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ABSTRACT: CeO, decorated SnO, hollow spheres were successfully 40 T00ppm
synthesized via a two-step hydrothermal strategy. The morphology and structures 35+ _2"32 /20"(;” et 90ppm
of as-obtained Ce0,/SnO, composites were analyzed by various kinds of — 3] 0002100 composite soppmr‘
techniques. The SnO, hollow spheres with uniform size around 300 nm were Eﬁ 25] “fopm
self-assembled with SnO, nanoparticles and were hollow with a diameter of about & 60ppm
100 nm. The CeO, nanoparticles on the surface of SnO, hollow spheres could be g 207
clearly observed. X-ray photoelectron spectroscopy results confirmed the §_ 151 30
i o ) ) 2 ppm

existence of Ce’” and the increased amount of both chemisorbed oxygen and S 10{ ,, (] [

i = ppm
oxygen vacancy after the CeO, decorated. Compared with pure SnO, hollow 5]10ppm
spheres, such composites revealed excellent enhanced sensing properties to 0 A ‘k U L L
ethanol. When the ethanol concentration was 100 ppm, the sensitivity of the 0 500 1000 1500 2000 2500 3000 3500
Ce0,/Sn0, composites was 37, which was 2.65-times higher than that of the Time (s)

primary SnO, hollow spheres. The sensing mechanism of the enhanced gas
sensing properties was also discussed.
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1. INSTRUCTION disadvantages, hollow microstructures and nanostructures

As one of the predominant gas sensing materials, semi- synthesized by one-step template-free method have been

17
conductor oxides have captured a large amount of attention for developed.

their physical and chemical properties in the application of In' adc.htlon to the s'urfe'xce morp hol(')g).r and .structure,
detecting pollutant, toxic, and explosive gases 125 Aq we all classification of the materials is another main influencing factor
2 ) .

know, surface morphology and structure of the semiconductor to the gas sensing prf)peréles of se.n;llcogf;luctog ozldes. A: an
oxides have large effects on gas sensing properties due to the important n-type semiconductor with a direct band gap of 3.5

sensing mechanism, which applies the adsorption of oxygen and eV, S.nOZ has beten regarded as the most potential sensing
its reaction with test gas molecules on the surface of oxides to material bec.a1.15e 11;5 gas response to the target gases and eaﬁlly
account for the change in resistance. Nowadays, many kinds of for s;_mthesmng. '~ However, the pure SnO, as sensing
morphologies and structures of semiconductor oxides have materlla‘l has the following problems: lower response anc.1 worse
been synthe51zed by various methods such as nanopartlcles, selec.tl.v1.ty. Conseque‘n.tly, for the purpose of increasing the
nanorods,” nanowires,® nanosheets,” nan ospheres, and nano- sensitivity and selectivity, several ag(l))fgzaches such as catalyst
flowers.' !> Besides these, hollow nanostructures have been functionaligaztion elemental doping and heterostructure
demonstrated to have great potential in the application of gas formation™"" have been developed. Recently, owing to the
sensors and attracted tremendous attention owing to their high chemically distinct components in oxide semiconductor
specific surface area, low density, good surface permeability, and composites, it could show more excellent sensing properties

high interfacial charge-transfer efﬁciency.ls_m Up to now, the than a single oxide.2>*° Ceria, as a kind of important functional

synthesis of the hollow nanostructures depends on complicated material with a direct band gap of 3.2 eV, has excellent
template approaches, in which hard or soft templates, for performazr;ce in a broad range Z‘Zf applications in\zfglving
example, silica, carbon spheres, emulsion droplets, and gas catalysis,”" solid oxide fuel cells,” oxygen sensors,” and
bubbles, have been used. However, hollow structures prepared chemical mechanical planarization processes.™ For the sensors,
from template routes usually decrease the activity of sensing

materials and connected with the disadvantages of tedious Received: January 6, 2016

synthetic procedures and high cost, which may hold them back Accepted: February 24, 2016

