Journal of Alloys and Compounds 726 (2017) 1092—1100

journal homepage: http://www.elsevier.com/locate/jalcom

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

Preparation of three-dimensional Ce-doped Sn304 hierarchical
microsphere and its application on formaldehyde gas sensor

Xiaohui Ma ngll Shen Dongxue Hu , Liang Sun ¢, Yu Chen *

Chuannan Li ¢ Shengpmg Ruan *

@ CrossMark

, Man Liu "

2 State Key Laboratory on Integrated Optoelectronics, College of Electronic Science & Engineering, Jilin University, Changchun 130012, PR China

b State Key Laboratory on Applied Optics, Changchun 130023, PR China
€ Global Energy Interconnection Research Institute, Beijing 102211, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 21 September 2016
Received in revised form

14 July 2017

Accepted 10 August 2017
Available online 12 August 2017

3-D hierarchical Sn304 and Ce-doped Sn304 microspheres assembled by nano-sheets were obtained by a
one-step hydrothermal method and their formaldehyde sensing properties were investigated. The
experiment results showed that the responses of the sensors based on Ce-Sn304 microspheres with
different Ce-doping content were improved in different extents. The response of the optimal sensor
based on Ce-Sn304 microspheres was 2.5 times higher than that of sensor based on Sn304 to 100 ppm

formaldehyde. In addition, the sensors based on Ce-Sn3O4 microspheres showed good selectivity,
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repeatability, stability and fast response and recovery rate (about 4 s and 8 s to 200 ppm formaldehyde,

Sns04 respectively). Also, the possible mechanism of the improvement of formaldehyde sensing properties
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Hierarchical microspheres
Formaldehyde
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caused by Ce-doping was discussed.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

With the development of industry, environmental problems
have become serious in recent years. Because toxic gases can cause
damage to environment and human health, people pay great
attention to detecting volatile organic compounds (VOC) including
xylene, acetone and formaldehyde etc. [1] Among these VOC gases,
the most concerned is formaldehyde due to its carcinogenicity ac-
cording to the World Health Organization (WHO), and it is the main
pollutant after home decoration. And formaldehyde has been
considered as the main reason for sick building syndrome (SBS) [2].
Even in a low concentration, it would cause discomfort, such as
headache, fatigue, difficult breathing and so on. Hence, the detec-
tion of formaldehyde is imperative, and the formaldehyde gas
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sensors with excellent properties are in demand. Various electro-
chemical [3,4], electrical, potentiometric [5], and piezoelectric
sensors for the detection of formaldehyde have been developed
during the past five decades. Semiconductor gas sensors have been
increasingly attracting people's attention, owing to its portability,
low cost, and convenient operation. To detect formaldehyde,
various metal oxide materials, such as WO3 [6], NiO [7], Co304 [8]
and ZnO [9], have been used to fabricate gas sensors due to their
good physical and chemical properties.

It is known that tin oxide is an important metal oxide, which has
been widely applied in many fields, such as photocatalysis [10],
lithium-ion battery [11], solar cell and gas sensor [12]. In the gas
sensor field, SnO, have been widely researched, while other oxides
with different valences of tin are seldom reported. SnO, and SnO
are the most common form of tin oxide, and they could be used to
compose many materials like Sny03, Sn304 and Sns0g. All of these
compounds contain oxidation states of +4 and + 2. Among them,
Sn304, an n-type semiconductor with a band gap of 2.2 eV—2.9 eV
[13], was first reported by Lawson in 1967 and showed a promising
application prospect in many fields [14]. In recent years, Sn304 with
various morphologies such as nano-belts and nano-flower [15] has
been synthesized, and used as gas sensor. Sn304 nano-belts were
successfully grown in a carbothermal evaporation process by
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Berengue etc. in 2010 [16]. Besides, Sn304 was synthesized via
hydrothermal as a photocatalyst for water splitting by Manikandan
etc. in 2014 [17]. In the field of gas sensor, it was usually used to
detect ethanol [18]. However, formaldehyde sensor based on Sn304
was rarely reported.

In this paper, 3-dimensional pure Sn3O4 hierarchical micro-
spheres and Ce-doped Sn3O4 hierarchical microspheres with
different Ce content were successfully synthesized through a one-
step hydrothermal method, and their micromorphology, crystal
structure and element chemical state were characterized by XRD,
SEM, TEM, and XPS. Then the influence on the formaldehyde
sensing properties caused by Ce-introducing was investigated. The
results indicated Ce-introducing efficiently improved formalde-
hyde sensing properties of Sn;04 materials and the Ce-doped Sn304
sensor showed the enhanced sensitivity, fast response and recovery
rate, good repeatability and stability. The possible mechanism on
the improved gas sensing properties caused by Ce-doping was also
discussed.

