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a  b  s  t  r  a  c  t

Three-dimensional  (3D)  nanostructures  of metal  oxides  have  been  widely  used  for  gas  sensor  devices.  In
this work,  3D  porous  SnO2 microstructures  constructed  by  two-dimensional  (2D)  nanosheets  were  pre-
pared  via  a  simple  hydrothermal  process  combined  with  subsequent  annealing.  Gold  (Au)  nanoparticles
were  successfully  immobilized  onto  the  surface  of  SnO2 nanosheets  to serve  as  a  sensitizer  by  a  facile
solution  reduction  process.  This  novel  3D  Au/SnO2 microstructure  has  been  investigated  for  gas  senor
and  exhibits  remarkably  enhanced  sensing  performances  to ethanol,  e.g.  high  response,  fast  recovery
eywords:
nO2

anostructures
u
ensor

time  and  good  stability.  The  possible  sensing  mechanism  is  also  discussed  in terms  of  the special  effect
of  Au  functionalization.

© 2015  Elsevier  B.V.  All  rights  reserved.
igh performance

. Introduction

SnO2, an important metal oxide, has been recognized as a
romising semiconductor material for many applications such as
as sensors [1–3], lithium-ion batteries [4,5], electrocatalysts [6,7],
upercapacitors [8,9], solar cells [10,11] and so forth. Especially,
nO2 is widely used for gas sensors due to its excellent perfor-
ance compared with other metal oxides. It could detect many

ifferent kinds of gas pollutants, toxic and combustible gases which
re dangerous to both environment and humans, including NO2
12,13], CO [14,15], H2S [16,17] and some organic compound gases
18,19]. Its working temperature is relatively lower compared with
ther metal oxide semiconductors. Hence, less power consumption
s needed [20,21]. In addition, the relative high response and good
tability of SnO2 sensing material enable the gas sensor device to
ork with high efficiency during a long time [22].

The morphologies, structures and sizes of metal oxide materials
ave been proved to influence their sensing performances. Low-
imensional structures such as nanoparticles tend to aggregate to
ose their large surface area and high surface reactivity when work-
ng at elevated temperatures, which will deteriorate the stability of
as sensors. In contrast, three-dimensional (3D) porous structures

∗ Corresponding authors. Tel.: +86 531 8973 6292; fax: +86 531 8276 4453.
E-mail addresses: mse  zhangj@ujn.edu.cn (J. Zhang), mse  caobq@ujn.edu.cn

B. Cao).

ttp://dx.doi.org/10.1016/j.snb.2015.11.140
925-4005/© 2015 Elsevier B.V. All rights reserved.
with enhanced structure stability will remain its sensitivity within
a long time even at relative high working temperature. Gener-
ally, 3D microstructures can be assembled by 0D nanocrystals [23],
1D nanorods [24] and 2D nanosheets [25]. The special 2D struc-
ture like nanosheet or nanoplate has a lager specific surface area
compared with others. For surface-controlled gas sensing material,
increasing the contact area between material and target gases will
provide more surface active sites for the sensing reactions. In addi-
tion, the porous structure of the sensing materials can improve the
gas diffusion within the sensing layer, hence enhancing the sensor
properties [26,27]. Therefore, this special 3D microstructure would
expect better performance compared with bulk material. The large
inner space among the nanosheets will provide facile transport
pathways or channels, which makes the diffusion of gas molecules
more easily.

Considering 3D nanostructures are good candidates for gas
sensing materials, it is important to further optimize the device
performances for practical applications. Typically, noble metals
such as Au, Pt and Pd, despite of their high cost, have been
chosen as an efficient “sensitizer” to improve the performance
of gas sensing materials [28–30]. For instance, porous �-Fe2O3
decorated by Au nanoparticles [31] exhibited highly enhanced per-
formance to ethanol compared with pristine Fe2O3 particles. Both

Au-loaded ZnO hollow nanospheres nanospheres [32] and Au@ZnO
yolk-shell structures [30] demonstrated obvious improvement in
response compared to pure ZnO. Au-functionalized SnO2 hollow
spheres [33,34] are also reported to exhibit superior sensitivity to

dx.doi.org/10.1016/j.snb.2015.11.140
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2015.11.140&domain=pdf
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calculated to be 7.06 nm by Scherrer equation based on (2 0 0)
peaks. The relatively weak diffraction peaks of Au indicate a small
amount and a nanometer size in the hybrid materials.
J. Guo et al. / Sensors and A

he test gases. The above investigations indicate noble metal parti-
les truly exhibit superiorities in improving the performance of gas
ensing materials.

