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A B S T R A C T

Carbonization followed by calcination in air has been developed to synthesize porous SnO2 based nanofibers.
The precursor nanofibers were synthesized through electrospinning. The optimal synthesized condition was
investigated according to the gas sensing properties of pure SnO2 nanofibers through adjusting the heating rate
in air. Gas sensors based on 1% Pd doped SnO2 nanofibers under this optimal synthesized condition were fab-
ricated, and the gas sensing properties was systematically investigated. The experimental results indicate that all
the carbonized nanofibers have a porous microstructure. For the pure SnO2 nanofibers, carbonized nanofibers
also have a hollow structure. At the optimal synthesized condition, the sensor based on the carbonized SnO2

nanofibers Exhibits 2.6 times higher response (20.4) than pristine pure SnO2 nanofibers (7.7) toward 100 ppm
ethanol. However, the selectivity is almost unchanged. For the Pd doped SnO2 nanofibers, the gas response is
improved from 10 to 24.6 to 100 ppm toluene at optimum operation temperature under the carbonization
process. The sensors also exhibit a low detecting limit (1.6–500 ppb toluene) and a short response time (∼3 s).
The evolution process and the formation mechanism were also discussed.

1. Introduction

The development of industry and drastic improvement of life quality
have increased the demands for harmful gas monitoring and detection
[1]. Online detection of gas species is prerequisite for both the quality
control in industrial production [2] and air-quality monitoring in city
[3]. Furthermore, selective detection of trace specific volatile organic
gas in exhale for non-invasive medical diagnostics is pushing the de-
velopment of high sensitive gas sensors for detection of sub-ppm con-
centration of specific analytes (e.g. toluene) [4]. Until now, gas chro-
matography [5], mass chromatography [6] and ion mobility
spectrometry [7] have been widely used to detect a number of VOCs
with extreme sensitivity. However, these sensing techniques can’t be
used extensively due to the large size of the equipment, complexity of
operation and high cost.

On the other hand, metal oxide based gas sensors make it possible
for the realization of portable real-time gas sensors due to their small
sizes, simple operation, low cost and easy fabrication. Since the report
about gas-sensing properties of mental oxides in 1962 [8], extensive
researches have been devoted to the optimization of mental oxide gas
sensors with respect to their gas response, response speed, selectivity

and economic efficiency (low costs and operation temperature) [9].
According to the physical and chemical properties of metal oxide ma-
terials, three basic factors (receptor function, transducer function and
utility factor) were proposed by Prof. Yamazoe et al. to account for gas
sensing properties [10]. According to the theory, porous structure
seems to be a promising strategy for the enhancement of gas sensing
performance because such structure facilitates more target gas to dif-
fuse into or out of the sensing body, which can increase the gas response
and reduce the response and recovery times [11–15]. Conventional sol-
gel technology is often used to synthesize porous metal oxides which
are used as gas sensing materials [16–19]. However, such method often
needs strict reaction condition, and the repeatability is not very good.
In addition, the as-prepared materials will lose some porosity after
calcination at high temperature [20]. Crystalline mesoporous metal
oxides have also been fabricated by using mesoporous silica as hard
templates [21,22]. The shortcoming of this method is the necessity for
the removal of silica template at alkaline environment.

Metal oxides fabricated through electrospinning not only possess
the 1D nanostructures caused by the fabrication process, but also have
the porous structure due to the elimination of polymer and the crys-
tallization of the ceramic precursor. Both of them have been identified
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as the most promising characteristics for the enhancement of gas sen-
sing properties [23–27]. Various morphologies consisting of different
pores and inconsecutive segments have been achieved through ad-
justing the key factors, such as flow-rate [28], volatile solvent [29], a
phase-separation-inducing agent [30], the miscibility of polymer
[23,31] and etc. Prof. Kim’s group have done some excellent works
about this aspect [32,33]. They successfully controlled both the size and
distribution of spherical pores in electrospun WO3 nanofibers through
using polystyrene colloids with different diameters as the sacrificial
templates, and enhanced gas sensing properties for H2S detection was
obtained [32]. Furthermore, they synthesized catalyst-loaded porous
WO3 nanofibers through using a novel catalyst functionalization
method, which is based on protein-encapsulated metallic nanoparticles
and their self-assembly on polystyrene colloid templates, and H2S
sensing performances was furtherly improved [33]. As for the SnO2

