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We demonstrated a new metal oxides based chemiresistor (MOC), which exhibits fast response/recovery
behavior, large sensitivity, and good selectivity to ethanol, enabled by Sr-doped SnO2 nanofibers via sim-
ple electrospinning and followed by calcination. Transmission electron microscopy (TEM), scanning
electron microscopy (SEM), X-ray diffraction (XRD), and X-ray photoelectron spectra (XPS) were carefully
used to characterize their morphology, structure, and composition. The ethanol sensing performances
based on Sr-doped SnO2 nanofibers were investigated. Comparing with the pristine SnO2 nanofibers,
enhanced ethanol sensing performances (more rapid response/recovery behavior and larger response
values) have been achieved owing to the basic SnO2 surface caused by Sr-doping, whereas the acetone
sensing performances have been weakened. Thus, good discriminative ability to ethanol from acetone
has been realized. Additionally, Sr-doped SnO2 nanofibers also exhibit good selectivity.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Metal oxides based chemiresistors (MOCs) have been widely
investigated for decades driven by their practical applications in
air quality control, environmental monitoring, healthcare, traffic
safety, etc. [1–4]. To improve the gas sensing performances, a gen-
eral route is to construct one-dimensional (1D) nano-scaled metal
oxides as gas-sensing elements. 1D nanostructures offer large sur-
face-to-volume ratios and unique dimensional electrical transport,
which can provide more active sites on the surface and effectively
reduce the electric carriers scattering compared to zero-
dimensional nanostructures [5–10]. Among those 1D metal oxide
nanostructures, electrospun 1D metal oxides have been demon-
strated to be excellent candidates for high-efficient chemiresistors
owing to their continuous length, ensuring the direct signals trans-
port between adjacent working electrodes for further enhanced gas
sensing performances [11–18]. However, most of the metal oxides
based chemiresistors still suffer from the poor selectivity owing to
those metal oxides can react with several gases simultaneously.
Thus construction of high-efficient metal oxides based chemiresis-
tors with good selectivity is highly desirable in future.

Ethanol, as the most common aliphatic alcohol, has been widely
investigated in gas sensing field for its diverse and practical appli-
cations in biomedicine, hospital, wine industry, breathalyzers, traf-
fic safety, laboratories, etc. [19–23]. Meanwhile, ethanol can also
cause healthy issues, such as skin/eyes irritation, central nervous
system depression, and acidosis [24]. During the environmental
ethanol monitoring, a practical bottleneck lies in the cross-sensi-
tivity between ethanol and acetone is very similar [25–28]. There-
fore, a selective ethanol sensor to effectively discriminate ethanol
from acetone and some other reducing gases is very useful for
future science. Among various materials, SnO2 has been considered
as a key semiconductor material due to its excellent chemical and
electrical properties [29]. SnO2 is also the most widely studied
material among all the oxides used for gas sensor applications
[30]. Herein, we demonstrate a rapid, sensitive, and selective eth-
anol sensor based on Sr2+-doped SnO2 nanofibers through electros-
pinning and calcination. After Sr-doping, the sensitivity against
100 ppm ethanol has been enhanced from �10.8 to �18.9. On
the contrary, the sensitivity against 100 ppm acetone has been
weaken from �8.9 to �3.9, resulting in good discriminative ability
to ethanol from acetone. Furthermore, the sensor also displays
good selectivity.
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2. Materials and methods

2.1. Chemical

Ethanol (>95%), N,N-dimethyl formamide (>95%) and SnCl2�2H2-

O were obtained from Tianjin Chemical Co. (China). Sr(NO3)2 was
purchased from Beijing Chemical Co. (China). Poly (vinyl
pyrrolidone) (PVP, Mw = 1,300,000) was obtained from Aldrich.
All chemicals were used as received without any further
purification.

2.2. Preparation of Sr-doping SnO2 nanofibers

In a typical procedure, 0.4 g of SnCl2�2H2O was dissolved in a
mixture of DMF (4.4 g) and ethanol (4.4 g) under vigorous stirring
for 10 min. Subsequently, 0.8 g PVP and a certain amount of
Sr(NO3)2 were added into the above solution under vigorous stir-
ring for 30 min. The obtained mixture was loaded into a glass syr-
inge with a needle of 1 mm in diameter at the tip and electrified
using a high-voltage DC supply. 15 kV was provided between the
tip of the spinning nozzle and the collector at a distance of
20 cm. Finally, the fibers were peeled off from the collector and
placed in a crucible. Calcination was performed at 600 �C in air
for 5 h to remove the organic constituents of PVP and crystallize
the SnO2. The as-prepared nanofibers with different Sr doping lev-
els of 1 at.%, 2 at.%, 3 at.% and 4 at.% were prepared according to the
above methods.
Fig. 1. XPS spectra of the Sr-doped SnO2 with different Sr2+ doping le
2.3. Fabrication and measurement of gas sensor