In this contribution, 3D SnO2 microstructures assembled with
D porous nanosheets were synthesized and further used as a
ramework to load Au nanoparticles. The obtained 3D Au/SnO2

icrostructures were characterized in detail and their gas sensing
erformance was investigated. Due to the advantageous synergic
ffect of the 3D microstructures composed of porous nanosheets
nd the unique property of Au nanoparticles, the Au/SnO2 sen-
or displayed superior performance over pristine SnO2 in terms
f high response, fast response–recovery time and good stability.
as sensing mechanism for the Au/SnO2 sensing material is also
iscussed.

. Experimental

.1. Chemicals

All chemical reagents, including SnCl2·2H2O, NaOH, hex-
decyltrimethylammonium bromide (CTAB), lysine (C6H14N2O2),
aBH4, HAuCl4·4H2O were of analytical grade and were used
s-received without any further purification. Deionized water
resistance higher than 18.2 M� cm)  was used during the exper-
ment.

.2. Synthesis of 3D SnO2 microstructures

SnO2 microstructures were synthesized by a hydrothermal
ethod. In a typical synthesis process, 0.46 g SnCl2·2H2O was dis-

olved in 20 mL  deionized water and 0.33 g NaOH and 0.74 g CTAB
ispersed in 20 mL  deionized water. After stirring for about half an
our, the two solutions were mixed together under stirring until
hanging into a transparent solution. Then the mixture was trans-
erred into a Teflon-lined stainless steel autoclave of 50 mL  capacity.
he autoclave was sealed and kept at 120 ◦C for 12 h. After reaction,
he autoclave was cooled down naturally. The original precipitate
as centrifuged and washed with ethanol and deionized water,

espectively. Finally the yellow powder was obtained after 12 h
ehydration at 80 ◦C. The calcination was performed in a muffle
urnace at 500 ◦C for 2 h.

.3. Synthesis of Au/SnO2 hybrids

The synthesis of Au/SnO2 hybrids followed a similar reported
ethod [28]. 0.1 g SnO2, 1.5 mL  (0.01 M)  HAuCl4 and 1.5 mL

0.01 M)  lysine was dispersed into 15 mL  deionized water under
tirring. 15 minutes later, 0.2 mL  (0.1 M)  NaBH4 was  introduced into
he mixture. After vigorous stirring for another 20 min, the purple
olution was centrifuged with deionized water and ethanol, respec-
ively. After drying at 80 ◦C overnight, the sample was calcined at
00 ◦C for 30 min  to obtain Au/SnO2 hybrid materials.

.4. Characterizations and gas sensing measurement

Structure and phase identification were measured by power X-
ay diffraction (XRD) using a Bruker diffractrometer (D8-Advance)
ith Cu K� radiation of 1.5418 Å. The morphologies of SnO2 and
u/SnO2 microstructures were observed by a scanning electron
icroscope (SEM, Quanta FEG 250) and high resolution trans-
ission electron microscope (HRTEM, JEM-200CX). The elemental

omposition is tested by energy-dispersive X-ray spectroscopy

EDS) attached to SEM.

The gas sensor was fabricated as descripted previously in our
ormer paper [22]. A small amount of powder sample was ground in
n agate mortar with several drops of deionized water to make the
rs B 226 (2016) 266–272 267

powder into a homogeneous paste. Then the slurry was coated on
an aluminum tube (4 mm in length and 1 mm in diameter) to form
a thin film with uniform thickness. Two  Au electrodes and four Pt
wires were positioned on both ends of the tube and a Ni–Cr alloy
coil working as a heater through the tube to control operating tem-
perature by tuning the heating voltage. For comparison, two  series
of gas sensors were fabricated using pristine SnO2 and Au/SnO2,
respectively. The sensors were aged for 3 days on the measurement
system before gas sensing test.

Gas sensing tests were performed with a WS-60A gas sensing
measurement system (Winsen Electronics, China) at a relative
humidity of 20%. This is a static system using atmospheric air as the
reference and dilute gas. The sensors are placed into a transparent
testing chamber whose volume is 20 L. Target gas with calculated
amount is introduced into the test chamber by a syringe. Two
electric fans installed in the chamber are used to make test gas
homogeneous. The sensor response S is defined as the ratio of Ra/Rg

where Ra and Rg are the electrical resistance of the sensor in air and
target gas, respectively.

