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ABSTRACT: We present the preparation of a hierarchical nanoheterostructure
consisting of inner SnO, hollow spheres (SHS) surrounded by an outer a-Fe,O5
nanosheet (ENS). Deposition of the FNS on the SHS outer surface was
achieved by a facile microwave hydrothermal reaction to generate a double-shell
SHS@ENS nanostructure. Such a composite with novel heterostructure acted as
a sensing material for gas sensors. Significantly, the hierarchical composites
exhibit excellent sensing performance toward ethanol, which is superior to the
single component (SHS), mainly because of the synergistic effect and

heterojunction.
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1. INTRODUCTION

Gas sensors have been acknowledged as profilers to detect and
quantify inflammable, explosive, or toxic gases.'”* For the
design and fabrication of high performance gas sensors in terms
of sensitivity, selectivity, and stability, understanding the
properties of the sensing material that affect sensor perform-
ance is of great necessary. Therefore, the development of highly
efficient sensitive materials is one of the most important topics
in gas sensor research. In general, ideal sensing materials for gas
sensors should be cheap, nontoxic, and stable. Considering
their advantages of high sensitivity and simplicity in synthesis,
semiconductor oxides, including a-Fe,O; SnO,, ZnO, and
In,0;, have been increasingly researched as sensing materials
over the past few decades””” The sensing mechanism of
sensors employing semiconductor oxides is mainly that the
adsorption and reaction of oxygen and target gases result in a
change in the electrical conductivity.'’""> Thus, the morphol-
ogy, microstructure, composition, and crystalline size play an
important role in their gas sensing properties. The sensitivity of
the sensor increases significantly when the size of the sensing
materials decrease to be a similar thickness as that of the
electron depletion layer."* Many satisfactory results regarding
sensing properties of semiconductor oxides have been obtained,
but the design and development of highly sensitive and
selective sensing materials remains a challenge for gas sensors.
Indeed, during the past decade, many efforts have been
dedicated to modifying semiconductor oxide sensing materials,
including the modulation of surface states by doping with
elements,">™"” the construction of heterojunctions by combin-
ing them with different semiconductor oxides,"®™" and the
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addition of catalysts on the surface of the semiconductor
oxides.”' 7> Recently, much research has been carried out
aiming to enhance the performance of gas sensors by applying
heterostructure semiconductor composites.”* >° Because the
sensing properties of heterostructure composites are strongly
related to their morphologies, preparation of composites with
unique architectures will be increasingly important for
constructing high performance gas sensors.

SnO, and a-Fe,0; two of the important n-type semi-
conductors, have received widespread attention because of their
unique characters and vast potential applications in various
fields.”” ™' It has been previously demonstrated that an a-
Fe,03/Sn0, hybrid composite can yield enhanced functions,
such as gas response, photocatalyst, and lithium storage
capacity.”>~>” Therefore, hierarchical a-Fe,0;/Sn0O, compo-
sites with various architectures have been prepared through
different strategies. Solution-phase synthesis methods have
been demonstrated to be a versatile and efficient route to finely
adjust semiconductor composites with different compositions
and microstructures.’®~*’ However, despite the exciting results
that have been obtained, there are few reports on the
hierarchical double-shell a-Fe,0;/SnO, nanostructures con-
sisting of inner SnO, hollow nanospheres surrounded by outer
a-Fe,O; nanosheets. In this work, we successfully prepared
hollow a-Fe,0;/SnO, composites by combining a hydro-
thermal route (for the hollow SnO, nanosphere) and a
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microwave-assisted hydrolytic reaction (for the a-Fe,O,
nanosheets). Moreover, such novel a-Fe,0,/SnO, hetero-
structures as sensing materials have been demonstrated, and
they displayed that the a-Fe,0;/SnO, composites had superior
sensing performance to that of the SnO, individual component
in terms of high gas response to ethanol. The variation of the
heterojunction barrier at the diverse gas ambience and the
synergistic effect of a-Fe,O; and SnO, were suggested to be the
origin of the enhanced performance.

2. EXPERIMENTAL SECTION

Preparation of Hollow a-Fe,05/SnO, Hierarchical Compo-
sites. SnO, hollow nanospheres were obtained as described in our
previous publication.'”” The a-Fe,03/Sn0O, semiconductor hetero-
structures were synthesized through a microwave-assisted hydro-
thermal reaction without any surfactant. Briefly, 0.03 g of the as-
prepared hollow SnO, spheres were added to a mixed solvent of 5 mL
of glycerol and 35 mL of deionized water with vigorous stirring. Then,
0.79 g of FeCl,-4H,0 and 0.69 g of K,SO, were dissolved into the
mixed solution, respectively. Then, the above suspension was poured
into a Teflon-lined autoclave and heated with a predetermined heating
procedure (first heated to 180 °C from 25 °C, then kept at 180 °C for
2 h, and afterwards cooled naturally) in a microwave hydrothermal
apparatus. The resulting product was centrifuged and washed with
deionized water and ethanol several times and finally dried at 80 °C.

