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a  b  s  t  r  a  c  t

La0.7Sr0.3FeO3 nanoparticles  are  prepared  by  a  citrate  method,  and  SnO2 nanofibers  are  synthesized  via
an  electrospinning  process.  In  order  to  improve  the  sensing  performance,  La0.7Sr0.3FeO3 nanoparticles
are  coated  on  the  surface  of  SnO2 nanofibers.  The  materials  are  characterized  by  X-ray  diffraction  (XRD),
scanning  electron  microscopy  (SEM),  transmission  electron  microscopy  (TEM),  and  energy  dispersive
spectroscopy  (EDS).  Three  sensors  are  fabricated  from  La0.7Sr0.3FeO3 coated  SnO2 nanofibers  with  differ-
ent  coating  times.  And  the sensors  with  only  La0.7Sr0.3FeO3 nanoparticles  and  SnO2 nanofibers  are  also
fabricated  for  comparison.  The  sensors  are  exposed  to ethanol  with  various  concentrations  and  operat-
ing  temperatures,  and sensor  performances  are  calculated  and  evaluated  by  a  sensing  analysis  system
nO2 nanofibers
lectrospinning
emiconductors
as sensors

automatically.  It  is  clear that  the  sensors  based  on SnO2 nanofibers  with  four  times  of La0.7Sr0.3FeO3 coat-
ing  (L4SnO2 sensors)  own  the  highest  response  of  28–1  ppm  ethanol,  which  is  5  times  larger  than  that
of  SnO2 nanofiber  sensors  and  8  times  greater  than  that of  La0.7Sr0.3FeO3 nanoparticle  sensors.  More-
over,  fast  response  and  recovery,  good  selectivity,  anti-humidity,  and  high  stability  of  L4SnO2 sensors  are
obtained  herein.  To  understand  the improved  performance  of L4SnO2 sensor,  the  sensing  mechanism  is
discussed.
. Introduction

SnO2 is a kind of important sensing materials for chemical sen-
ors due to its significant surface reactivity with both reducing
CO, C2H2, CH4, and H2) and oxidizing gases (Cl2, O2, NOX, and
O2) [1,2]. Among those sensors based on SnO2, one-dimensional
1D) SnO2 nanostructures have called great attention for their gas
esponse as well as chemical stability [3]. In particular, a series
f 1D SnO2 nanostructures, such as nanorods [4], nanotubes [5],
anofibers [6], nanowires [7], and nanobelts [8] have been suc-
essfully synthesized and applied to gas sensing. Many unique gas
ensing properties were reported based on 1D SnO2 nanostructures
9]. And recent investigations also revealed that the sensing perfor-

ance of these 1D SnO2 nanostructures could be further enhanced
y doping other atoms [10].

In order to improve the sensing properties of SnO2-based gas

ensors, three kinds of doping strategies are developed. Firstly,
odifying the surface of sensing materials by noble metals (Au,

t or Pd) [11–13] or rare earth elements (La, Y and Ce) is a popular

∗ Corresponding author. Tel.: +86 431 85168318; fax: +86 431 85168624.
E-mail  addresses: lifind@21cn.com, lgd@jlu.edu.cn (G.-D. Li).

925-4005/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2013.10.035
© 2013 Elsevier B.V. All rights reserved.

route [14]. Correspondingly, electronic and chemical sensitizations
have been widely applied in these cases [15]. Secondly, forming
composites with other n-type semiconductors such as ZnO [16],
In2O3 [17] and TiO2 [18] can also enhance the sensing response
and reacting speeds. Using p-type semiconductors, such as CuO
[19] or NiO [20], to modify SnO2 is another critical approach.
When these p–n composites are exposed to a target gas, the chem-
ical species to be detected in the atmosphere can be absorbed
on the interface of the p–n contacts [21], and leading to the
amplified electrical resistance changes of the sensors. This p–n
heterojunction concept was introduced in 1979 and has been
widely applied in humidity sensors, liquid sensors and gas sensors
[22].