3. Results and discussion

3.1. Characterization

The phase and crystal structure of the samples have been
identified by XRD, and Fig. 1 shows the XRD patterns of dif-
ferent as-prepared powders. Clearly, the sample obtained from
hydrothermal exhibits obvious diffraction peaks of both SnO (JCPDS
No. 77-2296) and SnO2 (JCPDS No. 41-1445) in Fig. 1(a). The crys-
tallite size of the sample is 4.84 nm calculated by using Scherer
equation based on (1 1 0) peak. After calcination for 2 h at 500 ◦C,
the sample changes into SnO2 completely and all the diffraction
peaks match well with the typical tetragonal rutile structure of
SnO2, as shown in Fig. 1(b). The crystallite size of the 3D SnO2
materials is calculated to be 20.5 nm by Scherer equation based on
(1 1 0) peak. The calcination improved the crystallization and also
promotes the growth of grains during the annealing process. After
loading Au nanoparticles onto the nanosheets (Fig. 1c), three typi-
cal diffraction peaks indexed to metallic Au (JCPDS No. 89-3697) [2]
was observed and. The average grain size of Au nanoparticle was
Fig. 1. XRD patterns of (a) sample obtained from hydrothermal process; (b) SnO2

obtained after calcination; (c) Au/SnO2 hybrids.
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The morphology and structure of SnO2 and Au/SnO2 were char-
cterized with SEM. Fig. 2(a) and (b), are SEM images of the sample

btained from hydrothermal process. The chemical reaction occurs
s follows under alkaline condition.

nCl2+OH− = SnCl(OH) (1)

ig. 2. SEM of (a and b) sample obtained from hydrothermal process; (c and d) SnO2 m
lements corresponding to (e).
ors B 226 (2016) 266–272

SnCl(OH) + OH− = Sn(OH)2 (2)
Sn(OH)2 = SnO + H2O (3)

SnO + 1/2O2 = SnO2 (4)

icrostructure after calcination; (e) Au/SnO2 microstructures; (f–h) distribution of
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Reactions (1)–(3) and part of (4) took place under high temper-
ture provided by the autoclave. So the powder after hydrothermal
eaction includes both SnO and SnO2 as shown in the XRD pat-
ern. After calcination at elevated temperature, SnO was  oxidized
nto SnO2 completely as proved in Fig. 1(b). During this process,

any pores with different sizes form at both the edges and surface
f nanosheets, endowing the nanosheets with a porous structure,
hich makes the material surface quite rough as shown in Fig. 2(c)

nd (d). The 3D SnO2 microstructure has a large surface area of
2.5 m2/g by BET [22]. Fig. 2(e) is the SEM of Au/SnO2. The hybrid
aterials also maintain the 3D microstructure composed of uni-

orm nanosheets. The existence of Au nanoparticles on the SnO2
anosheets is further proved by EDS. Fig. 2(f), (g) and (h) show the
istribution of elements (Sn, O and Au) corresponding to Fig. 2(e).
rom Fig. 2(h), it is clearly seen that Au nanoparticles are uni-
ormly distributed on the nanosheets. The relative content of Au
anoparticles in the hybrids is 0.39 wt.% determined by the EDS
haracterization.

To further study the SnO2 2D microstructure and distribution of
u nanoparticles, Au/SnO2 was characterized with TEM. As shown

n Fig. 3(a), Au nanoparticles with diameter ranging from 5 to 10 nm
istribute uniformly on the nanosheets. Fig. 3(b) is a typical HRTEM
f the Au/SnO2 nanosheet. A distinct set of lattice fringes of SnO2
ere revealed and the length between the adjacent lattice planes

s estimated to be 0.33 nm,  which is in good agreement with the
istance between the (1 1 0) planes [35]. In the center of this HRTEM
icture is a typical Au nanoparticle with dark contrast and the lat-
ice spacing of 0.24 nm is consistent with the (1 1 1) planes of Au
36]. Furthermore, pores with irregular shapes in the nanosheet
an also be seen, which is potentially beneficial for the diffusion

nd transport of gas molecules in the sensors.

ig. 3. (a) TEM image, (b) HRTEM image for the as-synthesized Au/SnO2 micro-
tructures composed of nanosheets with pores.
Fig. 4. Response of SnO2 and Au/SnO2 to 150 ppm ethanol at various temperatures
(100–400 ◦C).

3.2. Gas sensing performance

Inspired by the 3D porous Au/SnO2 hybrid microstructures and
catalytic effect of Au nanoparticles, the gas sensing performance of
the Au/SnO2 hybrids was evaluated.