from being used in a wide range of applications. To avoid these
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it has some particular characteristics, such as the outstanding
oxygen storage capacity, rich oxygen vacancies, high thermal
stability, and easy conversion potential between Ce®" and Ce**
oxidation states,”*” all of which make it a good candidate for
gas sensing materials. Recently, many studies have demon-
strated that the performance of combining SnO, with CeO, in
gas sensing area. For example, Jiang et al. have synthesized Ce-
doped SnO, thin films via the sol—gel method and dip-coating
technique, which showed a high sensing property to 100 ppm
butanone.”® Porous SnO,/CeO, composite NFs are synthe-
sized using electrospinning technique, and its H,S and ethanol
gas sensing properties are investigated by Qin et al.** For this
reason, design and synthesis of SnO,/CeQO, composites with
novel architectures will have significant practical significance. It
is expected that donated CeO, onto SnO, could improve the
gas sensing properties of SnO, effectively.

In this paper, we report a strategy for the preparation of
Ce0,/Sn0, hollow spheres composites with uniform size by
two-step hydrothermal reactions. First, the uniform size SnO,
hollow spheres were prepared via a hydrothermal route. After
that, CeO, nanoparticles with a diameter of ~50 nm were
decorated on the surfaces of SnO, hollow spheres by
hydrothermal process. Moreover, CeO,/SnO, hollow spheres
composites successfully showed enhanced gas sensing perform-
ance to ethanol at 225 °C in comparison with pure SnO,
hollow spheres, which demonstrate the potential application of
the composites as the sensing material of a superior gas sensor.
The enhanced performance may be attributed to the formation
of heterojunction between the two kinds of materials as well as
the redox of Ce®* and Ce*" states.

2. EXPERIMENTAL SECTION

2.1. Synthesis. All the reagents used in the experiment were
purchased from Beijing Chemicals Co. Ltd. of China. They were all
analytical grade and used directly without further purification.

2.1.1. Preparation of the Pure Hollow SnO, Spheres. Hollow
spheres of SnO, were synthesized by a facile one-step hydrothermal
synthesis route. The synthesis method was described as follows: 0.190
g of SnCl,-6H,0 was dissolved in a mixture of deionized water and
ethanol with the volume ratio of 1:10 followed by the addition of 0.5
mL of concentrated hydrochloric acid (mass fraction 36.5—-38%) into
the solution. Then the solution was ultrasonicated for 30 min for the
purpose of getting a homogeneous mixture solution. After that, the
final solution was transferred into a Teflon-lined stainless steel
autoclave (45 mL volume) and kept at a constant temperature of 200
°C for 24 h. Then the solution temperature was decreased to room
temperature naturally. The obtained white precipitate was washed
alternatively with deionized water and ethanol several times by
centrifugation to remove the impurity ions, and it was finally dried in
vacuum at 80 °C for 12 h and calcined at 400 °C for 2 h.

2.1.2. Synthesis of the Hollow CeO,/SnO, Composite Spheres.
The CeO,/SnO, composites were also synthesized via a simple
hydrothermal method, which can be described briefly as follows: 30
mg of the obtained SnO, powders mentioned above was dispersed in
30 mL of deionized water under continuous magnetic stirring. Then
7.58 mg of Ce(NO;)-6H,0 and 40 mg of HMT were added into the
suspension described above. After 10 min of stirring, the mixture
solution was transferred into a Teflon-lined stainless steel autoclave
(45 mL), sealed tightly, and maintained at 180 °C for 2 h. After that,
the autoclave naturally dropped to room temperature, and the
resulting products were washed with deionized water and ethanol by
centrifugation. The precipitate was collected and dried at 80 °C in air
for 12 h. Eventually, the CeO,/SnO, composites were obtained after
calcining at 400 °C for 2 h.