2. Experimental section
2.1. Chemical reagents

All the reagents are of analytical grade and used without any
further treatment including: tin (II) dichloride dihydrate
(SnCl-2H,0, Mw = 225.65), sodium hydroxide (NaOH,
Mw = 40.00), sodium citrate dihydrate (Na3CgH507-2H,0,
Mw = 294.10) and Cerium (IlI) nitrate hexahydrate (Ce(N-
03)3-6H,0, Mw = 434.12), ethanol (Co;H50H, Mw = 46.07).

2.2. Preparation of Sn304 and Ce-Sn304 hierarchical microsphere

The synthesis of Sn304 and Ce-Sn304 was carried out by a one-
step hydrothermal method. Firstly, ethanol and dissolved water
were mixed with the volume ratio of 1:1 and then SnCl;-2H,0
(0.9 g), NaOH (4 mmol), sodium citrate dihydrate (1 mmol) and
different contents of Ce(NO3)3-6H,0 (the Ce/Sn atom ratio of 0, 3%,
6.67% and 9%) were added into above solution under constant
stirring for 5 h. Then the solution was transferred into a 50 ml
Teflon-lined stainless steel autoclave. The autoclave was heated at
180 °C for 10 h, and then cooled down to room temperature
naturally. The precipitates were separated by centrifugation,
washed with distilled water and ethanol for several times, and
dried at 80 °C for 20 h. During the synthesis process of Sn304 hi-
erarchical microsphere, the following reaction occurred:

4 SnCl, + 2 NaOH — Sny(OH),Clg + 2 NaCl (1)
Sny(OH),Clg + 6 NaOH — 4 SnO + 6 NaCl + 4 H,0 (2)
6 SN0 + 0; — 2 Sn304 (3)

The as-prepared Ce-Sn304 samples with Ce/Sn atom ratio of 3%,
6.67% and 9% were denoted as 3% Ce-Sn304, 6.67% Ce-Sn304 and 9%
Ce-Sn304 samples, respectively.

2.3. Characterization

The products were characterized by X-Ray diffraction (XRD,
Shimadzu XRD-6000, Cu- Ko radiation A = 1.5418 A); Scanning
electron microscopy (SEM, SHIMADZU SSX-550); Transmission
electron microscope (TEM, JEM-ARM200F). And X-Ray photoelec-
tron spectroscopy (XPS) data was obtained with a VG ESCALAB MK
I spectrometer with an Mg Ka. excitation (1253.6 eV).

2.4. Fabrication and measurement of gas sensor

The details of the sensor fabrication were similar to our previous
work [19]. To fabricate the gas sensor, the as-prepared materials
were mixed with suitable water to form a paste. Then paste was
coated on a ceramic tube. On the surface of the tube a pair of par-
allel Au electrodes was fabricated beforehand by jetting Au paste on
ceramic tube through a metal-jetting system (M]-10, Beijing Elite
Tech Co., Ltd., China) and Pt wires were attached to the Au elec-
trodes acting as conductive leads. Finally, a Ni-Cr heating wire, as a
heater to control the operating temperature, was inserted into the
tube and welded on a pedestal together with the Pt wires. The
structure of the sensor was shown in Fig. 1. After the as-fabricated
gas sensors aged at 200 °C for 72 h, their gas sensing properties
were measured by CGS-8 intelligent gas sensing analysis system
(Beijing Elite Tech Co., Ltd., China) under laboratory condition
(25 °C, 40 RH%). The tested gas sample were prepared by injecting
certain amount of target gas (CO, NO,, NH3 etc.) or volatile organic
compounds (ethanol, acetone, formaldehyde, toluene etc.) into the
test chamber (1 L in volume) full of air by a microsyringe. The
response value (S) was defined as S = R,/Rg, where R, and Rg
denoted the sensor's resistance in the air and presence of the target
gases. The time taken by the sensor to achieve 90% of the total
resistance change was defined as response time when the sensor
exposed to the target gas (target gas adsorption) or the recovery
time when the sensor went back to air ambience (target gas
desorption).

