shell nanostructures. (c) T EM and (d)
HRTEM images of Fe;O,/polycrystalline TiO, core/shell nanostruc-
tures; the inset in (d) is its SAED pattern. (e) TEM and (f) HRTEM
images of the Fe;O,/polycrystalline TiO, core/shell nanostructures
treated at 500 °C for 2 h under the ambient condition.

and c=9.978 A) Hollow Fe, TiOjs nanostructures with the length
of ~300 nm and the diameter of ~180 nm were obtained after

dx.doi.org/10.1021/am201689x | ACS Appl. Mater. Interfaces 2012, 4, 665—671



ACS Applied Materials & Interfaces

Research Article

13
00
006
23
243

020 i
: 110
{- 1M1
] 130
042
043
2
202
152
2
240
242
136

Intensity (a.u.)

ICDD 76-1158

“‘ |H ‘ . | ‘||MU Ll
30 40 50 60 70
2 Theta (degree)

20

Figure 4. XRD patterns of Fe,TiO; nanostructures obtained at (a) 800 °C
and (b) 1000 °C.

the Fe,0;/TiO, tube-like nanostructures were treated at 800 °C
for 2 h, as shown in Figure Sa. HRTEM and the Fourier

100 nm

Figure 5. (a) TEM image and (b) HRTEM image of Fe,TiO;
nanostructures obtained at 800 °C, and the inset (b) shows the
corresponding Fourier transform image, (c¢) TEM image and (d)
HRTEM image of Fe,TiOs nanostructures obtained at1000 °C for 2 h,
and the inset (d) shows the corresponding Fourier transform image.

transform images (Figure Sb) reveal that the sample is of quasi-
single crystalline characteristics. The lattice spaces is 0.434 nm,
corresponding to (021) plane of orthorhombic Fe,TiO;. If the
Fe,05/TiO, tube-like nanostructures were further treated at
1000 °C for 2 h, crystalline Fe,TiO; particles with a diameter of
280 nm were fabricated, as shown in Figure Sc. HRTEM and the
Fourier transform images (Figure Sd) demonstrate its quasi-single
crystalline character. The lattice spaces is 0.50 nm, correspond-
ing to (002) plane of orthorhombic Fe,TiOs. Thus, a new type
of nanostructures is obtained by this very simple method, which
may open a way for fabricating other new nanostructures.
3.2. Gas sensing properties. 3.2.1. Gas sensing
properties of Fe,O;/TiO, tube-like nanostructures. Fe,O,
and TiO, are two kinds of important functional materials.
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Fe,0; can be used as gas sensors and TiO, nanostructures have
been widely investigated for photocatalysis. Recently, 1 D
heteronanostructures have attracted much attention for
chemical sensor because the sensitivity and selectivity can be
manipulated by the component phases.**** Thus the Fe,0,/
TiO, tube-like nanostructures may have potential applications
for gas sensors. For comparison, the bare Fe,O; nanorods-
based sensors were also prepared.

The bare Fe,0; nanorods do not have any response to 500
ppm ethanol vapor until the working temperature is higher than
270 °C and the value of S is only about 1.5 at 300 °C. However,
the Fe,0;/TiO, tube-like nanostructures have very significant
response to ethanol vapor even at 180 °C, as shown in Figure 6a.
The tube-like nanostructures have larger value of S at 320 °C,
however, considering the stability of the sensors for practical
application, we mainly investigated ethanol sensing properties
at 270 °C. Figure 6b shows time-dependent response of the
Fe,05/TiO, tube-like nanostructures to ethanol vapor of
different concentrations at 270 °C. It is found that the S
value increases rapidly with the increase of ethanol concen-
tration and it reaches 19.4 for 500 ppm ethanol, which is 1
order of magnitude higher than that of the bare Fe,O;
nanorods at 300 °C. Moreover, the tube-like nanostructures
can test ethanol vapor at the ppb level. For example, the sensor
response of the tube-like nanostructures to 500 ppb ehtanol
reaches 1.9 at 270 °C, as shown in Figure 6b. These results
show that the tube-like nanostructures exhibit enhanced
ethanol sensing properties including stronger response, lower
working temperature and trace detection, compared with the
bare Fe,O; nanorods. In addition, compared to other Fe,O,
-based composites, the tube-like nanostructures exhibited close
or higher ethanol sensing properties. For example, the sensor
response of Fe,0;—TiO, thick films to 150 ppm ethanol at 330
°C is about 2.0, which is significantly lower than that of 1 D
tube-like nanostructures fabricated in this work.