The fibers were mixed with deionized water in a weight ratio of
100:15 and were ground to form a dilute paste. The paste was spin-
coated onto a ceramic tube on which a pair of gold electrodes was
previously printed, and then a Pt heating wire was inserted into the
tube to form a side-heated gas sensor. The sensors were dried for
2 days before the first measurement.

The sensing properties were measured using a dynamic flow
system, in which the resistance changes of the fibers were
measured upon exposure to various levels of target molecules’
vapors. Experimentally, the target molecules’ vapors were injected
into a sealed glass test chamber (20 L in volume) by a syringe
through a rubber plug. After fully mixed with air (Relative Humid-
ity (RH) was about 20%), the sensor was put into the test chamber.
When the response reached a constant value, the sensor was
exposed in air to recover. The electrical properties of the sensor
were measured by the CGS-8 intelligent test system (Beijing Elite
Tech Co. Ltd., China). This multichannel system consists of heating
system, gas distribution system, measurement and data
acquisition system, and measurement control software, which is
ideally suited for comparative analysis of sensor performance in
the same environmental conditions. The sensor response was
measured between 220 and 380 �C, which is defined as the ratio
Ra/Rg, where Ra is the resistance in air, and Rg is the resistance in
test gas [31]. The time taken by the sensor to achieve 90% of the
total resistance change is defined as the response time in the case
vels, (a) the survey XPS spectra, (b) Sn3d, (c) Sr3d, and (d) O1s.



Fig. 2. SEM and TEM images of Sr2+/SnO2 nanofibers. The Sr doping concentration of (a) and (a0), (b) and b0), (c) and (c0), (d) and (d0), (e) and (e0) is 0 at.%, 1 at.%, 2 at.%, 3 at.%,
and 4 at.%, respectively.
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of adsorption or the recovery time for desorption. This testing
method has been developed by Wang et al. [32]. All these
measurements were taken when the mixed gas system reached
its balance.
2.4. Characterization

The nanofibers were characterized by Transmission electron
microscopy (TEM, Hitachi S-570) and X-ray photoelectron spectra
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(XPS, ESCLAB MKII using Al as the exciting source). Crystal struc-
tures were measured by X-ray diffraction (XRD, Empyrean, PANa-
lytical B.V. with a Cu Ka radiation).

3. Results and discussion

3.1. Structural and morphological characteristics

The surface composition and chemical state of the elements
existing in Sr-doped SnO2 nanofibers have been systematically
characterized by XPS and shown in Fig. 1. Fig. 1a shows the survey
XPS spectra of the final products. All the binding energies at vari-
ous peaks were calibrated according to C element (the binding
energy of C 1s plane is 284.6 eV). The spin–orbit components
(3d3/2 and 3d5/2) of the Sn 3d peak were both observed at 495.5
and 487.1 eV as shown in Fig. 1b, corresponding to Sn4+ in a tetrag-
onal rutile structure [33]. The Sr3d3/2 peak and Sr3d5/2 peak were
detected at 135.5 eV and 133.7 eV, confirming that the chemical
state of Sr ions in the fibers is Sr2+ as shown in Fig. 1c [34,35].
Fig. 1d shows the O 1s core level spectra. The surface composition
of Sr-doped SnO2 nanofibers with different Sr doping levels have
been calculated and provided in Table S1 in Supplementary
Information.

Typical morphologies of Sr2+/SnO2 nanofibers with different Sr
doping levels have been characterized by SEM. As shown in
Fig. 2, all the Sr2+/SnO2 fibers maintain fibrous structures after
Fig. 3. (a) Full angel range of XRD patterns and (b) high-resolution of (110) peak of pristi
as a function of Sr doping levels.
the calcination and many nano-scaled pores are observed through-
out the whole fiber films. TEM shows the average diameter of all
the doped fibers is 110 ± 10 nm and nano-scaled pores within the
nanofibers between the adjacent nanograins can be also observed.
These micro/nano-scaled pores facilitate the absorption of target
molecules in the final products, which favors the gas sensing per-
formances [36].