3. Result and discussion
3.1. Structural and morphological characteristics

The XRD patterns of the as-prepared materials were shown in
Fig. 2. For pure Sn304 hierarchical microspheres, it can be observed
that all of the diffraction peaks can be indexed to the triclinic Sn304
from the Joint Committee on Powder Diffraction Standards card
(JCPDS, 16-0737). In XRD pattern of Ce-Sn304 hierarchical micro-
spheres, except for the diffraction peaks of Sn304, no obvious peak
corresponding to Ce-contained compound can be found, which
may be because Ce atoms entered Sn304 lattices and substituted Sn
atoms. To investigate the thermostability of the as-prepared sam-
ples in crystal structure and composition, 6.67% Ce-Sn304 samples
annealed under different temperature (from 100 °C to 300 °C) for
1 h were characterized by XRD, as shown in Fig. 2 (b). It can be
observed that all the XRD patterns of the 6.67% Ce-Sn304 sample
after annealing are same to that of the one without annealing
indicating the as-prepared samples have a good thermostability
under 300 °C.

To make

sure chemical state of the elements, X-ray

sensing film

Pt wires

N

~=+— Ni-Cr heater

Fig. 1. Schematic structure of a completed gas sensor.
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Fig. 2. XRD patterns of (a) as-prepared samples and (b) 6.67% Ce

photoelectron spectroscopy (XPS) spectra of Ce-Sn304 with Ce/Sn
atom ratio of 6.67% is investigated as shown in Fig. 3. Fig. 3(a)
displays the XPS spectra survey of the sample. Fig. 3(b) shows the
XPS spectra of Ce element and the existence of Ce-related peak can
be observed demonstrating the existence of Ce element in the
sample. According to the fitted peaks, the Ce element in the sample
is present in both Ce** and Ce3* oxidation states whose binding
energies are 917.65 eV and 886.67 eV, respectively. Fig. 3(c) shows

B [
— i [
3 r | I
el
= [ A “ }‘
2 Bm““fy\wﬂ']w i ",
2 " o ""k
KT
Er | :
B i
SR SUNONG W
1 1 1 1 1 1 /|
1200 1000 800 600 400 200 0
Binding Energy (eV)
4+
C Sn Sn 3d
487.3 evii,.
SnM u'
4933 eV 11
M i
&
=
‘D
| =
8
£
1 1 1 1 1 1
510 505 500 495 490 485 480 475

Binding Energy (eV)

X. Ma et al. / Journal of Alloys and Compounds 726 (2017) 1092—1100

b

«101)
(111)
o121)
+(210)
+(130)
(14 1)
*(311)
. (241
(042
(312
*(1-33)
(422)

“M“M\“ 300 °C annealed

200 °C annealed

Intensity (a.u.)

100 °C annealed

iraaihagonsin i
‘ 6.67% Ce-5n.0,

PDF#16-0737
” ||“I I 1|I| L
20 70 80

2-theta (deg.)

-Sn304 sample after being annealed at different temperature.

that the Sn 3d doublet characterized by 3ds;;—3ds; splitting peak
is observed clearly. The Sn 3ds), spectra of Sn304 could be dissolved
into two peaks, the peak at 487.3 eV is ascribed to Sn**, while the
peak at 486.3 eV is attributed to Sn?*. This reflects the different
kinds of chemical environment for the Sn element in the Sn30g4.
Also the Sn 3ds; spectra can be dissolved into two peaks at
4972 eV and 493.3 eV, which are assigned to Sn’>* and Sn**,
respectively. From Fig. 3(d) we could found that O;s signal is
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Fig. 3. XPS spectra of the Ce-Sn304 hierarchical microspheres with Ce/Sn atom ratio of 6.67%: (a) survey, (b) Ce element, (c) Sn element and (d) O element.
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symmetric indicating that one kind of oxygen specie is present on
the szurface of the sample. The peak centered at 531.9 eV is ascribed
to O“".

The morphologies of the as-prepared SnzO4 and Ce-Sn304
samples are characterized by SEM, as shown in Fig. 4(a)-(g). It could
be found from the low magnification SEM images in Fig. 4(a)-(d),
both of Sn304 and Ce-Sn304 samples show the flower-like micro-
spheres with a diameter of 2.5—6 pm indicating the Ce-introducing
doesn't make obvious effects on the micromorphology and size
distribution. In the inserts of Fig. 4(a)-(d), the high magnification
SEM images show that the 3-D hierarchical nanostructures of Sn304
and Ce-Sn304 are consist of thin sheets with an average thickness of
25 nm. Fig. 4 (e)-(g) presents the morphologies of sample of 6.67%
Ce-Sn304 sample annealed at 100 °C, 200 °C and 300 °C for 1 h,
respectively. It can be observed that annealing process doesn't
make obvious effects on the micromorphology including size and
surface roughness.