The mechanism of the enhanced sensor properties may be
related to the synergetic effect from different gas sensing
materials. In general, this effect requires that both of the sensing
materials have strong response to the target gas.* In order to
further clarify it, we prepared TiO, nanoparticles through the
same processes as the preparation of the tube-like nanostruc-
tures, except that the Fe,O, nanorods were not added.** The
obtained TiO, nanoparticles had very weak response even
when they were exposed to 1000 ppm ethanol at the tested
temperature between 180 and 320 °C.** On the other hand, S
is about 1.5 for the bare Fe,O; nanorods to 500 ppm ethanol at
300 °C as discribed above. Those results imply that the bared
Fe,O; nanorods and TiO, nanoparticles both have weak
response to ethanol. Therefore, the synergetic effect cannot
explain the enhanced sensing properties very well. It is well-
known that TiO, is a kind of effective catalyst, and it can help
to photoelectrolyze water to produce H,.** Therefore, the
catalytic effect of TiO,, like Au, Pt and Pd supported by metal
oxides,* should be taken into consideration. But the TiO, shell
in the tube-like nanostructures is relatively dense and thicker,
thus the catalytic effect plays a relatively weak role in the
enhanced gas sensing properties. Because the heterojunction
formed at the interface between Fe,O; and TiO,, it should be
the change of heterojunction barrier at the different gas
atmospheres that contributes to the enhanced sensing proper-
ties. The band gap, work function and electron affinity of TiO,
are 3.2, 4.2, and 3.9 eV, respectively,44 which of Fe,O5 are 2.1,
5.6, and 4.71 €V, respectively.** Accordingly, the electron
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Figure 6. (a) Temperature-dependent sensor response of the Fe,0;/TiO, tube-like nanostructures to ethanol vapor and (b) Time-dependent
response of the Fe,0;/TiO, tube-like nanostructures to ethanol vapor at 270 °C.
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Figure 7. (a) Temperature-dependent sensor response of the Fe,TiOs nanostructures obtained at 800 °C to ethanol vapor, (b) Time-dependent
response of the nanostructures to ethanol vapor at 270 °C, (c) Temperature-dependent sensor response of the Fe,TiO5 nanostructures obtained at
1000 °C to ethanol vapor and (d) Time-dependent response of the nanostructures to ethanol vapor at 270 °C.

transfer occurs from the conduction band of TiO, to that of
Fe,0;, leading to the formation of heterojunction barriers at
their interfaces. As the tube-like nanostructures exposed to air,
the barrier height (q®) will increase because the electron in the
TiO, bulk will be trapped when TiO, activate the dissociation
of oxygen molecules into oxygen ions. According to the
semiconductor theory, the resistance (R) related to hetero-
junction barrier can be expressed by, R « B exp (q®/kT),
where B is a constant related to ambient temperature, ®
heterojunction barrier, k the Boltzmann’s constant and T the
absolute temperature. Therefore, the conductivity of the
nanostructures in air is very low (Figure SS). When the tube-
like nanostructures are exposed to ethanol, the reaction
between the adsorbed oxygen ions and the ethanol molecules
will release electrons, which will flow into the conduction band
of TiO, semiconductor, resulting in a decrease in the width and
height of the barrier potential at the interfaces. In this case, the
conductivity of the heterostructures will consequently be
increased (Figure SS). Therefore, the tube-like nanostructures
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exhibit enhanced sensing properties to ethanol. Even if the
barrier height only has a small change, the conductivity of the
tube-like nanostructures change significantly. For example,
assuming that the barrier change (Aq®) is 0.14 eV, only about
1/10 of the work function difference between Fe,O; and TiO,,
the maximum S value at 270 °C can be calculated as 19.6
(Figure SS). This reveals that the sensing mechanism can be
used to explain the enhanced sensing properties.*’