Working temperature usually has a great influence on gas
sensing performance [37], as it influences the adsorption and
desorption process of oxygen molecules. Control tests to 150 ppm
ethanol were performed from 100 to 400 ◦C in order to determine
the optimum operating temperature of the sensors. As shown in
Fig. 4, the gas response of both SnO2 and Au/SnO2 sensors increases
with the increasing temperature and reaches the maximum at
about 340 ◦C. However, the Au/SnO2 sensor exhibits a much higher
response than pure SnO2, which should be ascribed to the load-
ing of Au nanoparticles, and will be discussed later in detail. The
response of Au/SnO2 to 150 ppm ethanol (29.3) is actually 2 times
higher than that of pristine SnO2 (13.7) at 340 ◦C.

Fig. 5 shows the dynamic response–recovery curves of the two
sensors to ethanol of different concentrations (5, 20, 50, 100, 200,
500 and 1000 ppm) at 340 ◦C and the inset illustrations are gas sen-
sors corresponding to SnO2 and Au/SnO2 microstructures. The gray

SnO2 changes into purple indicating the successful decoration of Au
onto SnO2 microstructures. The response amplitude of both sen-
sors increases with the increasing of ethanol concentration. The

Fig. 5. Real-time response of SnO2 and Au/SnO2 to different ethanol concentrations
(5,  20, 50, 100, 200, 500 and 1000 ppm) at 340 ◦C and the inset illustrations are gas
sensors corresponding to SnO2 and Au/SnO2 microstructures.
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the higher responses to n-butanol may  be because n-butanol is

T
P

40 ◦C.

orresponding response of Au/SnO2 hybrids is much larger than
hat of pure SnO2, which manifests the outstanding performance
f the hybrid materials due to the functionalization of Au nanopar-
icles.

Fig. 6 is the real-time dynamic response curves to 100 ppm
thanol of the SnO2 and Au/SnO2 sensors at 340 ◦C. Evidently,
he Au/SnO2 sensor has much higher response (18), which is
early three times higher than that of SnO2 (6.3). Besides,
esponse–recovery time is also an important parameter that should
e considered in order to meet the application of gas sensors. Fig. 6

s the real-time response curves to 100 ppm ethanol of the SnO2
nd Au/SnO2 sensors. Herein, we define the response and recov-
ry time as the time required to reach 90% of the total change.
s shown in Fig. 6, the response time of SnO2 and Au/SnO2 sen-
ors is estimated to be 6 s and 5 s, and the recovery time is 29 s
nd 10 s, respectively. To evaluate the sensing performance of as-
repared Au/SnO2 hybrid nanosheets, a comparison between our
esult and the literatures is summarized in Table 1. As can be seen,
he SnO2 nanofibers synthesized by Zhang [38] has fast response
nd recovery, and the specific value toward 10 ppm ethanol was
13 s and ∼13.9 s. Usually, recovery time will be longer if the target
as stands at a high concentration level [39]. That is, if high con-
entration of ethanol was tested, it would take more time for the
ensor to achieve balance to in the desorption process. A diversity
f SnO2 sensors measured at different preset conditions are com-
ared in Table 1. The fast response of this Au/SnO2 sensor might be
ttributed to the microstructures assembled by porous nanosheets,
nd, at the same time, Au nanoparticles truly exhibit significant
atalysis effect on accelerating the recovery process [28].

Fig. 7 plots the real-time response of the Au/SnO2 gas sensor
◦
o 500 ppm ethanol with 6 cycles at 340 C, which exhibits good

epeatability with fast response and recovery. Therefore, the exist-
nce of Au nanoparticles not only increases the response, reduces

able 1
erformance comparison of various SnO2-based gas sensors to ethanol.

Sample Concentrations of ethanol (ppm) 

SnO2 nanofibers [38] 10 

SnO2 nanowires [39] 100 

La2O3–SnO2 nanowires [39] 100 

Hollow  SnO2 nanofiber [40] 100 

Hierarchical SnO2 [41] 100 

Au/SnO2 nanobelts [42] 100 

Au/SnO2 microstructures in this work 100 
Fig. 8. Response of SnO2 and Au/SnO2 to 150 ppm various gases at 340 ◦C.

response–recovery time but retain good stability during the gas
sensing test.