Herein, we present sensitive ethanol sensors fabricated from
p-type La0.7Sr0.3FeO3 nanoparticles and n-type SnO2 nanofibers.
La0.7Sr0.3FeO3 is a typical ABO3 type material which shows
excellent selectivity and good stability to reducing gases [23].
SnO2 nanofibers are known for their high response and short
response and recovery times [24–26]. Both of these two  types

of materials are sensitive to ethanol. While, the composite
materials show improved and excellent ethanol sensing prop-
erties, which are mainly due to the p–n contacts on sensor
surface.

dx.doi.org/10.1016/j.snb.2013.10.035
http://eproxy2.lib.tsinghua.edu.cn:80/rwt/GM3YZ4DVPSZDVL3QP75YPLUUMNVXK5UDMWTGT6UFMN4C6Z5QNF/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2013.10.035&domain=pdf
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Fig. 1. Schematic diagr

. Experimental

.1. Synthesis of materials and fabrication of sensors

All chemicals (analytical grade reagents) were purchased from
eijing Chemicals Co. Ltd. and used as received without further
urification. Deionized water with a resistivity of 18.2 M� cm−1

as used in all experiments. Nanocrystalline La0.7Sr0.3FeO3 was
repared by a citrate method [27]. According to the formula
a0.7Sr0.3FeO3, 0.7 mmol  of La(NO3)3·6H2O, 0.3 mmol  of Sr(NO3)2
nd 1.0 mmol  of Fe(NO3)3·9H2O were dissolved into 80 mL  of deion-
zed water, and then 15 mg  of citric acid was dropped into the

ixture. Then, the mixture was heated at 80 ◦C and stirred for 2 h
o obtain a homogeneous precursory sol of La0.7Sr0.3FeO3. SnO2
anofibers were synthesized via a simple electrospinning method
28]. Typically, 0.4 g of SnCl2·2H2O was mixed with 4.42 g of N,N-
imethylformamide (DMF) and 4.42 g of ethanol in a glove box
nder vigorous stirring for 6 h. Subsequently, 0.8 g of poly(vinyl
yrrolidone) (PVP, Mw = 1,300,000) was added to this solution and
tirred for another 6 h. The obtained slurry was delivered to a
ypodermic syringe at a constant flow rate of 1.0 mL/h, and then
lectrospun by applying 10 kV at an electrode distance of 20 cm.  A
iece of aluminum foil was  used as the cathode and several sensor
ubstrates were placed on it.

Sensor substrates were fabricated by radio-frequency (RF) sput-
ering method, and Pt arrays were deposited on SiO2/Si chips as
ignal and heating electrodes. The thickness of SiO2 layer and Pt
rray were about 300 and 100 nm,  respectively. The sensor length
nd width were 3 and 2 mm.  The precursor solution was  directly
lectrospun on the sensor substrates. After electrospinning for 4 h,
he sensor substrates with precursory nanofibers were obtained.
hen, the sol of La0.7Sr0.3FeO3 will be dropped on them for sev-
ral times. After each step, the substrate was dried at 100 ◦C for 2 h
efore the next step. Finally, the La0.7Sr0.3FeO3-coated SnO2 sensors

ere calcined at 600 ◦C for 5 h in air, and followed by annealing at

00 ◦C for 10 min  in nitrogen atmosphere.
Three sensing materials with different dropping times (2,

, and 6) were prepared, and the corresponding sensors are

Fig. 2. Photographs of (a) a CGS-8 intelligent gas sensing analys
 the sensor fabrication.

denoted  as L2SnO2 sensors, L4SnO2 sensors, and L6SnO2 sen-
sors in this paper. Sensors with only La0.7Sr0.3FeO3 nanoparticles
and SnO2 nanofibers were also prepared for comparison. Fig. 1
shows a schematic diagram of the methodology used for sensor
fabrication.

2.2. Characterization of materials and measurement of sensors

X-ray  diffraction (XRD) analysis was conducted on a Rigaku
D/Max 2550 X-ray diffractometer (XRD) with Cu K� radiation
(� = 1.5418 Å). Scanning electron microscopy (SEM) images and
energy dispersive spectroscopy (EDS) spectra were performed on a
JEOL JSM 6700F. Transmission electron microscope (TEM) images
were obtained on a FEI Tecnai G2S-Twin with a field emission gun
operating at 200 kV.