nanofibers, stem-branch ZnO-SnO2 nanofibers [34], SnO2-ZnO core-
shell nanofibers [35] and reduced grapheme oxide-loaded Au@SnO2

nanofibers [36] were synthesized through electrospinning combined
with vapor liquid solid method, atomic layer deposition and sol-gel
method, and a great improvement of gas sensing properties to the target
gas was observed. Size dependent sensing properties through changing
the calcination temperature and duration [37] and loading effect of
CuO using in-situ loading method [38] for SnO2 nanofibers were also
investigated. Especially, Kim et al. have reported a new synthetic ap-
proach for preparing catalysts loaded multidimensional nanostructures
composed of 1D nanotubes and 0D hollow spheres through using car-
bonization process followed by calcination in air [39]. In their work,
apoferritin was utilized to confine the grain size of catalysts and fulfill
the even distribution of catalysts on SnO2 nanostructure. Inspired by
their ideas, we adopted different carbonization process and furtherly
studied the effect of calcination process on gas sensing properties and
morphology changes of the sensing materials through adjusting the
heating rate in air. For Pd doped SnO2 nanofiber, we just simply added
the Pd salt into the precursor solution without using any extra organic
material such as apoferritin.

Herein, we have designed a universal strategy to synthesize porous
nanofibers through carbonization of the precursor nanofibers via elec-
trospinning, followed by a simple calcination process at high tem-
perature in air. Both pure and Pd doped SnO2 nanofibers with and
without carbonization method were prepared. The influence of the
carbonization method to the morphology characteristics and gas-sen-
sing properties were also investigated. As expected, the responses of the
gas sensors based on both pure and Pd doped SnO2 nanofibers show an
obvious improvement after carbonization treatment. In addition, Pd
doped SnO2 nanofibers exhibited a novel structure due to the carbo-
nization process. The possible formation and gas sensing mechanisms
were also discussed in this paper.

2. Experimental procedures

2.1. Preparation of pristine pure SnO2 nanofibers and Pd-doped SnO2

nanofibers

All the chemicals used in this experiment are of analytical reagent
grade without further treatment. Firstly, the SnO2 nanofibers and Pd-
doped SnO2 nanofibers were prepared without carbonization. The pure
and Pd-doped SnO2 nanofibers were all synthesized by electrospinning,
labeled as S1 and S2, respectively. Briefly, a certain amount of PdCl2
(molar ratio was 0 and 1.0 mol% to SnO2) and SnCl2·2H2O were dis-
persed in a mixture solution of 5mL absolute ethanol and 5mL DMF by
magnetic stirring for 30min at room temperature. Afterwards, 10 wt%
of PVP was added into the mixed solution severally and continued
stirring for 5 h at 50 °C to obtain a viscous precursor solution. After
complete stirring, the solution was transferred into the syringe attached
with a spinneret. The voltage and distance between the needle and the
collector were 12.5 KV and 13 cm during the electrospinning process.

The feeding rate of the solution was set as 0.3mL/h by using a syringe
pump. After electrospinning, the as-spun nanofibers were collected and
calcined in air at 500 °C for 2 h with a heating rate of 2 °C/min to obtain
the pristine pure and Pd doped SnO2 nanofibers.

2.2. Preparation of porous pure SnO2 and Pd-doped nanofibers with
carbonization

In this process, the as-spun nanofibers mentioned above were used
as the precursors. Before carbonization, the precursors were firstly he-
ated in air at 230 °C for 30min with a heating rate of 5 °C/min for
stabilization. Then, the nanofibers were thermally heated up to 400 °C
and maintained for 2 h with a heating rate of 2 °C/min in a tube furnace
under N2 atmosphere. Followed the carbonization process, the black
nanofibers without Pd doping were subsequently heated to 500 °C with
different heating rates (2 °C/min, 5 °C/min) for 2 h under air ambient,
and the porous pure SnO2 nanofibers were labeled as S3 and S4, re-
spectively. Furthermore, the Pd-doped as-spun nanofibers were carbo-
nized in a same way, and calcified in air with a heating rate of 2 °C/min.
The as-obtained sample was denoted as S5.