The selectivity of the SnO2 and Au/SnO2 microstructures was
further investigated with different kinds of volatilize organic gases,
including methanol, ethanol, acetone, isopropanol and n-butanol
at 150 ppm, as shown in Fig. 8. By comparison, it can be seen
that Au/SnO2 has much larger response to all the test gases (13.3,
26.5, 20.3, 19.0 and 55.5) than SnO2 (5.0, 12.6, 6.4, 7.8 and 16.6)
to methanol, ethanol, acetone, isopropanol and n-butanol, respec-
tively. All the responses of Au/SnO2 are more than 2 times higher
than that of SnO2. Besides, both sensors manifest the highest
response to n-butanol, which indicates a potential selectivity to
n-butanol. The selectivity of gas sensors depends on the chemical
properties of test gases, as well as the sensing materials. Herein,
more active to lose electrons on oxidation by chemisorbed oxygen
species.

Temperature (◦C) Response Response/recovery time (s)

330 ∼4.5 13/13.9
400 10.5 2/136
400 57.3 1/110
200 35.02 86/14
300 24.1 6/70
100 194.77% 67/58
340 18 5/10
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.3. Gas sensing mechanism

SnO2 is a typical n-type semiconductor and its conductivity is
ighly influenced by the surface depletion layer, which is character-

stic of the surface-controlled type of sensing material, especially
or nanostructures. Therefore, the mechanism of SnO2 gas sensor
s based on the resistance change before and after exposing to the
arget gas. When the SnO2 gas sensor is exposed to air, oxygen

olecules will be absorbed on the material surface and extract elec-
rons from the conduction band and form ionized oxygen species
O2

−, O− and O2−) [43]. As a consequence, an electron depletion
ayer is formed due to the lack of electrons at the surface, as shown
n Fig. 9(a). The sensor resistance then stands at a relative high
evel. When the gas sensor is exposed to reducing gas e.g. ethanol,
he oxygen species would react with the gas molecules and release
lectrons back to the conduction band. The thickness of the elec-
ron depletion layer decrease and, therefore, the sensor resistances
f the material decrease as shown in Fig. 9(b).

Compared with SnO2 gas sensor, the Au/SnO2 composite
icrostructures demonstrated significantly improved gas sensing

erformance. The enhancement of gas sensing properties of
u/SnO2 microstructures can be explained by the following two
spects [44,45]. One is the chemical catalytic effect from Au
anoparticle. Au nanoparticles can increase the adsorption of oxy-
en molecules through spillover effect [46–49], resulting in both
ast and more prolific electron capture and release. In addition,
t is reported that nano-Schottky junctions would form between

etal and semiconductors [50]. It results in the electron trans-
er from semiconductor to noble Au nanoparticles. Both factors
esult in additional nanometer electron depletion regions on the
anosheets surfaces. The electron depletion regions at this moment

re much thicker, and Ra of the Au/SnO2 sensor resistance is becom-
ng much larger than that of pristine SnO2 sensor, as compared with
ig. 9(a) and (c). When reductive ethanol is introduced, it reacts

ig. 9. Schematic gas sensing mechanism and energy band change of SnO2 and
u/SnO2 nanosheet.

[

[

rs B 226 (2016) 266–272 271

with the adsorbed oxygen species and decreases the thickness of
the depletion layer. Due to the spillover effect from Au nanoparti-
cle on SnO2, more oxygen species will be generated to react with
gas molecules. As a result, both factors will decrease the thick-
ness of the depletion layer. Compared with SnO2, Au/SnO2 will
lower the height of the nano-Schottky barrier and increase the
conductance [50,51], as compared in Fig. 9(b) and (d). Thus, the
nano-Schottky barrier junctions act as a signal amplifier to greatly
improve the gas sensing response. This proposed sensing mecha-
nism by constructing Schottky contacts may also apply to design
more chemiresistive semiconductor sensors.

4. Conclusions

In summary, a high performance gas sensor based on Au-
functionalized 3D SnO2 microstructures was fabricated and
demonstrated superior gas sensing performance in comparison
to pristine SnO2. The 3D SnO2 microstructures were synthesized
by a facile hydrothermal process combining with subsequent
annealing. The successful decoration of Au nanoparticles onto
SnO2 nanosheets plays a crucial role in improving the ethanol
sensing properties. The Au/SnO2 sensor manifests high response,
fast response–recovery time and good repeatability resulting from
the combination of 3D porous structure with unique properties of
Au nanoparticles. The superior sensing features indicate the present
Au/SnO2 microstructures are promising for gas sensor.
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