Sensing measurement was  performed on a CGS-8 (Chemical Gas
Sensor-8) intelligent gas sensing analysis system [29], as shown in
Fig. 2(a) and (b) (Beijing Elite Tech Co., Ltd., China). This system
could provide various operating currents to control the sensor tem-
perature (measured by a Testo 845 infrared thermometer (TESTO
AG, Germany)). All of the sensors were pre-heated at different oper-
ating temperatures for 30 min. When the resistances of the sensors
were stable, saturated target gas was injected into the test cham-
ber (20 L in volume) by a micro-injector through a rubber plug. The
saturated target gas was mixed with air by two  fans in the analysis
system. After the sensor resistances reached new constant values,
the test chamber was  opened to recover the sensors in air. The
humidity and temperature of testing environment are 25% RH and
20 ◦C, respectively.

The sensor response (R) was  designated as R = Ra/Rg, where
Ra was the sensor resistance in air (base resistance) and Rg was
that in a mixture of target gas and air. The time taken by the
sensor resistance to change from Ra to Ra − 90% × (Ra − Rg) was

defined as response time when the target gas was introduced to
the sensor, and the time taken from Rg to Rg + 90% × (Ra − Rg) was
defined as recovery time when the ambience was replaced by air
[20].

is system and (b) the gas chamber with eight sensors in it.
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ig. 3. XRD patterns of SnO2 nanofibers, La0.7Sr0.3FeO3 nanoparticles, and L4SnO2

anofibers.

. Results and discussion

The  XRD patterns of SnO2 nanofibers, La0.7Sr0.3FeO3 nanoparti-
les, and L4SnO2 nanofibers are shown in Fig. 3. Diffractions from
nO2 nanofibers, La0.7Sr0.3FeO3 nanoparticles can be well indexed
o rutile type of SnO2 and cubic structure of La0.7Sr0.3FeO3, respec-
ively. And the diffraction peaks corresponding to La0.7Sr0.3FeO3
re also observed in the XRD pattern of L4SnO2 nanofibers. While
he location of the diffraction peaks of SnO2 in L4SnO2 nanofibers
s nearly the same as that of pure SnO2. The grain sizes of SnO2
n SnO2 nanofibers and L4SnO2 nanofibers are very close, which
re estimated to be about 21 and 20 nm according to Scherrer
ormula [11]. The retained diffraction peaks and grain sizes sug-

est that crystal La0.7Sr0.3FeO3 deposits on the surface of SnO2
anofibers instead of forming solid solution. It may  be resulted from
he different thermal decomposition behaviors between SnCl2/PVP
omposite nanofibers and La(NO3)3/Sr(NO3)2/Fe(NO3)3/citric acid

ig. 4. SEM images of (a) La0.7Sr0.3FeO3 nanoparticles, (b) SnO2 nanofibers, (c) L2SnO2 nan
anofibers. The inserts in (a) and (b) are the corresponding TEM images.
rs B 191 (2014) 659– 665 661

precursors.  Similar phenomena are found in other reports [30,31],
and the phase separation in this process will lead to the formation
of heterostructures in the final materials.

Fig. 4(a–f) shows the SEM images of the La0.7Sr0.3FeO3 nanopar-
ticles, SnO2 nanofibers, L2SnO2 nanofibers, L4SnO2 nanofibers,
L6SnO2 nanofibers, and the magnified L4SnO2 nanofibers, respec-
tively. In Fig. 4(a), La0.7Sr0.3FeO3 nanoparticles with an average
diameter around 20 nm are compactly agglomerated, which is
not beneficial for gas to fast penetrate into the sensing layer.
While, in Fig. 4(b), the SnO2 nanofibers are collected as randomly
oriented structures with an average diameter about 80 nm and
lengths up to several microns. The insert TEM image reveals that
the nanofibers are consisted of nanoparticles (the average diam-
eter is about 15 nm). As shown in Fig. 4(c–e), more and more
La0.7Sr0.3FeO3 nanoparticles are gradually deposited on the sur-
face of SnO2 nanofibers with the increase of the dropping times.
From the magnified L4SnO2 nanofibers of Fig. 4(f), it is clear that
La0.7Sr0.3FeO3 nanoparticles packed tightly on the surface of SnO2
nanofibers.