2.3. Structural characterization

The x-ray diffraction (XRD) were observed by a Rigaku TTRIII X-ray
diffractometer with Cu-Kα1 radiation (λ=0.15406 nm) in the range of
20–80° (2θ) at room temperature. Field emission scanning electron
microscopy (FESEM) images were collected using a JEOLJSM–7500 F
microscope with an acceleration voltage of 15KV. The energy-dis-
persive X-ray spectroscopy (EDX) spots pattern scanning analysis was
obtained by the TEM attachment. Transmission electron microscopic
(TEM) and high-resolution transmission electron microscopic (HRTEM)
images and selected area electron diffractive (SAED) patterns were
obtained on a JEOLJEM-3010 transmission electron microscope with an
acceleration voltage of 200KV. X-ray photoelectron spectroscopy (XPS)
was performed on an ESCALABMKII X-ray photoelectron spectrometer.

2.4. Fabrication and measurement of gas sensors

The fabrication process of gas sensors with different SnO2 samples is
described as follows: the nanofibers were pressed on an alumina sub-
strate (area= 1.0 mm×1.5mm, thickness= 0.2mm) with two Au
electrodes on its top surface and a micro-heater composed of ruthenium
oxides on its bottom surface. The sensor temperatures are controlled by
using the micro-heater and measured using an FLIR temperature sensor
(T250, FLIR Systems Inc., USA). The sensors will be stabilized and the
samples can have a good contact with the electrodes with the appro-
priate pressuring. The substrates were subsequently sintered at 450 °C
(2 °C/min) for 2 h in air for the further stability of the sensors. The gas-
sensing properties were measured at different temperature by changing
the heater power. The concentration of gases was controlled by the
adjusting the ratio between the gas and the air. The gas responses
(S=Ra/Rg; Ra: resistance in air; Rg: resistance in gas) of different gases
were measured by collecting the resistances upon exposure to air and
target gases. The response and recovery time is defined as the time
taken by the sensor to achieve 90% of the total resistance change when
exposed to air and target gases, respectively [40,41].

3. Results and discussion

3.1. Structural and morphological characteristics

The XRD patterns of the as-synthesized samples (S1: pristine SnO2,
S2: pristine Pd-SnO2, S3: carbonized SnO2 with 2 °C/min, S4: carbo-
nized SnO2 with 5 °C/min and S5: carbonized Pd-SnO2 with 2 °C/min)
are shown in Fig. 1. All of the diffraction peaks are in good agreement
with those of the SnO2 standard card (No. 21–1250), and no other
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diffraction peaks especially the peaks belonging to Pd or its oxides can
be observed, confirming the phase purify of these nanofibers. The
crystalline sizes of the as-synthesized samples were calculated to be
about 14.67 nm, 12.04 nm, 22.73 nm, 25.85 nm and 18.63 nm ac-
cording to the Debye-Scherrer formula [38]. It is obvious that Pd
doping has decreased the crystals sizes, and the carbonization process
has increased the crystal size. Compared with the S4 samples, the grain
size of S3 samples is reduced with the heating rate changed from 5 °C/
min to 2 °C/min, which could enhance the gas sensing properties [37].
Furthermore, the diffraction peaks have a little shift to the left with Pd
doping as shown in Fig. 1b. This might be due to the larger radius of
Pd2+ ions (0.086 nm) than that of Sn4+ (0.069 nm). Based on Bragg
equation, the peaks should shift to left with Pd doping [42]. The results
also indicate that Pd ions have entered the SnO2 lattice successfully.
None peaks shift is observed in the products due to the carbonization

process. The XRD patterns of the as-spun nanofibers after carbonization
in N2 were also collected (Fig. 1c). The peak appearing in the range of
20° to 30° is in agreement with the C (0 0 2) [43]. The diffraction peaks
of tin metal are also found in the XRD patterns. The results indicate that
the PVP was decomposed and carbonized, and Sn2+ was reduced to
metal and embed in the nanofiber at the same time during the calci-
nation in N2.