To further characterize the microscopic morphology and struc-
ture of Ce-Sn304 hierarchical microspheres, TEM and HRTEM were
carried out as shown in Fig. 5. Fig. 5(a) shows the low-resolution
TEM of an individual Ce-Sn30O4 hierarchical microsphere with a
diameter of 2.5 pm, which is composed of nanosheets, and a typical
thickness of the nanosheet is 23 nm. Fig. 5(b) shows high resolution
TEM image of a nanosheet. The measured interplanar distances of
0.328 nm and 0.242 nm are consistent with (11 1) and (1 3 0) d-
spacing of Sn30g4, respectively.

= 200 nm

3.2. Gas sensor performance

The gas sensing properties of the as-prepared Sn304 and Ce-
Sn304 hierarchical microspheres for formaldehyde including opti-
mum operating temperature, selectivity, response-recovery time,
repeatability and stability were investigated.

The response of a gas sensor based on semiconductor material is
intensively affected by the operating temperature. To determine
the optimum operating temperature, the responses of the sensors
based on Sn3O4 and Ce-Sn304 hierarchical microspheres to
100 ppm formaldehyde were tested at the operating temperature
from 65 to 325 °C, as shown in Fig. 6. It could be found that the
response values of all the sensors increased with the raise of
operating temperature until they reached their maximum at 200 °C
and then decreased with the further increase of operating tem-
perature. Therefore, 200 °C was regarded as the optimal operating
temperature. The sensor based on Ce-Sn304 hierarchical micro-
spheres with Ce/Sn atom ratio of 6.67% showed the highest
response of 5.5 among all the sensors at 200 °C, which was 2.5
times as high as that of the sensor based on pure Sn304 hierarchical
microspheres. In addition, compared with that of the Sn3z04 hier-
archical microspheres, all the sensors based on the as-prepared Ce-
Sn304 samples showed enhanced responses, indicating that Ce-
doping can improve the response of Sn304 to formaldehyde.

Selectivity is another important property, which shows the
ability to distinguish different gases. To understand the selectivity,
the response of the sensor based on Ce-Sn3z04 was tested for

= 200 nm

Fig. 4. SEM images of the as-prepared (a) pure Sn304, (b) 6.67% Ce-Sn30y4, (¢) 6.67% Ce-Sn304, (d) 6.67% Ce-Sn304 sample, and (e)—(g) 6.67% Ce-Sn304 sample after being annealed at

different temperature; the insets are the corresponding high magnification SEM images.
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Fig. 5. (a) Low-resolution and (b) high-resolution TEM images of the as-prepared Ce-Sn304 hierarchical microspheres with Ce/Sn atom ratio of 6.67%.
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Fig. 6. Response of sensors based on Sn304 and Ce-Sn304 hierarchical microspheres to
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Fig. 7. Selectivity of the sensor based on pure Sn;04 and Ce-Sn304 hierarchical mi-
crospheres to 100 ppm HCHO, C;Hs0H, C3HgO, CgHg, CO, NO,, NH3, and C;Hg at 200 °C.

100 ppm different kinds of gases. Fig. 7 showed the response of the
sensors based on the Sn304 and Ce-Sn304 hierarchical

microspheres to 100 ppm formaldehyde (HCHO), ethanol
(C3H50H), acetone (C3HgO), xylene (CgHg), carbon monoxide (CO),
nitrogen dioxide (NO,), ammonia (NHs), and toluene (C;Hg) at the
optimum operating temperature. The sensor based on Sn304 hier-
archical microspheres showed a higher response value to formal-
dehyde than those to other gases, but a little lower than that to
ethanol indicating its poor selectivity to formaldehyde. For Ce-
Sn304 hierarchical microspheres based sensors, especially the
6.67% Ce-Sn304 based one, they showed good sensitivity to form-
aldehyde among the target gases and the selectivity between
formaldehyde and ethanol was improved due to the Ce-doping.

Fig. 8 shows the response of sensors based on Sn3z04 and Ce-
Sn304 hierarchical microspheres versus the formaldehyde con-
centration ranging from 1 to 300 ppm at 200 °C. According to the
experimental result, the responses of the Ce-Sn304 based sensor
raised rapidly with the increase of formaldehyde concentration,
while the Sn304 based sensor presented a lower response. Also, it is
clear that the sensor based on Ce-Sn304 hierarchical microspheres
with Ce/Sn atom ratio of 6.67% showed highest response among all
the samples.