Corresponding EDS spectra from the as-prepared pure SnO2,
L2SnO2, L4SnO2 and L6SnO2 nanofibers are shown in Fig. 5. The
EDS results reveal that the synthesized nanofibers are composed of
Sn, O, Fe, La and Sr. Fig. 5(a) shows the presence of only Sn and O
in about 1:2 mole ratio (within experimental error) and the three
characteristic Sn peaks are at about 3.46, 3.68 and 3.92 keV [32]. The
atomic percentage of La0.7Sr0.3FeO3 in the as-synthesized products
is found to about 1.5 at%, 3.7 at% and 11.4 at% for L2SnO2, L4SnO2 and
L6SnO2 nanofibers, respectively (Fig. 5(b–d)). The peaks of C and Al
are derived from the conducting resin and Al platform during the
measurement.

All the sensors are exposed to 1 ppm ethanol at different operat-
ing temperatures (240–340 ◦C) to determine the optimum working
condition. As shown in Fig. 6, the responses of the five sensors

to 1 ppm ethanol vapor increased with the increased operating
temperatures and reached maximum values. The temperatures cor-
responding to the maximum responses for SnO2 sensors, L2SnO2
sensors, L4SnO2 sensors, and L6SnO2 sensors are 300 ◦C, and for

ofibers, (d) L4SnO2 nanofibers, (e) L6SnO2 nanofibers, and (f) the magnified L4SnO2
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Fig. 5. EDS spectra of (a) SnO2 nanofibers, (b) L2SnO2 n

a0.7Sr0.3FeO3 sensors is 260 ◦C. In the whole temperature range,
he L2SnO2 sensors, L4SnO2 sensors, and L6SnO2 sensors exhibit

uch higher responses than that of La0.7Sr0.3FeO3 and SnO2 sen-
ors, indicating the addition of La0.7Sr0.3FeO3 is beneficial to the
thanol sensing of SnO2 nanofibers. Especially, the L4SnO2 sensors
how significantly higher response than other samples with the
aximum response around 28–1 ppm ethanol at 300 ◦C. It is more

han 5 times larger than that of SnO2 sensors (about 5) and 8 times
arger than that of La0.7Sr0.3FeO3 sensors (about 3).

The response of La0.7Sr0.3FeO3 sensors, SnO2 sensors, L2SnO2

ensors, L4SnO2 sensors, and L6SnO2 sensors versus ethanol con-
entration at 300 ◦C is shown in Fig. 7. The responses increased
reatly for ethanol sensing in a lower concentration range of
.1–10 ppm, and then increased slowly in 10–10,000 ppm, which

Fig. 6. Responses of La0.7Sr0.3FeO3 sensors, SnO2 sensors, L2SnO2 sensors, L4SnO2 sen
ers, (c) L4SnO2 nanofibers, and (d) L6SnO2 nanofibers.

indicates  the sensors become more or less saturated after 10 ppm.
Moreover, the L4SnO2 sensors show the highest responses than
all other samples in the whole concentration range, which further
indicates La0.7Sr0.3FeO3-coating is beneficial to the ethanol sensing
of SnO2 nanofibers.

For  a gas sensor, quick response and recovery is of great impor-
tance. Fig. 8 shows the response and recovery characteristics of
the L4SnO2 sensors to 1 ppm ethanol at 300 ◦C. When ethanol
was injected into the testing chamber the response of the sensor
increased rapidly, when subjected to air the sensor recovered to the

initial state quickly. The response and recovery times are calculated
to be about 9 s and 15 s, respectively.

Selectivity is another important parameter to evaluate the sens-
ing performance of semiconductor materials. The cross-responses

sors, and L6SnO2 sensors to 1 ppm ethanol at different operating temperatures.
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Fig. 7. Responses of La0.7Sr0.3FeO3 sensors, SnO2 sensors, L2SnO2 sensors, L4

f the L4SnO2 nanofibers to some typical interference gases such
s CH3COCH3, NH3, H2, C2H2, C6H6, H2S, CH4, and CO (the concen-
ration of all these gases is 1 ppm) were studied at 300 ◦C (Fig. 9).
he L4SnO2 sensor exhibits the highest responses to ethanol in the
ests, which is due to the suitable operating temperature for SnO2

◦
o ethanol. Normally, 300 C is the best operating temperature
or SnO2-based ethanol sensors [9–11]. Both the SnO2 nanofibers
nd La0.7Sr0.3FeO3 nanoparticles are ethanol sensing materials, the
igh selectivity of the composite can be expected [15].

ig. 8. Response and recovery behavior of L4SnO2 sensors to 1 ppm ethanol at 300 ◦C.

ig. 9. Cross-responses of the L4SnO2 sensors to 1 ppm different gases at 300 ◦C.
ensors, and L6SnO2 sensors to different concentrations of ethanol at 300 ◦C.