The morphology was confirmed by SEM examination as shown in
Fig. 2. Pure and Pd doped SnO2 nanofibers without carbonization are
displayed in Fig. 2a–b. It can be observed that the surface of the na-
nofibers with Pd doping (as shown in Fig. 2b) was obviously smoother
than that of pure SnO2 nanofibers (as shown in Fig. 2a). It is reasonable
because of the decrease of crystal size caused by Pd doping, which is
also in accordance with the XRD results. Fig. 2c–d show the mor-
phology of pure carbonized nanofibers with different heating rate (2 °C/
min and 5 °C/min) in air, and all the carbonized nanofibers possess a
porous hollow structure. The hollow structure can be verified through
the red rectangles marked in Fig. 2c and d. Moreover, the structure of
the nanofibers became more porous through reducing the heating rate
in air from 5 °C/min to 2 °C/min, and some big nanoparticles appeared
on the surface of S3 samples (marked by red circle in Fig. 2c). Such
porous structure is definitely beneficial for gas sensing enhancement
[44,45]. The SEM image of carbonized Pd doped SnO2 nanofibers (S5
sample) with the heating rate of 2 °C/min in air is shown in Fig. 2e (S5
sample). Due to the carbonization treatment, the surface of S5 samples
becomes rougher compared with that of S2 sample (Fig. 2b). There are
also some big nanoparticles appearing on the surface of S5 sample,
which is similar with S3 sample calcified at the same heating rate of
2 °C/min in air. The morphology of the as-spun nanofiber after carbo-
nization treatment is shown in Fig. 2f. The nanofibers exhibits smoother
surface and larger diameter compared with the samples after calcina-
tion in air at high temperature. It indicates that the porous structure of
S3-S5 samples might be due to the removal of the carbon materials at
high temperature in air.

Further morphological and structural information of carbonized Pd

Fig 1. (a) XRD patterns of S1-S5 samples, (b) comparison of (110) peaks from
XRD patterns and (c) XRD patterns of carbonized nanofibers without calcina-
tion in air.

Fig. 2. FESEM images of (a) S1, (b) S2, (c) S3, (d) S4 and (e) S5 samples. (f)
FESEM images of carbonized NFs without calcination in air.
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doped SnO2 nanofibers (S5 sample) were provided by the TEM images
as shown in Fig. 3. Fig. 3a shows the panoramic imagine of S5 sample,
and the nanofiber structure can be confirmed. The insert of Fig. 3a
shows the SAED pattern, demonstrating the complex features of these
nanofibers [46,47]. More detailed structure can be seen from the en-
larged TEM image in Fig. 3b. It can be observed that some big nano-
particles are almost periodically hanged on the surface of the nanofi-
bers, which is in accordance with the SEM results. Fig. 3c is the TEM
image corresponding to the green rectangle of Fig. 3b. It is clearly that
only a small part of the big nanoparticle is connected with the nano-
fibers. The bright and dark spots on the nanofiber further verified the
porous structure. The HRTEM images obtained from the marked circle
in Fig. 3c are shown in Fig. 3d. The lattice spacing value from the na-
nofibers is about 0.33 nm, which is matched with the (110) planes of
SnO2. The other marked spacing value of the spheres is 0.27 nm, cor-
responding to (101) planes of SnO2, which proves that the spheres on
the nanofibers are also the SnO2 particles. The EDX elemental mapping
images (Fig. 3e–h) further confirm the composition of the product and
the spatial distribution of Sn, Pd, and O in the nanofibers. As shown in
Fig. 3h, Pd elements are detected in the whole region of the nanos-
tructure, which indicates the uniform distributions of Pd element over
the whole Pd doped SnO2 porous nanofibers. Fig. 3i and j show the TEM
images of carbonized and pristine Pd-doped SnO2 nanofibers (S5 and S2
samples), respectively. Compared with S2 sample as shown in Fig. 3j,
S5 sample (Fig. 3i) exhibited looser structure, and the particle size of S5
sample was obvious larger than that of S2 samples.