3.2.2. Gas sensing properties of Fe,TiOs nanostructures.
Iron titanium oxides have potential applications in the fields of
magnetic semiconductors and optical fibers and catalysis.**™°
Among these oxides, Fe,TiOs is a kind of metal oxide
semiconductors with band gap of about 2.3 eV. Its magnetic,
optical and catalytic properties have attracted lot of attention. For
example, Fe,TiOg can be used as the anodes for photoelectrolysis
of water.**">° However, to our knowledge, the sensing property of
Fe,TiO; nanostructures have been seldom investigated.>>*

Figure 7a shows the response of 800 °C-obtained Fe,TiO;
nanostructures to ethanol. It can be found that the values of the

dx.doi.org/10.1021/am201689x | ACS Appl. Mater. Interfaces 2012, 4, 665—671
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sensor response increas slowly with the increase of the working
temperature. Figure 7b shows time-dependent response of the
nanostructures to ethanol vapor of different concentrations at
270 °C. The S value slowly increases with the increase of
ethanol concentration and it is 8.2 for 500 ppm ethanol.
Fe,TiO; nanostructures obtained at 1000 °C exhibited a similar
sensing behavior to those obtained at 800 °C, but the sensor
response is slightly lower, as shown in Figure 7c and 7d. For
example, S is about 6.4 for 300 ppm ethanol, and 7.9 for 500
ppm ethanol at 270 °C, respectively. The ethanol sensing
performances of Fe,TiOg nanostructures are also significantly
higher than that of the bare Fe,O; nanorods, suggesting that
they can be used as ethanol sensing materials. But the sensor
responses of the nanostructures are weaker than those of 1 D
Fe,0;/TiO, tube-like nanostructures, which may be attributed
to the nonexistence of the heterojunctions in Fe,TiOjg
nanostructures.

3.2.3. The selectivity of the sensors. Gas sensors for
practical applications are required not only to have strong
sensor response, but also very good selectivity to the targeted
molecules. Therefore, the responses of the sensors based on 1
D Fe,0;/TiO, tube-like nanostructures and Fe,TiOs nano-
structures to 500 ppm H,, NH; CH, and CO were also
measured at 270 °C, as shown in the inset of Figure S6. The
response values are all less than 1.5 for those gases, indicating
that the sensors have very good selectivity to ethanol vapor.
The selectivity of the metal oxide semiconductors to ethanol
may be related to the following factors. First, it is related to the
acidic-baisic properties of the oxide surfaces. Ethanol molecules
will be converted into CO, and H,O by the dehydrogenation
process if the oxides exhibit basic characteristics:>>~>°

)

Fe,0; is known as a basic oxide while TiO, is an amphoteous
oxide, which results in basic sites predminant in the surfaces of
1 D Fe,0;/TiO, tube-like nanostructures. Therefore, the tube-
like nanostructures may favor ethanol’s dehydrogenation into
acetaldehyde. During this whole processes (eq 1 and eq 2),
three electrons will be released from one ethanol molecule. But
for other gases such as H, and CO, only one electron can be
released under the same conditions. That is why the tube-like
nanotubes exhibit a good selectivity to ethanol. However, it is
worth noting that dynamics of the surface reaction plays an
important role in the selectivity of the sensor. For example,
oxides such as Fe,O; and SnO, have very weak response to
CH, exce7pt using Pd as a catalyt and at higher temper-
atures.***

Strong response and good selectivity of the sensors indicate
their promising applications at the industrial level.

CH;CHO + 30™ — 2CO, + 2H,0 + 3¢~

4. CONCLUSIONS

In summary, 1 D Fe,0;/TiO, tube-like nanostructures with
quasi-single crystalline TiO, shell were successfully prepared by
a controllable way. The presence of TiO, shell helps thermal
energy to be more directly irradiated to the Fe,O; core, which
is helpful to the formation of the special core/shell nanorods.
Fe,TiO4 nanostructures were also obtained after the thermal
treatment of 1 D Fe,0;/TiO, tube-like nanostructures. The
novel strategy developed here could be extended for the
synthesis of other 1 D hollow nanocomposites. Furthermore,
those nanostructures exhibited significantly enhanced ethanol
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sensing properties with respect to the monocomponent. Our
results demonstrate that not only hollow nanostructures, but
also a novel type of nanostructures can be fabricated by the
present method for nanodevices.
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