The effects of Sr doping on SnO2 crystal structures have been
characterized by XRD as shown in Fig. 3a. All the strong diffraction
peaks can be perfectly indexed as the tetragonal rutile structure of
SnO2 (JCPDS 41-1445) [37] and no diffraction peaks of strontium
oxide phases were detected within the instrumental sensitivity.
From the high-resolution of (110) peak (Fig. 3b), it can be clearly
seen that the peaks of Sr/SnO2 become broaden compared with
pristine SnO2, proving Sr2+ doping can effectively inhibit the
growth of SnO2 gains during the calcination. Additionally, (110)
peak shifts to a low angle when the Sr doping is 1 at.%, which indi-
cates that Sr2+ ions have been incorporated into SnO2 lattice and
occupy the tetragonal Sn4+ cation sites of rutile SnO2, forming
Sn�0.99Sr�0.01O2 metastable solid solution nanofibers. With further
increasing the Sr doping levels, the (110) peak recovers a little,
indicating that some Sr ions cannot be contained within the SnO2

crystal and are expelled out the crystal, forming SrO/SnO2 hetero-
junction nanofibers. Moreover, it is also suggested that no long
ordering of SrO lattice is formed in the final composite nanofibers
since no SrO peaks were detected. The formation of Sn�0.99Sr�0.01O2
ne and Sr-doped SnO2 nanofibers with different doping levels; (c) grain sizes of SnO2
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metastable solid solution nanofibers can be also supported by
calculating the crystallite size of SnO2 from the (110) peak via
the Scherrer equation (D = Kk/b cosh) [38]. The average crystalline
size of SnO2 is 10.1 nm for pristine SnO2, 8.1 nm for 1 at.% Sr-doped
SnO2 nanofibres, 8.4 nm for 2 at.% Sr-doping, 8.2 nm for 3 at.%
Sr-doping, and 8.1 nm for 4 at.% Sr-doping (Fig. 3c). The smallest
crystal size of 1 at.% Sr-doped SnO2 nanofibres implies the forma-
tion of Sn�0.99Sr�0.01O2 metastable solid solution nanofibers.
Fig. 5. Response and recovery behaviors based on pristine and Sn�0.99Sr�0.01O2

metastable solid solution nanofibers against 100 ppm ethanol at 260 �C.
3.2. Sensing performances

The optimal operating temperature of Sr-doped SnO2 against
100 ppm of ethanol was confined by carrying out the tests at differ-
ent temperatures as shown in Fig. 4a.

Volcano-shaped curves were obtained with the peak at 260 �C
for all the samples, which indicates that optimal operating temper-
ature of all samples is 260 �C and Sr-doping does not change the
optimal operating temperature. Fig. 4b shows the response versus
ethanol concentration (10–5000 ppm) at 260 �C with different Sr
doping levels. As shown in Fig. 4b, Sr doping greatly improves
the sensing response to ethanol. The responses increase continu-
ously with the increase of ethanol concentration. The sensors do
not saturate even when the concentration of ethanol reaches
5000 ppm. Among all the samples, Sn�0.99Sr�0.01O2 metastable
solid solution nanofibers display the highest sensing response
(�19). Thus, Sn�0.99Sr�0.01O2 metastable solid solution nanofibers
and pristine SnO2 are chosen for the following measurements.

Response/recovery behavior is an important factor to evaluate
whether sensor can rapidly monitor the target molecules in time.
The response/recovery behavior of Sr2+-doped SnO2 nanofibers
was also studied against 100 ppm ethanol at 260 �C as shown in
Fig. 5. For pristine SnO2 nanofibers, the response and recovery
behavior is 2s and 11s, respectively. For Sn�0.99Sr�0.01O2 metasta-
ble solid solution nanofibers, response time does not change but
recovery time has been shortened to 8s, indicating the Sr-doping
can effectively enhance the desorption rate of ethanol on the
surface.

To better understand the effect of dimensionalities on the gas
sensing performances, zero-dimensional (0D) SnO2 and Sr2+-doped
SnO2 nanoparticles have been fabricated and characterized (Fig. S1
and S2 in Supplementary Information). Their gas sensing
performances have been also tested (Fig. S3 in Supplementary
Information). From the data, we can found that sensing perfor-
mances of 1D nanofibers are higher than those of 0D nanoparticles.
Additionally, we also prove the generality on such enhanced
Fig. 4. (a) Responses of Sr-doped SnO2 composite nanofibers against 100 ppm ethanol as
SnO2 sensors against ethanol concentration at 260 �C.
sensing performances caused by Sr doping by measuring the
responses against over branched alcohols (Fig. S4 in Supplemen-
tary Information).