2.2. Characterization. Crystallinity of the as-prepared samples
was characterized by X-ray powder diffraction (XRD) analysis

conducted on a Rigaku D/max-2500 X-ray diffractometer with Cu—
Ka (4 = 1.54178 A) radiation 20 ranging from 20—80° at a scanning
rate of 12°/min. A JEOL JSM-7500F field-emission scanning electron
microscopy (FESEM) operating at an accelerating voltage of 15 kV
was directly used for determining the morphology and particle sizes of
as-synthesized samples. Transmission electron microscopy (TEM),
high-resolution transmission electron microscopy (HRTEM), and
energy dispersive X-ray spectrometry (EDS) images patterns were
recorded on a JEM-2200FS instrument (JEOL) at an accelerating
voltage of 200 kV. EDS was used for measuring the chemical
compositions of the products. X-ray photoelectron spectroscopy
(XPS) experiments were recorded on an ESCAlab 250 Analytical XPL
Spectrometer with a monochromatic Al Ko source. All the binding
energies were calibrated with respect to the signal adventitious carbon
C 1s peak with a binding of 284.7 eV. The fitted peaks in the XPS
spectra were separated using the XPSPeak 4.1 software.

3. RESULTS AND DISCUSSION

3.1. Structural and Morphological Characteristics. The
XRD pattern (Figure 1) showed the crystal structure and phase
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Figure 1. XRD patterns of (a) SnO, hollow spheres and (b) CeO,/
SnO, composites.

purity of as-synthesized SnO, hollow spheres and CeO,/SnO,
composites. As can be seen in the obtained XRD patterns in
Figure 1, panel a, the main XRD peaks could be assigned to
(110), (101), and (211), and all diffraction peaks were highly
consistent with the standard XRD patterns of SnO, (JCPDS
card no. 41—1445) with etragonal rutile structure (a = 4.738 A,
¢ = 3.187 A). As for the CeO,/SnO, composites, the crystal
phases in Figure 1, panel b were the mixed oxides of SnO, and
CeO,. Apart from the peaks that belong to pure SnO,, all the
diffraction peaks left in this pattern could be assigned to the
(111), (200), (220), and (311) planes indexed to fluorite cubic
CeO, with lattice constants of a = 5411 A, which was
consistent with the data of the standard ceria database JCPDS
card no. 34—0394. Above all, no diffraction peaks belonging to
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any other impurities could be detected; therefore, the high
purity of the as-synthesized samples was proved.

The low-magnification FESEM image (Figure 2a) displayed a
panoramic of the as-synthesized pure SnO,, which is composed

a b c

100nm 100nm

Figure 2. (a) Typical FESEM image of pure SnO, hollow spheres; (b,
c) high-magnification FESEM images; (d, e) typical TEM images of
SnO, hollow spheres; (f) HRTEM image obtained from the marked
fringe of panel e.

of numerous spherical architectures with uniform size without
other morphologies. The amplifying FESEM images in Figure
2, panel b indicated that the diameter of the obtained SnO,
sphere was about 300 nm, and the surface was rough. The
hollow structure could be clearly observed from a broken SnO,
sphere shown in Figure 2, panel c. In addition, the shell of SnO,
sphere was aggregated by SnO, nanoparticles, and the thickness
was about 100 nm. The typical TEM images in Figure 2, panels
d and e revealed the hollow structure of the as-synthesized
SnO, spheres, which are in good agreement with the SEM
results, while Figure 2, panel f exhibited the HRTEM image
obtained from the marked fringe of the SnO, sphere in Figure
2, panel e. The interplanar spacing measured among adjacent
lattice planes was 0.264 nm, which also belongs to the (101)
crystallographic planes of rutile structure of SnO,.

After CeO, was decorated on the SnO, hollow spheres, a
typical low-magnification SEM image of the composites was
shown in Figure 3, panel a, from which the CeO, nanoparticles
could be clearly observed on the surface of SnO, hollow
spheres, and a majority of SnO, hollow spheres had been
composited with CeO, nanoparticles. Figure 3, panel b
displayed detailed morphological information on a single
SnO, hollow sphere with CeO, nanoparticles decorated on
its surface. To further investigate the interior and the crystalline
structure, the TEM and HRTEM observations were carried out.
From the low-magnification TEM image of CeO,/SnO,
composites (Figure 3c) and the enlarged TEM observation of
an individual sphere (Figure 3d), a distinct hollow interior and
the CeO, nanoparticles could be clearly identified. The
apparent lattice fringes observed from the HRTEM images
(Figure 3e,f) presented that the lattice spacing of adjacent
lattice planes were about 0.335 and 0.312 nm, which
corresponded to the distance between the (110) plane of the
tetragonal rutile structure SnO, (JCPDS.41—1445) and (111)
plan of the fluorite cubic CeO, (JCPDS.34—0394), respectively.