Characterization. The phase structures of the as-obtained samples
were characterized through X-ray powder diffraction on a Rigaku
TTRII X-ray diffractometer, and the data were recorded from 20° to
70°. The morphologies and microstructures were investigated by field-
emission scanning electron microscopy (FESEM) using a JEOL JSM-
7S00F microscope. Transmission electron microscopy (TEM) images
and the energy dispersive X-ray spectrometry (EDS) pattern were
obtained by a JEOL JEM-3010 microscope and its attachment,
respectively. Specific surface areas of the samples were calculated by
the Brunauer—Emmett—Teller (BET) equation according to the N,
adsorption/desorption isotherm recorded using Micromeritics Gemini
VII equipment (Surface Area and Porosity System).

Fabrication and Measurement of Gas Sensors. For gas
response, the obtained products were coated onto the surface of a
commercially produced ceramic tube to form a thick sensing film. The
as-fabricated devices were fired to 400 °C for 2 h in air using a muffle
furnace. A Ni—Cr alloy coil, as a heater, was threaded to the ceramic
tube to regulate the entire operating temperature of the sensor. The
details of the fabrication and measurement process of the gas sensor
are described in our previous works.'¥** A static system was applied to
investigate the gas sensing performances of the sensors under
laboratory conditions (40% RH, 23 °C). The response of the sensor
was measured as the resistance ratio between the air (R,) and the
target gas (Ry). The time consumed by the sensor to reach 90% of the
total resistance change in tested gas and air were defined as the
response time and recovery time, respectively.

3. RESULTS AND DISCUSSION

Structural and Morphological Characteristics. The
XRD pattern in Figure 1 displays the phase purity and
crystallographic structure of the as-prepared hierarchical a-
Fe,0;/Sn0, nanostructures. All the diffraction peaks in this
XRD pattern for the composite contained a tetragonal rutile
structure of SnO, and rhombohedral structure of a-Fe,O;
which were accorded well with those from the standard Joint
Committee on Powder Diffraction Standards (JCPDS) card of
Sn0O,, No. 41-144S5, with a = 0.4738 nm and ¢ = 0.3187 nm and
the JCPDS card of a-Fe,0;, No. 33-0664, with a = 0.5035 nm
and ¢ = 1.375 nm, respectively. Moreover, no other diffraction
peaks derived from impurities were found, indicating high

purity of the as-prepared product.
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Figure 1. XRD pattern of the hierarchical a-Fe,0;/Sn0O, composites.

The images in Figure 2 present the morphologies and
microstructures of the as-obtained samples: hollow SnO,

Figure 2. (a—d) Typical FESEM and TEM images of SnO, spheres. (e
and f) FESEM images of the as-synthesized hierarchical a-Fe,0;/
SnO, composites.

nanospheres and hierarchical a-Fe,O3;/SnO, nanostructures.
Figure 2a depicts a low-magnification FESEM image of the
SnO, sample fabricated through the first hydrothermal route
using SnC,0, as the precursor. It is apparent that the product
consisted of monodisperse spheres that were ~400 nm in
diameter. No other morphologies could be observed, which
indicated that good uniformity and dispersibility were achieved
through this strategy. The enlarged FESEM image in Figure 2b
provides a single SnO, sphere; it is found that the SnO, sphere
consisted of many primary particles with a size of a few dozen
nanometers. From a broken nanosphere, as shown in Figure 2,
the hollow structure and the nanometer-scale primary particles
could be clearly identified. Moreover, the thickness of spherical
shell was ~100 nm. TEM images further reveal the hollow
interior of the SnO, spheres. As can be seen in Figure 2d, the
contrasting light and dark between the center and the edge of
the spheres confirmed that these spheres possessed a hollow
interior. Figure S1 displays a high-resolution TEM (HRTEM)
image of nanoparticles on the surface of the sphere where the
(110) lattice spacing of ~0.335 nm of tetragonal rutile SnO,
could be clearly observed.*" After the second solution growth,
the product exhibited hierarchical a-Fe,0;/SnO, hollow

nanostructures. A panoramic view of the composites, as
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shown in Figure 2e, reveals that they were composed of very
uniform spherical particles with diameters of ~600 nm. The
high-magnification FESEM presented in Figure 2f displays the
detailed morphological information on a single hierarchical
sphere. It is found that the a-Fe,0; nanosheets, with an average
thickness of ~10 nm, assembled hierarchically on the surface of
hollow SnO, nanospheres.