The humidity interference is another important parameter for
chemical sensors. Some SnO2-based sensors are reported to be
insensitive at high RH conditions [33]. The L4SnO2 sensors were
also tested to 1 ppm ethanol at various RHs at 300 ◦C, as shown in
Fig. 10 [34]. The responses only decreased to 16 and 10 at 40% and
65% RHs, respectively. This is achieved by the anti-humidity prop-
erties of La0.7Sr0.3FeO3 nanoparticles. La0.7Sr0.3FeO3 nanoparticles
can prevent the immersion of water molecules [23], and therefore
enhance the sensor response at high humidity conditions.

The  long-term stability of the sensor has also been investigated.
It is clearly shown in Fig. 11 that the sensor responses are nearly
the same during the test. Therefore, the L4SnO2 sensors are rather
stable.

The sensing mechanism can be explained as follows [35,36].
The response of semiconducting metal oxides is based on the reac-
tions between gas molecules to be detected and the oxygen species
absorbed on the surface of metal oxides. Oxygen molecules, which
are chemisorbed on SnO2 nanofibers, can generate several kinds
of oxygen species (O− is believed to be the dominant [37]) and
decrease the conductivity of sensor. When ethanol is introduced
at a suitable temperature, oxygen species can react with ethanol
molecules and release the trapped electron back to the conduction
band and result in a reducing of sensor resistance. The reaction

between surface absorbed oxygen species and ethanol can be sim-
ply described as [24]:

C2H5OH + 6O− = 3H2O + 2CO2 + 6e− (1)

Fig. 10. Response and recovery behavior of L4SnO2 sensors to 1 ppm ethanol at
various  humidity conditions.
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Fig. 11. Stability of the L4SnO2 sensor after exposing in air for 90 days.

For the coated nanofibers, the high performance can be ascribed
o the following two reasons: (1) the formation of p–n contacts
etween La0.7Sr0.3FeO3 and SnO2 can form hetero interfaces with
igh barrier heights [21]. These hetero interfaces are responsible

or the sensor response and selectivity. Two most probable paths
f the charge carriers, n–n connection (SnO2–SnO2) and p–n
La0.7Sr0.3FeO3-SnO2) connection, are formed in the interfaces
38]. With suitable coating ratios, the current flow across the p–n
nterface controls the overall current. When the vicinities of n–p
ontacting points are exposed to reducing gases at optimize tem-
eratures, the gas molecules can permeate into the interfaces.
hanges in electrical properties at the interfaces due to the per-
eated chemical species are then observed. Various forms of the

eterocontact sensors have been reported, including mechanical
ontact structure [39], thin film structure [39], and composite form
40–43]. However, most of the heteroatoms or heterocontacts are
oped both in the interior and on the surface of a semiconducting
aterial. The inside heterocontacts are not only unable to join the

ensor reaction, but also rise the sensor resistance for increased
arrier heights [22]. p-Type La0.7Sr0.3FeO3 was deposited only
n the exterior of n-type SnO2 nanofibers by this surface-coating
ethod. Thus, the contact efficiency should be much higher than

he others. (2) The pore size on the surface of SnO2 nanofibers is
oo large and gas molecules can easily overflow the sensing layer
hrough these large pores, which is a disadvantage for sensing
eactions [44]. While, these large pores in SnO2 nanofibers will
e filled during coated with La0.7Sr0.3FeO3 nanoparticles, and also
ore adsorption sites will be provided for both oxygen species

nd ethanol molecules [45]. It is believed that these two  factors
re both in favor of the sensing performance of the composites.

.  Conclusions

In summary, coating La0.7Sr0.3FeO3 nanoparticles on the surface
f SnO2 nanofibers can not only form p–n contacts to magnify sens-
ng signals but also provide more absorption sites for the analyzed
pecies. The corresponding sensor shows a high response, which is
8–1 ppm ethanol, and the response and recovery times are about

 s and 15 s, respectively. It is found that the selectivity and stability
f these composite materials are excellent. We  believed that it is a
ossible and effective route for improving the sensing performance
f 1D nanostructure by surface doping metal oxide nanoparticles.
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