To further confirm the mechanism of the enhanced sensing perfor-
mance, X-ray photoelectron spectroscopy (XPS) was used to investigate
the electronic-states and surface chemical composition of elements for
all synthesized nanofibers as shown in Fig. 4. Fig. 4a–e show the O 1s
peaks of S1–S5 samples separately. The O 1s peaks are asymmetric and
can be fitted into three different components. The binding energies
located at about 530.4 eV (OL), 531 eV (OV) and 532 eV (OC) corre-
spond to lattice oxygen, oxygen vacancy and chemisorbed oxygen
species, respectively [42,48]. The percentage of different oxygen com-
ponents in different samples were also estimated by using the intensity
of the relevant peaks in O 1 s XPS peaks, and the percentage and the
center position were listed in Table 1. It is obvious that the content of
OC of dense Pd doped SnO2 nanofibers (S2 sample) increases greatly
compared with that of pristine SnO2 nanofibers (S1 samples). It in-
dicates that Pd doping is effective for the increase of Oc content. Car-
bonization treatment also has a great influence on the Oc content. After
carbonization treatment, the Oc contents of S3 sample and S4 sample
become larger compared with that of pristine SnO2 nanofibers (S1
samples). Furthermore, the Oc content of S3 sample (27.7%) is higher
than that of S4 sample (16.9%). This might be due to the different
calcination speeds of S3 sample (2 °C/min) and S4 sample. It demon-
strates that slower calcination process is beneficial for the increase of
Oc content of the samples. Through using the slower calcination speed
(2 °C/min), the Oc content of Pd doped nanofibers (S5 sample) exhibits
the highest value (39.5%) among these samples. These results indicate
that carbonization treatment and Pd doping are both beneficial for the
enhancement of Oc content of the samples, and highest Oc content can
be obtain through combing these two methods together. Fig. 4f shows
the Sn 3d spectra of S5 samples. The peaks at binding energies of
495.3 eV and 486.85 eV are 3d3/2 and 3d5/2 peaks, respectively. This
result demonstrates that Sn in the nanofibers all have a valence of +4.
The Pd 3d peaks of S5 samples are presented in Fig. 4g. The peaks at
binding energy 341.75 eV are attributed to Pd 3d3/2 and the 336.6 eV
are for Pd 3d5/2, which all correspond to the values of PdO as shown in
Fig. 4g [49].

3.2. Gas-sensing characteristics

The gas sensing properties of the as-synthesized nanofibers were
investigated, and the influence of carbonization on the sensing prop-
erties was studied. The operating temperature is a significant parameter
for gas sensors which mainly influence the response value and se-
lectivity properties of the gas sensors. For this reason, the gas responses
of the gas sensors based on pure nanofibers with and without carbo-
nization treatment (S1, S3 and S4 samples) toward 100 ppm ethanol
were measured at different working temperature as shown in Fig. 5a.
The responses of all these sensors based on S1, S3 and S4 samples to-
ward 100 ppm ethanol reach a maximum at the same working tem-
perature (250 °C), which means that carbonization treatment will not
change the optimal working temperature. After carbonization treat-
ment followed by calcination in air at 5 °C/min, the response toward
100 ppm ethanol increases from 7.6 (S1 sample) to 14.5 (S4 sample).
Through slowing the calcination speed (2 °C/min), the response of the
gas sensors based on S3 sample is further increased and reaches to 20.4.
The results indicate that carbonization treatment is helpful for the en-
hancement of gas response, and slower calcination process is also
beneficial for the improvement of gas response.

The responses of the gas sensors based on pure nanofibers (S1, S3
and S4 samples) to 100 ppm various VOCs (ethanol, acetone, toluene,
formaldehyde and methanol) are shown in Fig. 5b. It is obvious that all
of the sensors show highest responses to the same concentration of
ethanol. Towards all of the selected gases, the responses of the gas
sensor based on S1 sample are the lowest. After carbonization treat-
ment, the responses of the gas sensors to all of the VOC gases increase
regardless of the gas species. Especially, the sensors based on S3 sample
show the highest response compared with the other two sensors. The

Fig. 3. (a)–(c) TEM image of S5 sample. The inset of (a) is the corresponding
SAED pattern. (d) HRTEM images of the marked section in (c). (f)–(h) The
corresponding elemental mapping images of (e). (i, j) TEM images of S5 and S2
samples in the same magnification respectively.
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results indicate that carbonization treatment will generally increase the
gas responses to all of the VOC gases, and the selectivity properties will
not change much. Fig. 5c–e display the sensing transients of the gas
sensors based on S1, S3 and S4 samples to 100 ppm ethanol at the
working temperature of 250 °C. These results demonstrate that the
sensors can restore to their original states after the removal of the
ethanol gas. By the way, the response times can also be shortened from
7 s (S1) to 2 s (S3) and 3 s (S4) after the carbonization treatment. Even
though the recovery times of the sensors become longer after the car-
bonization treatment, slower calcination process can significantly