Such hierarchical composites were analyzed by TEM to get
deeper insight into their structure, images of which are
displayed in Figure 3. An obviously hollow interior could be

Figure 3. (a, b, and e) Typical TEM images of as-obtained hierarchical
a-Fe,0;/Sn0, composites. (c and d) Elemental mapping images. (f)
HRTEM images of the interfacial region if ab a-Fe,03/SnO, hollow
nanosphere. (g and h) FFT patterns taken from SnO, and a-Fe,0;,
respectively.

clearly observed from a low magnification TEM image (Figure
3a). Careful observation of a single sphere (Figure 3b) indicates
that the hollow sphere had an obvious double-shell structure.
The inner shell could be identified as a hollow SnO, sphere,
which appeared black colored in the image due to high mass—
thickness contrast. The outer shell of the hierarchical sphere
was composed of numerous @-Fe,0; nanosheets. The thickness
of the a-Fe,0j; shell was observed to be ~100 nm by measuring
the light-colored region in the image. The TEM elemental
mapping taken from a single hierarchical sphere (Figure 3b)
clearly identified the spatial distributions of Sn and Fe elements
in the composite, as shown in Figure 3¢ and d. The signal of Sn
was strongly detected in the inner shell region of the hollow
sphere, whereas the Fe element was mainly distributed in the
outer shell region. A typical HRTEM image of the interfacial
region in a-Fe,0;/Sn0, hollow nanospheres (outlined by a red
box in Figure 3e) is presented in Figure 3f, which indicated that
there was good lattice compatibility at the interface. The fringe
spacings were approximately 0.34 and 0.251 nm, which
corresponded to the (110) plane of SnO, and the (110)
plane of a-Fe,0;, respectively.’”*' The fast-Fourier transform
(FFT) patterns selected from SnO, and a-Fe,0; are displayed
in Figure 3g and h, respectively. The a-Fe,O; nanosheet gave
the (012) plane to constitute the interface with the (110) plane
of $n0,.*

19121

The formation mechanism of the a-Fe,O;/SnO, hetero-
structure composite was investigated through a series of
experiments. The FESEM images in Figure 4a—d show the
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Figure 4. (a—d) FESEM images of the samples at various reaction
times: (a) 0 h, (b) 0.5 h, (c) 1 h, and (d) 2 h. (e) Schematic of the
growth process of the a-Fe,03/SnO, composite.

2h
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samples prepared at different reaction times, which reveal the
morphological and structural changes from SnO, hollow
spheres to a-Fe,0;/Sn0O, double-shell structural composites.
During the initial 30 min reaction, small nanosheets of ~8 nm
thickness were found to be growing on the surfaces of the SnO,
hollow spheres (Figure 4b). With an extended reaction time,
the size, thickness, and quantity of nanosheets increased, and
the product exhibited a flower-like morphology (Figure 4c and
d). On the basis of the above observations, a process of forming
the hierarchical a-Fe,0;/SnO, double-shell hollow spheres
during the microwave hydrothermal reaction is proposed and is
presented schematically in Figure 4e. At first, the hydrolysis of
FeCl,-4H,0 will lead to the formation of iron oxide
nanoparticles; then, these nanoparticles will aggregate on the
surface of SnO, spheres. During the extended microwave
hydrothermal reaction, the as-obtained nanoparticles will grow
into flaky nanostructures, forming rough shells, which result in
the obtention of a double-shell hollow structure. The specific
growth mechanism of the unique double-shell heterostructures
is still under investigation. Presented here is just an assumption
that corresponds well with the results from electron
microscopy.

The specific surface areas of hollow SnO, and a-Fe,0;/Sn0O,
spheres were estimated through the data of N, adsorption/
desorption isotherms by the BET method, as shown in Figure
S. For two structures, an obvious hysteresis loop was observed
from the nitrogen adsorption isotherm, which indicated
mesoporous structures in hollow spheres.*” From the
corresponding pore size distribution curves (insets in Figure
S), the distribution centers had almost no change. Moreover, as
found by the results of the BET measurements, such a
hierarchical a-Fe,03/Sn0O, heterostructure composite gave a
slightly larger specific surface area (26.1 m* g™") and total pore
volume (0.13 cm® g™!) relative to those of the hollow SnO,
spheres (22.9 m* g7', 0.07 cm® g™, respectively). The relatively
high pore volume in the double shell a-Fe,0;/SnO, hollow
spheres seems to afford an efficient way to transmit to their
interior space, which is critical for gas sensoring and other
applications.