Figure 3. (a, b) Typical FESEM images of CeO,/SnO, composites; (c,
d) typical TEM image of CeO,/SnO, composites; (e, f) high-
resolution TEM images from marked fringe of panel d; (g) scanning
TEM image and (h, i) the corresponding elemental mapping images of
Sn and Ce.

The measured results of HRTEM were in accordance with the
results of XRD.

3.2. Composition Analysis. The investigated results of
XPS were carried out in Figure 4, which demonstrated the
surface elemental composition and chemical status of the as-
prepared CeO,/SnO, composites. In the full range spectra
(Figure S3a), peaks corresponding to Sn, Ce, O, and C were
clearly observed, and no impurities could be found, which also
indicated the high purity of CeO,/SnO, composites. The Sn 3d
spectrum (Figure 4a) had two strong peaks at the bending
energies of 487.37 and 495.55 eV, which all belong to SnO,
with a valence of +4.”° The bending energies of Ce>* and Ce**
were displayed in Figure 4, panel b. In this figure, 883.69 eV,
888.93 eV, 900.15 eV, 907.90 eV, and 917.97 eV peaks were
attributed to Ce**, while 885.70 eV, 898.96 eV, and 902.45 eV
were the characteristic peaks of Ce®" ions, which demonstrated
that there was a certain amount of Ce** existence in CeQ,/
SnO, composites.36 In comparison to the Ce®* in CeO,
nanoparticles, the relative percentages of Ce®" were displayed
in Table S1, from which we could find that the content of Ce®*
in the composites (36.39%) was higher than pure CeO,
nanoparticles (16.93%). This phenomenon may be due to
the unique properties of ceria oxide. (I) Oxygen in CeO, is
much more active, and lattice oxygen is highly mobile, which
leads to the facile creation of defeats such as oxygen vacancies.
(II) CeO, could act as an excellent promoter and has high
oxygen transfer ability.””** When CeO, is decorated on the
surface of SnO,, the unstable lattice oxygen may transfer to the
surface of SnO, and be absorbed on it, which may lead to the
creation of oxygen vacancies. Because Ce* is a scavenger of
electrons and easily traps electrons, the electrons left by lattice
oxygen combine with Ce*" and form Ce*.*”*" As for surface
resistance-type metal oxide semiconductors, the ability of the
sensing material to absorb and ionize oxygen species is
fundamental to the performance of sensors. To verify the
status of oxygen species of the as-prepared single-component
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Figure 4. XPS analyses of (a) Sn 3d; (b) Ce 3d of CeO,/SnO, composites; (c) O s spectra of single-component SnO, hollow spheres. (d) O 1s of

the as-prepared CeO,/SnO, composites.

SnO, hollow spheres and CeO,/SnO, composites, the XPS
spectrum of O 1s exhibited in Figure 4, panels ¢ and d,
respectively, in which curves all could be decomposed into
three fitted peaks, indicates that there are significant differences
between oxygen states on the surface of the samples. The O,
component was attributed to the lattice oxygen species, the
middle of the three peaks was Oy component in oxygen-
vacancy regions within the SnO, and CeO,, and the O
component was identified to chemisorbed and dissociated
oxygen species.”’ Their center position and the relative
percentage of each peak were listed in Table 1. It can be

Table 1. Fitting Results of O 1s XPS Spectra of the Three
Samples

binding energy relative
sample oxygen species (eVv) percentage (%)
$nO, 0, (Sn—0) 530.46 68.97%
hollow Oy (vacancy) 531.32 25.86%
spheres O¢ (chemisorbed) 532.30 5.17%
Ce0,/Sn0O, O, (Sn—0 and 530.52 29.18%
composites Ce—0)