shorten the recovery time from 57S (S4 sample) to 29S (S3 sample).
Noble metal doping has significant effect on the gas sensing prop-

erties. As for the gas sensing properties based on Pd doped SnO2 na-
nofibers (S2 and S5 samples), toluene was selected as the target gas and
the gas sensing properties were investigated. Fig. 6a exhibits the re-
sponse to 100 ppm toluene of the gas sensors based on pure SnO2 na-
nofibers (S1 sample) and Pd doped SnO2 nanofibers (S2 and S5 sam-
ples). Without Pd doping, the response of the sensor based on pure SnO2

nanofiber is only about 3.0 at the optimal working temperature of
280 °C. After Pd doping (S2 sample), the response of the sensor based on
Pd doped SnO2 nanofibers becomes higher (from 3.1 to 10.2), and the
optimal working temperature becomes lower (250 °C). Carbonization
treatment (S5 samples) does not change the optimal working tem-
perature (250 °C), but the response is significantly enhanced and
reaches to 24.6 towards 100 ppm toluene. The selectivity of the gas
sensors based on S1, S2 and S5 samples were also investigated as shown
in Fig. 4b. It is obvious that Pd doping is effective for the selective
detection of toluene. The carbonization effect for the Pd doped nano-
fibers is similar with the pure SnO2 nanofibers. That is the carboniza-
tion treatment will generally increase the gas responses to all of the
VOC gases, and the selectivity properties will not change much. Fig. 6c-
e displays the sensing transients of the sensors based on S1, S2 and S5
samples to 100 ppm toluene at their optimum temperature. All of the
sensors can response quickly upon exposure to toluene gas, and restore
to their original states after the removal of the toluene gas. In addition,
carbonization treatment can also shorten the recovery times from 75 s
(S2 sample) to 35 s (S5 sample). Fig. 7a shows five reversible cycles of
the response curves of the porous Pd doped SnO2 nanofibers with car-
bonization treatment (S5 sample) to 100 ppm toluene, which confirms

Fig. 4. XPS spectra of the obtained materials: (a)-(e) O 1s spectra of S1-S5 samples, respectively. (d) Sn 3d and (e) Pd 3d spectra of S5 sample.

Table 1
Fitting results of the O 1s XPS spectra of prepared nanofibers.

Samples Oxygen species Binding
energy (eV)

Relative
percentage (%)

Pristine SnO2 (S1) OL (Sn-O) 530.5 64.9%
OV (vacancy) 531.45 26.3%
OC (chemisorbed) 532.2 8.8%

Pristine 1% Pd doped
SnO2 (S2)

OL (Sn-O) 530.52 50%
OV (vacancy) 531.17 32%
OC (chemisorbed) 532.1 18%

Carbonized SnO2

(2 °C/min) (S3)
OL (Sn-O) 530.64 45.6%
OV (vacancy) 531.55 27.7%
OC (chemisorbed) 532.6 27.7%

Carbonized SnO2

(5 °C/min) (S4)
OL (Sn-O) 530.36 55.9%
OV (vacancy) 531 27.1%
OC (chemisorbed) 532 16.9%

Carbonized 1% Pd-
SnO2 (S5)

OL (Sn-O) 530.55 26.3%
OV (vacancy) 531.05 34.2%
OC (chemisorbed) 532.0 39.5%
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Fig. 5. (a) Response of the sensors based on S1,
S3 and S4 samples to 100 ppm ethanol at dif-
ferent operating temperature, (b) response of
the sensors based on S1, S3 and S4 samples to
100 ppm various test gases at 250 °C. (c)–(e)
response-recovery characters of the sensors
based on S1, S3 and S4 samples to 100 ppm
ethanol at 250 °C respectively.

Fig. 6. (a) Response of the sensors based on S1,
S2 and S5 samples to 100 ppm toluene at dif-
ferent operating temperature, (b) response of
the sensors based on S1 at 250 °C and 280 °C,
S2 and S5 samples at 250 °C to 100 ppm var-
ious test gases. (c)–(e) response-recovery
characters of the sensors based on S1, S2 and
S5 samples to 100 ppm toluene at their op-
timum working temperature respectively.
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the reproducible and stable properties of the gas sensors. The response
transients of the gas sensor based on porous Pd doped nanofiber (S5
sample) to different concentration of toluene gases is shown in Fig. 7b.
It can be seen that shows a stepwise-increase with the toluene con-
centration from 500 ppb to 100 ppm. Furthermore, the sensor has a low
detection limit and the response to 500 ppb toluene is about 1.6.