The enhanced ethanol sensing performances of Sr-doped SnO2

nanofibers can be explained from two aspects: (i) When Sr was
introduced into SnO2 nanofibers, the mismatch ions diameters
between Sn4+ (69 pm) and Sr2+(112 pm) inhibit the growth of
SnO2 grains (Fig. 3c), which can provide more active sites through-
out the Sr–SnO2 metastable solid solution nanofibers and the small
crystal sized of the Sr–SnO2 enlarge the surface area, leading to
enhanced sensing performances. As the Sr doping concentration
increased to be higher than 2 at.%, the enhanced sensing mecha-
nism lies in the p–n heterojunction effect [39,40]. In an oxidizing
atmosphere, a thicker charge depletion layer can be formed near
the grain surface of SnO2, giving rise to increased resistance. As
exposing to the reducing target molecules, the number of electrons
in the SnO2 increases and the concentration of holes in SrO
decreases. In other words, the thinner depletion layer thickness
results in lower resistance. The thicker depletion layer in the oxi-
dizing atmosphere and the thinner depletion thickness in the
reducing atmosphere leads to the enhanced sensing performances.
(ii) It has been proven that ethanol gas undergoes dehydrogenation
on the basic properties of the oxide catalyst [41], namely, C2H5-

OH ? CH3CHO + H2 (basic oxide). When SrO, a typical basic metal
oxide, was introduced into the SnO2 system, basic surface on the
a function of operating temperature and (b) linear plots of the responses of Sr-doped



Fig. 6. (a) Cross-sensitivities of the sensor to ethanol, carbon monoxide, methane, acetylene, and hydrogen and (b) discriminative ability to ethanol from acetone after Sr-
doping.
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SnO2 can be constructed. As proven by Yamazoe and co-workers,
the basic surface can not only enhance the catalytic activity for
the dehydrogenation of ethanol gas to CH3CHO, but also show
strong ability for the consecutive oxidation of CH3CHO to CO2

[41], resulting in enhanced ethanol sensitivity.
The cross-selectivity of the sensor based on Sn�0.99Sr�0.01O2

metastable solid solution nanofibers was investigated by measur-
ing the response of sensor against some typical reducing gases
including carbon monoxide, methane, acetylene, and hydrogen
(experiments were carried out at 260 �C with gaseous concentra-
tion of 100 ppm). It can be clearly observed that Sn�0.99Sr�0.01O2

metastable solid solution nanofibers showed high selectivity
towards ethanol among all the gases as shown in Fig. 6a. It is been
reported that the cross-sensitivity between ethanol and acetone is
very similar [25–28], so good discriminative ability to ethanol from
acetone is very important for ethanol sensors in practice. Fig. 6b
shows the discriminative ability to ethanol from acetone based
on pristine SnO2 nanofibers and Sn�0.99Sr�0.01O2 metastable solid
solution nanofibers. For pristine SnO2 nanofibers, the response to
ethanol and acetone is �10.8 and �8.9 at 260 �C, respectively.
Interestingly, the response to ethanol and acetone is 18.9 and 3.9
at 260 �C based on Sn�0.99Sr�0.01O2 metastable solid solution
nanofibers. Thus, the good discriminative ability to ethanol from
acetone has been realized, which can be derived from two aspects:
(i) Sr doping can effectively lower the adsorption rate of acetone
on the surface of Sn�0.99Sr�0.01O2 metastable solid solution
nanofibers; (ii) different responses on the dehydrogenation
products of ethanol and acetone, namely, CH3CHO, H2, and CO (CH3-

COCH3 ? CH3CHO + CO) [42]. CH3CHO appears within the dehydro-
genation products of both ethanol and acetone, thus the effect of
CH3CHO can be neglected. As illustrated in Fig. 6a, the responses
of H2 is �5.3, whereas the response of CO is much weaker (�1.5),
resulting in the weak response of acetone. Those two aspects lead
to the good discriminative ability to ethanol from acetone.

4. Conclusions

In summary, a new rapid, sensitive, and selective ethanol sensor
has been demonstrated based on SnO2 nanofibers enabled by basic
Sr-doping. The as-prepared sensor exhibits high response value
(�18.9) to ethanol at 260 �C with the response/recovery of 2s/8s,
respectively. Interestingly, the basic Sr-doping could not only
enhance the ethanol sensitivity but also weaken the acetone sensi-
tivity, thus good discriminative ability ethanol from acetone can be
realized. These superior performances make our samples
promising candidates in development and realization of a low-cost
and high-performance ethanol sensor in future.
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