Oy (vacancy) 531.79 47.34%

O¢ (chemisorbed) 532.80 23.47%

observed from Table 1 that the relative percentages of Oy and
O¢ in Ce0,/Sn0O, composites were increased compare with
single-component SnO, hollow spheres. The enhancement of
Oy was conformed to the increase content of Ce>* in CeO,/
SnO, composites. We could estimate the oxygen-chemisorbed
ability of different samples according to the intensity of O
component in the O 1s XPS peak. For the different samples,
the relative percentages of the O component were about
5.17% (CeO, nanoparticles in Table S2), 14.41% (SnO, hollow
spheres) and 23.47% (CeO,/SnO, composites), respectively.
These results revealed that the CeO,/SnO, composites had the

highest ability for adsorbing the ionized oxygen species.
Therefore, the extraordinary ability of chemisorbing oxygen
greatly contributes to the high-performance gas sensing toward
target gases.

4. GAS SENSING APPLICATIONS

4.1. Fabrication and Sensing Measurement System of
Gas Sensor. To demonstrate the potential applications of the
as-synthesized materials, the gas sensors were fabricated as
follows: the as-prepared products were coated onto an ceramic
tube to develop a sensing film. After that, the devices were
calcined at 400 °C for 2 h for the purpose of improving the
stability of the gas sensor. A Ni—Cr alloy coil was inserted
through the alumina tube to control the operating temperature
of the sensor by controlling the heating current. Finally, the
sensor was welded on a hexagon socket as shown in Figure SI.
Gas-sensing properties of the as-prepared products were
determined in a closed glass chamber (1 L in volume), and
the sensor was put into the chambers, which were filled with
targets gases by using a microinjector. The response is defined
as R,/Ry; R, and R; are the resistances of the sensors in air and
in target gas, respectively.

4.2. Gas-Sensing Properties. As is well-known, the
operating temperature of a semiconductor gas sensor has a
high influence on the sensing properties. Therefore, a function
of gas response to operating temperatures of sensors based on
SnO, hollow spheres and CeO,/SnO, composites to 100 ppm
ethanol gas was carried out in Figure S. At the beginning, the
response of the sensor increased with the operating temper-
ature, which may result from two factors. The one is that the
species of adsorbed oxygen on the surface of the materials
changed along with the temperature. The other is that the gas
molecule could overcome the activation energy barrier of the
surface reaction as the temperature increased.””* Subse-
quently, the maximal of pure SnO, hollow spheres was 16 at
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Figure S. Response of pure hollow SnO, spheres and CeO,/Sn0O,
composites at various operating temperature to 100 ppm ethanol.

the temperature of 200 °C. In contrast with single-component
SnO,, the response of the sensor based on CeO,/SnO,
composites reached a maximum value of 37, which was 2.65-
times higher than the sensor based on single-component SnO,
hollow spheres of 13.7 at the same operating temperature of
225 °C to 100 ppm ethanol. However, the response of pure
CeO, nanoparticles is much lower than the other two sensors
(Figure S4). It just went to show the enhancement effect of
CeO, to the response of SnO, hollow spheres. After the
maximal value, the response decreased with further increasing
the operating temperature. This decrease in the response might
be caused by the number of ethanol adsorption active sites
decreasing. Another possibility was that the adsorption ability
of target gas molecules was lower than that of desorption and
led to the utilization rate of sensing material decreasing at such
high temperatures. Thus, the resistance change would be
decreased at higher temperature.**~*°

The response and recovery properties are additional major
parameters for gas sensors. It is necessary for sensors to have a
excellent response and recovery characterization in practical
application. Response and recovery times are defined as the
time taken by the sensor to achieve 90% of the total resistance
change in the case of adsorption and desorption, respectively.
Figure 6, panel a shows the dynamic response and recovery
curves of the CeO,/SnO, composites to 100 ppm ethanol at
225 °C. It can be found that when the sensor was exposed to
ethanol, the resistance descended immediately. The time taken
was only 2 s in this process. The large surface area (Figure SS5)
of the hollow spheres provided sufficient active sites, which
result in the fast response. Then the ethanol gas diffused
through the sensing layer and occupied the remaining surface