3.3. Formation mechanism

It is shown above that the morphology of nanofibers can be sig-
nificantly influenced by carbonization treatment. To further investigate
the formation mechanism, thermogravimetric Analysis (TGA) of the
obtained precursor and carbonized nanofibers without calcination in air
was performed as shown in Fig. 8. For the obtained precursor nanofiber,

a sharp weight loss in the temperature range of 60–250 °C can be ob-
served due to the evaporation of the trapped solvent. However, the
weight loss at 100 °C is comparably lower for the carbonized nanofibers
relative to that of the precursor nanofibers because of the evaporation
of the solvent during the pre-oxidized process. Furthermore, two other
weight losses are observed in the precursor. A weight loss occurred
from 250 to 390 °C and reached the highest loss rate at 320 °C. This
change indicates that the decomposition of PVP take place in this stage.
Another slower weight loss can attribute to the further decomposition
of PVP and crystallites can be observed in the temperature range of
390–750 °C [50]. For the carbonized nanofibers, only one obvious
weight loss is observed in the temperature interval of 300–600 °C in the
figure. The weight loss stopped at about 600 °C, suggesting the com-
plete decomposition of carbon. The schematic formation process of the
obtained nanofibers is shown in Fig. 9. As shown in Fig. 9a, the dense
SnO2 nanofibers were formed due to the shrinkage effect induced by
thermal decomposition of PVP [51]. For the carbonized nanofibers, two
processes are contained during calcination in air: decomposition of
carbon and transformation of metal Sn to SnO2. As shown in Fig. 8, the
decomposition of carbon starts at about 300 °C, which is higher than the
melting point of metal Sn (230 °C), indicating that the solid metal Sn
will be transformed into liquid before the decomposition of the carbon.
The weight loss continues to the end of the calcination, confirming that
the carbon are gradually decomposed in the whole formation process of
the nanofibers. At the same time, the Sn metal will transform into SnO2.
When the carbon are completely decomposed, the Sn metal is also
transformed into SnO2 material completely. Before the decomposition
of carbon and after the transformation of Sn metal into liquid Sn, a part
of Sn liquid will outflow from the inside of the carbonized nanofibers
and cover on the surface. It is due to the lower density of liquid Sn than
solid Sn. The volume expansion of Sn material makes it extruded by the
carbon skeleton. The liquid Sn on the surface of nanofibers will trans-
form to SnO2 before the inner liquid Sn. Thus, the external SnO2 could
act as a template for the further formation of the inner SnO2, and the
hollow structure can be formed. Owing to the high decomposing tem-
perature of carbon, the being formed SnO2 will be separated by carbon
throughout the calcination process in air. Therefor the porous structure
of the nanofibers can be formed by the decomposition of carbon. As a
result, porous SnO2 nanofibers with a hollow structure can be fabri-
cated as shown in Fig. 9b–c. The influence of the heating rate on the
morphologies of porous SnO2 nanofibers is also illustrated in Fig. 9. At a
high heating rate (5 °C/min), not much Sn metal will transform into
liquid Sn before the decomposition of carbon. Therefore, the effusive
liquid Sn can only form a thin layer on the surface of the carbon ma-
terial. When the heating rate in air is reduced to 2 °C/min, more liquid
Sn will outflow from the nanofibers and coagulate into big balls due to
the sufficient time between the melting of Sn metal and the decom-
position of carbon. According, some big ball can be seen on the surface
of the finally prepared nanofibers as shown in Fig. 9b and d. Never-
theless, porous Pd doped SnO2 nanofibers with carbonization treatment
does not exhibit a hollow structure. Such result might be due to the
inhibition effect of Pd elements. The inner liquid Sn might be quickly
transformed into SnO2 with the decomposition of carbon at the help of
Pd elements, and does not have enough time to move outwards.
Therefore, a widely distribution of SnO2 nanoparticles in the nanofibers
are formed without forming the hollow structure as shown in Fig. 9d.