Response and recovery time is an important parameter and fast
response-recovery rate is good to real-time detection for a practical
gas sensor. Fig. 9(a) showed the response-recovery curves of the
four sensors to different concentration of formaldehyde at the
optimum operating temperature. When the sensors underwent
formaldehyde gas, the resistance decreased rapidly, and when the
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Fig. 8. Curves of responses of the sensors based on pure Sn304 and Ce-Sn30,4 hierar-
chical microspheres versus formaldehyde concentration at 200 °C.
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sensor exposed to air, the resistance recovered also rapidly. From
Fig. 9(b)-(e) as we can see, to 200 ppm formaldehyde, the response
time of the four sensors were 2 s, 2 s, 4 s and 4 s and the recovery
time of the four sensors were 7 s, 3 s, 8 s and 4 s respectively. A
comparison between some reported formaldehyde sensors and Ce-
Sn304 based sensors was provided in Table 1 [20—24]. And it can be
found the 6.67% Ce-Sn304 based sensors have advantages on
operating temperature, sensitivity, and response/recovery time for
formaldehyde detection.

A long-term stability of the Sn304 and Ce-Sn304 based sensors to
100 ppm formaldehyde within 40 days were showed in Fig. 10(a).
Responses of all the sensors gradually decreased and became
relatively stable. For Ce-Sn304 based sensors, especially the one
with Ce/Sn atom ratio of 6.67%, the change in response values was
small and sensor could keep high sensitivity to formaldehyde
within 40 days indicating their good stability. The repeatability of
sensors based on pure Sn304 and Ce-Sn304 to 100 ppm formalde-
hyde was tested consecutively. The results were shown in
Fig. 10(b)-(e). During the test, the resistance of the pure Sn304 and
Ce-Sn304 based sensors in air was almost unchanged and so did in
formaldehyde ambience, i.e. the response values were stable. Also,
the response and recovery time unchanged for each sensor. These
indicated the pure Sn304 and Ce-Sn304 based sensors have good
repeatability.

3.3. Gas sensing mechanism

The gas sensing mechanism of Sn304 hierarchical microspheres
based sensor, illustrating in Figs. 11 and 12, can be explained
through space electronic transfer model. The process involves
adsorption of gas, electronic transfer and desorption of gas. When
Sn304 hierarchical microspheres are exposed to air, oxygen mole-
cules will adsorb on their surface and form ionized oxygen species
(0*~, 0~ and O3, and O~ is the dominated at 200 °C) by capturing
electrons from the conduction band of Sn304, which will lead to an
increase in sensor's resistance [25—28]. When the sensor un-
dergoes the reducing formaldehyde, formaldehyde molecules will
react with the chemisorbed oxygen-ions and the captured elec-
trons return back to the conduction band of Sn304, leading to a
decrease in sensor's resistance. When the sensor is exposes to air
again, chemisorbed oxygen-ions will absorb and the sensor will
recover to its original state. The related equations are shown as
follows:

0, (gas) —02 (ads) (4)
02 (ads) 0™ (ads) (5)
07] (ads) -0~ (ads) (6)

Table 1
Comparison of various formaldehyde gas sensors.
Material Synthesis method Optimum operating Response/recovery time Response Reference
temperature (s)
Cd-Doped TiO,-Sn0, sol-gel 593 K 20/17 3 (200 ppm) [20]
In,03Nanofibers electro-spinning 340 °C 18/17 3.113 [21]
(100 ppm)
In,03Nanoribbons electro-spinning 300 °C 16/15 4214 [21]
(100 ppm)
Lag ggPbg 32Fe03 sol-gel 180 °C 25/20 4.5 (100 ppm) [22]
nanomaterials
TiO,—Ag nanocomposite sol—gel 360 °C 30/45 3.25 (200 ppm) [23]
Zn0+5%Mn0O- screen-printing technology and solution growth 320°C 39/24 23 (200 ppm) [24]
process
6.67% Ce-Sn304 hydrothermal 200 °C 4/8 5.5 (100 ppm) This work
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R —

HCHO ambience

Fig. 11. A sketch of HCHO sensing mechanism of Sn;04 and Ce-Sn30,4 samples.