reaction sites, which leads to the resistance reached a steady.
However, the resistance gradually increased (70 s) to a near
baseline level as the sensor was exposed to air atmosphere,
which might result from the time taken by the process of the
desorption of oxidation ethanol molecules and oxygen absorbed
on the surface of the materials again. Figure 6, panel b presents
six reversible response cycles that confirmed the CeO,/SnO,
composites had a stable and repeatable characteristic as sensing
material. Table 2 shows the sensing performances comparison
between CeO,/SnO, composites hollow spheres and some
ethanol gas sensors based on SnO,. The results confirmed that
Ce0,/Sn0, composites hollow spheres had a higher response
and a lower temperature, which mean they may be more
suitable for gas sensor.

The dynamic response of CeO,/SnO, composites and the
pure SnO, hollow spheres under different concentration from
10—100 ppm of ethanol at 225 °C were revealed in Figure 7.
With the increased concentration of ethanol, the response of
pure SnO, hollow spheres and CeO,/SnO, composites also
increased, and it could be observed clearly that the response
enhanced significantly after the CeO, composited with the
SnO, hollow spheres. It could be observed that the response of
the two sensors showed an approximately linear increase under
ethanol concentration ranging from 10—100 ppm. In the
meantime, these two kinds of gas sensors exhibited excellent
response and recovery characteristics to different concen-
trations of ethanol.

In terms of semiconductor gas sensors, selectivity is another
important criterion. Figure 8 reveals the sensitivity of the
sensors using the SnO, hollow spheres and CeO,/SnO,
composites to some common interfering gases including 100
ppm ethanol, acetone, methanol, formaldehyde, toluene, and 10
ppm of H,S. The sensitivites to those target gases were all
tested at the same temperature of 225 °C. Obviously, the
sensor based on CeO,/SnO, composites showed enhanced
responses to target gases, and the response to ethanol was 37,
higher than those for other testing gases. The response was
25.7, 234, 3.9, and 5.4 for 100 ppm of acetone, methanol,
formaldehyde, toluene, and benzene, respectively. For 10 ppm
of H,S gas, it was 2.0. In other words, CeO,/SnO, composites
materials have selectivity toward ethanol over the other gases at
225 °C.

4.3. Gas-Sensing Mechanism. The enhanced gas-sensing
properties of composites are likely to result from the following
reasons. A schematic diagram of the composites in the air and
ethanol gases is shown in Figure 9.
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Figure 6. (a) Response and recovery curves of CeO,/SnO, composites and (b) six reversible cycles to 100 ppm ethanol at 225 °C.
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Table 2. Comparison of Gas-Sensing Performances of Ethanol Gas Sensors Based on SnO,

ethanol concentration response

sensing material technologies operating temperature (°C) (ppm) response time references
mesoporous ZnO—SnO, nanofibers electrospinning 300 °C 100 21.88 3s 47
Fe,0;/Sn0, semiconductor composites  hydrothermal 250 °C 100 18 26
Ce-doped SnO, thin films sol—gel method 300 °C 800 9 48
NiO-SnO, hollow spheres hydrothermal 450 °C 50 2.58 2s 49

Ce0,/Sn0, composites hollow spheres  hydrothermal 225 °C 100 37 2s this work

16 90ppm]00ppm CeO, (4.69 eV) is smaller than SnO, (4.90 eV);*" > electrons

12 & _— pm pprﬁo"""' will flow from CeQ, to SnO,, which will result in the formation

-~ 8 w o of the hole depletion layer in CeO, nanoparticles and electron

g 4l mpp,ﬁ";';)m r ir lf t accumulation layer on the surface of SnO,. This will result in
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Figure 7. Responses of the sensors based on SnO, hollow spheres and
Ce0,/Sn0, composites as a function of ethanol concentrations
ranging from 10—100 ppm at 225 °C.
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Figure 8. Comparison of the responses to various test gases at 225 °C.