Sensing Properties. Recently, vast efforts have been spent
searching for excellent sensing materials to enhance the
performance of gas sensors. Here, we employed the prepared
hierarchical a-Fe,0;/SnO, nanostructures as a potential
sensing material for gas sensors as compared with the pristine
SnO, hollow nanospheres. For semiconductor oxide gas

DOI: 10.1021/acsami.5b04751
ACS Appl. Mater. Interfaces 2015, 7, 19119-19125


http://dx.doi.org/10.1021/acsami.5b04751

ACS Applied Materials & Interfaces

Research Article

g
s 8

g

*®
10+ ace®®
0-000‘7.“

= Adsorption
=—C= Desorption

o

.
T
@
o

8
Volume Adsorbed (cm’g”)

r '."";
:)0")'.0‘. —e— Adsorption

—C— Desorption [ 0

00 02 04 06 08 10
Relative Pressure (P/P)

m Volume Adsorbed (c:mJ
S

00 02 04 06 08 1.0
Relative Pressure (P/Po)

Uﬂ

Figure S. Typical N, adsorption/desorption isotherms and pore size distribution curves of (a) SnO, hollow nanospheres and (b) hierarchical a-

Fe,0;/Sn0, composites.

sensors, the operating temperature plays an important role in
their response to target gas.'” Therefore, the responses of the
two sensors to 100 ppm of C,H;OH were measured as a
function of operating temperature to ascertain the optimum
operating temperature of the sensors, as shown in Figure Ga.
From which a volcano-like correlation between response and
operating temperature is observed. In other words, the
responses of the tested sensors increased first and then
decreased with increasing temperature. The response showed
a maximum value of 18.4 for the hierarchical a-Fe,05/Sn0O,
composites and 9.5 for the hollow SnO, nanospheres at 225
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Figure 6. (a) Response of pristine SnO, hollow nanospheres and a-
Fe,03/Sn0, hierarchical composites relative to operating temperature
to 100 ppm of C,H;OH. (b) Response transients of hollow a-Fe,05/
SnO, double-shell heterostructures to 100 ppm of C,H;OH, C;HO,
HCHO, and CH;0H at 225 °C.

°C, which was therefore chosen for the two gas sensors as the
optimal operating temperature. The results indicate that the
hierarchical composites displayed a remarkably improved gas
response (18.4), which was almost twice that of the SnO,
hollow spheres (9.5).

The dynamic response characteristics of the a-Fe,O;/SnO,
sensor to diverse reducing gases were then studied. Figure 6b
presents the response of hollow heterostructures to 100 ppm of
C,H;OH, C;HO, HCHO, and CH;OH for a cycle period at
225 °C. It is found that the sensor showed an n-type response
to tested gases and exhibited a sensitive and reversible response.
Obviously, with the introduction of tested gases, the sensor
responded immediately and the resistance reached a near
steady state within seconds.”’ Because the tested gas further
diffused through the sensing layer and occupied the residual
surface reaction sites, the resistance then changed slowly. When
the sensor was placed in air, the resistance gragually increased
and finally returned to almost its baseline level. The response
was 18.4, 10.1, 6.3, and 8.1 for 100 ppm of C,H;OH, C;H,O,
HCHO, and CH;OH, respectively. The reproducibility of the
sensor upon 8 cycle response measurements to 60 ppm ethanol
at 225 °C (Figure S2) revealed there was no evident change in
the response amplitude, which indicated that the sensor had
good reproducibility. Moreover, among these tested gases, the
sensor showed the maximum response to ethanol. The
response time of the sensor was 1, 5, 3, and 2 s for ethanol,
acetone, formaldehyde, and methanol, respectively. After
exposure in air, the recovery time of the sensor was 31, 36,
23, and 20 s for ethanol, acetone, formaldehyde, and methanol,
respectively.