3.4. Gas sensing mechanism

For SnO2 gas sensors, the most widely accepted sensing mechanism
is based on space-charge model involving the charge transfer [52,53].
As a typical n-type semiconductor, the resistance of SnO2-based sensors
will increase due to the oxygen adsorption. When exposed to air, the
oxygen adsorption will occur on the surface of the SnO2 materials, and
the extent of adsorption is up to the state of the interface, the specific
surface area and the density of the active sites on the surface and so on.

Fig. 7. (a) Five periods of response-recovery curves to 100 ppm toluene of the
sensors based S5 sample, (b) dynamic response of the sensors based on S5
sample to different concentrations of toluene at 250 °C.

Fig. 8. TGA curves of as-spun nanofibers and carbonized nanofibers.
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The adsorbed oxygen can capture the electrons from the conduction
band of the SnO2, and are ionized to oxygen ions such as O2

−
(ads), O−

(ads) and O2−
(ads), decreasing the electron concentration and which is

the main factor contributing to the increasing resistance [54]. When
exposed to reducing gases such as toluene and ethanol, the gases will
also be adsorbed and react with the oxygen ions adsorbed on the sur-
face of the sensing material resulting in the release of the captured
electrons [55]. And the electrons will go back to the conduction band,
which leads to the reduction of the sensors resistance.

The enhanced gas sensing performance after carbonization treat-
ment in this work can be attributed to the following aspects. As men-
tioned above, the removal of carbon species will lead to the formation
of the porous structure (Fig. 2) and the increase of surface area (Fig. S1)
for both pure and Pd doped SnO2 nanofibers. Such porous structure can
facilitate the diffusion of the target gases into the inner part of the
sensing body with only slight consumption of the target gases, and the
utility factor can be enhanced significantly. Therefore, the gas response
is improved. Especially, some big particles will appear on the surface of
the porous nanofibers when the heating rate in air is reduced from 5 °C/
min to 2 °C/min. These big particles just hang on the surface of the
nanofibers and have little contribution to the resistance of the nanofi-
bers. It means that the gas response will not be obviously influenced by
these big particles. The big particles might be caused by the more
outflowing of the liquid Sn at slower heating rate, indicating that less Sn
materials are left in the carbon skeleton before the decomposition of
carbon. Therefore, more porous structure can be obtained at slower
heating rate, which is beneficial for the enhancement of gas response.
Besides the porous structure, the increase of the chemisorbed oxygen
(Oc) after the carbonization treatment is the other reason for the en-
hancement of gas response to the target gases. For both pure and Pd
doped SnO2 nanofibers, the Oc contents are significant increased after
the carbonization treatment verified by the XPS results. The Oc will
react with the reduced gas directly and more electrons will return to the
sensing materials, leading to the enhancement of gas response. The
reason for the enhancement of the Oc contents after carbonization

treatment might be redox reaction of carbon species during the for-
mation of SnO2 nanoparticles. Such reaction might lower the oxygen
supply to the Sn metal during the formation of SnO2 particles. Fur-
thermore, a part of oxygen atoms of SnO2 nanoparticles might be
consumed due to the combustion of carbon species. Therefore, more
oxygen defects can be formed which lead to more chemisorbed oxygen
(Oc) compared with the traditional method. In conclusion, the carbo-
nization treatment of the electrospun pure and Pd doped SnO2 nano-
fibers is beneficial for the formation of porous structure and optimi-
zation of the surface state, which lead to the high gas response to the
target gases.

4. Conclusion

In summary, novel porous SnO2 nanofibers and Pd doped SnO2

nanofibers were prepared by electrospinning to investigate the influ-
ence of the carbonization treatment on the gas sensing properties. The
characterization results confirm that the carbonized nanofibers exhibit
a porous structure. At lower heating rate in air, some big particles will
appear on the surface of nanofibers, which leads to a more porous
structure. The gas sensing investigations indicate that the carbonization
treatment is an effective measure to improve the gas response for both
pure SnO2 and Pd doped SnO2 nanofibers, and the responses to all gases
have an obvious enhancement after carbonization treatment. Thus, the
selectivity of the gas sensors is almost unchanged. The improvement
might be ascribed to the formation of the porous structure, increase of
surface area and more chemisorbed oxygen induced by the carboniza-
tion treatment.
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Fig. 9. Schematic diagram of the formation mechanism of (a) S1, (b) S3, (c) S4 and (d) S5 samples.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.snb.2018.05.039.
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