02 (ads) + 2 € =02 (ads) (7)

HCHO (gas) +2 O™ (ads) = CO2 (gas) + H20 (gas) + 2 €~ (8)

Besides, the improved sensitivity to formaldehyde is probably
attributed to the catalytic oxidation of element Ce to formaldehyde
[29]. The illustration of the mechanism of enhanced formaldehyde
(HCHO) sensing properties of Ce-Sn304 induced by the catalysis of
Ce doping is showed in Fig. 12(b). The redox Ce*-Ce3* couple has
the ability to change from Ce** under oxidizing conditions to Ce3*
under reducing conditions and vice versa [30] In air ambience, the
majority of Ce atoms are in the form of Ce**. When Ce-Sn304
expose to HCHO ambience, some HCHO molecules will adsorb on
the surface lattice oxygen anion or chemisorb oxygen species next
to Ce** and form the HO-CHO surface species. Then HO-CHO spe-
cies desorb from the surface of Ce-Sn304 by further oxidizing into
H,0 and CO, while Ce** are reduced to Ce3*. Thus the HCHO
sensing process shown as equation (8) is promoted and the
response of the sensor based on Ce-Sn304 is enhanced. When the
Ce-Sn304 is exposed to air ambience again, Ce3* will transform
back into Ce**. The existence of redox Ce**-Ce3* couple makes the
sensor show a higher resistance in air ambience by broadening the
depletion region in Ce-Sn304 hierarchical microspheres (narrowing
the conducting channel) and increasing the potential barrier be-
tween Ce-Sn30y4 nanocrystallines. And the catalysis of redox Ce**-
Ce3* couple makes the sensor show a lower resistance in HCHO
ambience by broadening the depletion region in Ce-Sn3z04 nano-
crystallines and decrease the height of the potential barrier

between Ce-Sn304 nanocrystallines. So, compared with pure Sn30y,
Ce-Sn304 based sensor shows a larger resistance change, i.e. a
higher response during HCHO sensing process.

The reason that the sensor based on 6.67% Ce-Sn304 hierarchical
microspheres showed better sensing properties has been dis-
cussed. The gas sensing response value increased gradually with
the increase of Ce-doping atomic percentage from 3% to 6.67%, but
decreased gradually when the doping percentage was higher than
6.67%. On the hand, redox Ce>*-Ce*" couple in Ce-Sn304 hierar-
chical microspheres can effectively promote the HCHO sensing
reactions and thus the sensitivity of Ce-Sn304 hierarchical micro-
spheres to HCHO will improve with the increase in Ce-doping
percentage when it is relatively low. However, on the other hand,
Ce atoms enter Sn304 lattices and substitute Sn atoms will break
the long-range order of Sn304. As a result, the scatter of charged
carriers in Ce-Sn304 hierarchical microspheres during the transport
will gradually enhance with the increase in Ce-doping percentage
and affect the resistance of the Ce-Sn304 based sensor. When Ce-
doping percentage is high enough, the catalysis of Ce3*/Ce**
redox couple for HCHO sensing reactions will be restricted due to
the limited surface of Ce-Sn304. The redundant surface and internal
Ce atoms in Ce-Sn304 will scatter the electrons released from
chemisorbed oxygen species instead of promoting the HCHO
sensing reactions and thus the change in resistance, i.e. the
response of Ce-Sn304 based sensor to HCHO will decrease with the
further increase of Ce percentage when it is higher than the optimal
value.
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Fig. 12. The illustration of formaldehyde sensing mechanism: (a) reaction occurred on
the surface of Sn304 and Ce-Sn304 hierarchical microspheres, (b) reaction between
formaldehyde and Ce**-Ce** couple in Ce-Sn304 hierarchical microspheres.

4. Conclusions

In summary, we successfully synthesized 3-D Sn304 hierarchical
microspheres and Ce-Sn3z04 hierarchical microspheres with
different Ce content by a simple one-step hydrothermal method.
Analysis by XPS confirmed the presence of Ce>* and Ce** in the
resultant material. The SEM and TEM characterization indicated
that the Sn304 microsphere had an average size of about 3 um and
is composed by single crystalline Sn304 nanosheets. The sensors
based on Ce-Sn30y4, especially the one with Ce/Sn atom ratio of
6.67%, exhibited enhanced sensing properties to formaldehyde
compared with pure Sn304 at 200 °C. It is convinced that Ce>* and
Ce*t serve particular function of catalyzing formaldehyde oxida-
tion and improving the sensitivity of Ce-Sn304 hierarchical micro-
spheres to formaldehyde.
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