The relationships between the responses and ethanol
concentrations for the two sensors at 225 °C is depicted in
Figure 7a. From the curves, it can be seen that the responses of
the sensors were proportional to the increasing concentrations
of ethanol from 10 to 100 ppm. However, the sensor, using
hierarchical composites, by contrast, exhibited a high response
to each concentration of ethanol. Moreover, the response of the
a-Fe,0,/Sn0, composites tended to rise faster than that of the
hollow SnO, spheres with increasing C,H;OH concentration.
Panels b and ¢ in Figure 7 demonstrate the dynamic resistance
changes of the two sensors to various concentrations of ethanol
at 225 °C. Obviously, the response and recovery characteristics
of the sensors were nearly reproducible with the rapid response
and recovery. The response of the sensor using heterostructure
a-Fe,03/Sn0, hierarchical composites was approximately 2.4,
4.1, 6.3, 9.9, 13.3, and 18.4 to 10, 20, 40, 60, 80, and 100 ppm
of C,HOH, respectively, whereas the response of pure SnO,
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Figure 7. (a) Responses of the two sensors relative to C,H;OH concentrations at 225 °C. (b and c) Response transients of hollow SnO,
nanospheres and hierarchical a-Fe,0;/Sn0O, heterostructures to diverse concentrations of ethanol at 225 °C.

was 1.5, 2.3, 39, 52, 74, and 9.5 for each respective
concentration.

In terms of practical applications, the long-term stability of
the sensor is considered an important parameter. Therefore,
successive tests of the response toward 60 ppm ethanol for the
sensor using the as-obtained hierarchical a-Fe,0;/Sn0O,
heterostructures at 225 °C were carried out, as shown in
Figure 8a. It is found that the sensor maintained its initial
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Figure 8. Response of hierarchical a-Fe,0;/SnO, hollow hetero-
structures as a function of the number of (a) cyclic measurements and
(b) tested days to 60 ppm of ethanol at 225 °C.

response after 200 cyclic tests, which indicated that the
hierarchical composites had excellent repeatability. Moreover,
the repeated tests were conducted every day, which revealed
that the responses were almost constant without an obvious
increase/decrease even after 20 days, as shown in Figure 8b.
The result further confirmed that the present sensor might have
a practical application on the basis of its good stability.

The enhanced performance is more likely derived from the
novel heterostructure of the as-synthesized composite rather
than simply a result of the addition of the other sensing
component, which is described as follows. On one hand, the
improved response of hierarchical composites compared with
the primary SnO, hollow nanospheres can be easily understood
by the synergistic effect of a-Fe,O; and SnO,. It has been

19123

reported that the surface reactions between tested gases and
adsorbed oxygen species depend on the acid—base properties of
oxide semiconductors. In terms of ethanol gas, the base
property will be beneficial for the reaction with adsorbed
oxygen.""~** In this work, the addition of a-Fe,O5 enhances the
basicity of the composite because a-Fe,O; and SnO, are basic
oxides. Therefore, the heterostructure of the composites
exhibits a higher response to ethanol than that of pristine
SnO,. On the other hand, the band configuration at the
interface of the a-Fe,O;/Sn0O, composites in different
atmospheres is proposed, as shown in Scheme 1, where @

Scheme 1. Schematic Diagram of Band Configuration at the
Interface of the a-Fe,0;/Sn0O, Nanoheterostructure in
Different Atmospheres
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is the effective barrier height."” For composites, electron
transport will be strongly modulated by the heterojunction
barrier, which has been §enerally researched for many
heterostructures of devices.’’ >* It has been clarified that the
conductivity of the heterostructures of the composites is
inversely progportional to the barrier height at the high
temperature.” When the composites are exposed to air, the
electrons in conduction bands of a-Fe,O; and SnO, are
trapped by oxygen to form adsorbed oxygen species, which
results in the increase of the barrier height (Scheme 1), thereby
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decreasing the conductivity owing to the lower free electron
concentration upon exposure to a given reducing gas, such as
C,HOH, which will react with oxygen species. As a result, the
electrons trapped in the adsorbed oxygen species are released
back into the conduction bands of a-Fe,O; and Sn0,.°**° As
such, the barrier height will be decreased due to the higher
concentration of electrons. Therefore, the resistance of the
heterostructures is greatly decreased. This means that the
response of hierarchical composites to ethanol can be
enhanced. Thus, the synergistic effect and the change of barrier
height in the diverse gas atmosphere may be the origin of the
improvement in gas sensing performance.

4. CONCLUSIONS

In summary, a novel hierarchical a-Fe,0;/SnO, nanoheteros-
tructure has been prepared by a facile solution strategy. The
uniqueness of the structure is that a-Fe,O; nanosheets are
hierarchically assembled onto the surface of SnO, hollow
nanospheres. The as-obtained a-Fe,0;/SnO, composite was
applied as the sensing material for the gas sensor. In
comparison to a single component (SnO, hollow nanosphere),
the composite has demonstrated superior sensing performance
toward ethanol. The improvement may be ascribed to variation
of the heterojunction barrier in the diverse gas atmosphere.
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