First, it is well-known that the gas-sensing ability of
semiconductor oxides is closely associated with their capacity
of adsorbing oxygen on the surface of the materials. When the
gas sensor is exposed to air, oxygen molecules will be adsorbed
onto the surfaces of the sensing materials by transferring
electrons to the surface of the semiconductor to decrease the
electron concentration sequentially, and the resistance of the
sensor increased. The commonly chemisorbed oxygen ions is
0, at low temperatures, but O~ and O®” are commonly
chemisorbed at higher temperatures.””*> When the material is
contacted with reduction gas, ethanol as an example, adsorbed
oxygen could react with ethanol gas molecules on the surface of
the material, and electrons trapped in the adsorbed oxygen
species would be released back into the conduction band of the
semiconductor oxides and result in the increase of conductivity.
In our study, both SnO, and CeO, are n-type semiconductor
oxides; the heterojunction between them takes the principal
place in the response enhancement of composites. A possible
energy band structure diagram of the CeO,/SnO, hetero-
junction is presented in Figure 9, and the work function of

the SnO, without CeO,. As the sensors are exposed to ethanol
gas, more electrons are released back to SnO, conduction band,
and the barrier height will be decreased a great deal due to the
higher concentration of electrons; thereby, a low resistance is
obtained. This means that the sensitivity of composites to
ethanol can be enhanced.

Second, the results of XPS have found the existence of Ce®"
and the amount of oxygen vacancy increased after CeO,
nanoparticles decorated on the surface of SnO, hollow spheres.
Many people support that the oxygen-defect formation is
accompanied by localization of the electrons left behind in Ce
4f states, leading to the formation of two Ce*" ions while still
maintaining a cubic fluorite crystal structure.””>* According to
eq 1,

2Ce*t + 0*7 = 2Ce* + Vo'* + 1/20, (1)

Vo is the abbreviation of the O vacancy with two units of
negative charges, and it could be electron donor due to the
ability of releasing those negative charges to the conduction
band, which will result in the rise of electron concentration.
Thus, the existence of a larger amount of vacancies in CeO,/
SnO, composites induces stronger adsorptions of oxygen,
leading to an increase of the sensitivity.

Third, in accordance with reducmg ases, could transfer Ce**
to Ce® on the surface of CeO,>””*° and the process of
ethanol reacting with CeO, is shown in Figure 9, and the
chemical equation might be like eq 2:

12Ce0, + C,H,OH = 2CO, + 3H,0 + 6Ce,0;  (2)

For the reason for the generation of Ce>" and Vo, the surface
oxygen vacancies can be electron donor, and there would be
more electrons flow from CeO, surface to SnO, surface leading
directly to the increase of conductivity. As for the pure CeO,
nanoparticles, electron would be trapped by Ce**, which means
a high resistance and low response would occur. When the
sensor is put back into air, the electrons combine with oxygen
on the surface again, and the following reaction 3 will occur:

[2Ce*t, Vo**] + 0, = [Ce**, Ce*t, 077] (3)
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Figure 9. Schematic diagram illustrating the plausible reason for gas sensing properties and the energy band structure of CeO,/SnO, heterostructure

in air and ethanol gases.

This means the decrease of Ce** and Vo will occur. They are
all led to the reduction of electron concentration and the
resistance rise back. According to what has been discussed
above, this explanation may be the origin of the improvement
in gas sensing performance.

5. CONCLUSIONS

In summary, the synthesized method of CeO, nanoparticles
decorated on SnO, hollow spheres had been successfully
prepared by a two-step hydrothermal route. The morphology
and structure characteristics were demonstrated by FESEM and
TEM observations. XPS results of the composites demon-
strated the existence of Ce®* and the enhanced amount of both
chemisorbed oxygen and oxygen vacancy compared with the
pure SnO,, which provides direct evidence to the enhancement
of gas sensing properties. The applications in gas sensor of as-
prepared materials were studied. The CeO,/SnO, composites
exhibited excellent enhanced sensitivity toward ethanol, which
was about 2.65-times higher than pure SnO, hollow spheres.
The enhancement of gas sensing properties was attributed to
the formation of heterojunction between SnO, and CeO, and
the conversion between Ce®" and Ce*". Our results suggested
that the CeO,/SnO, composites hollow spheres are promising
candidates for high performance gas sensors.
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