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a b s t r a c t
Although the employment of n-p heterojunctions is among the most popular strategies to increase the
performance of gas sensors, there have been a few systematic studies to determine the optimal composition in n-p heterojunctions. This paper reports the results of a systematic study of (n) xSnO2 -(p) (1-x)
Co3 O4 composite nanoﬁbers (NFs) for gas sensing applications. Composite NFs were synthesized by the
electrospinning method followed by annealing at 600 ◦ C. For gas sensing studies, several gases at optimal
working temperature (350 ◦ C) were tested. Depending on the nominal composition, the sensors showed
either n-or p-type behavior as well as different responses to the target gases. Furthermore, for all gases
tested, the 0·5SnO2 -0·5Co3 O4 sensor (nominal composition) showed the best gas sensing characteristics.
The underlying gas sensing mechanism was examined in detail. The highest response observed in the
0·5SnO2 -0·5Co3 O4 NFs sensor was primarily attributed to the major role of the p-Co3 O4 nanograins as
electron reservoir. In addition, the possible substitution of Co+2 /Co+3 in Sn+4 sites, the catalytic effect of
Co3 O4 and generation of defects were likely to be the secondary reasons. This highlights the importance
of the optimal composition for achieving the maximum gas-sensing performance in n-p composite NFs.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
For today‘s modern life, the detection of low concentrations of
toxic gases is of utmost importance from both safety and environmental protection point of views. To achieve such goals, highly
sensitive, selective, and reliable gas sensors are urgently needed.
However, their developments require a better design of new materials with high performance as well as structural and architectural
innovations [1].
Thus far, the formation of heterostructures [2,3], surface functionalization (decoration) [4–6], UV illumination [7], doping with
noble metals [8], control of morphology [9,10], novel nanostructures (like core-shells), [11] etc., have been reported to overcome
the poor characteristics of metal oxide gas sensors, such as high
operating temperature, cross-sensitivity, and insufﬁcient reliability. Among these, the design and synthesis of one-dimensional
(1D) n-p heterojunctions in nanoﬁbers (NFs) is a very popular and
promising strategy [12,13]. On one hand, by the formation of n-
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p heterojunctions, the Fermi levels must equilibrate to the same
energy across of the interfaces, which will eventually lead to charge
transfer and the formation of a charge depletion layer, resulting
in an enhancement of the sensor performance [14]. On the other
hand, the combination of an intrinsic high response of n-type semiconductors with the catalytic effect of p-type semiconductors can
enhance the response of the resultant sensing materials [12].
Another signiﬁcant advantage of NFs is the possibility of facile
synthesis by an electrospinning (ES) technique, which is a costeffective method for the large-scale synthesis of composites NFs.
In fact, composite NFs synthesized by ES are especially suitable for
gas sensing applications owing to their huge surface area. Moreover, NFs have a foam-like morphology, where pores are formed by
removing the polymer precursors after heat treatment, resulting in
an enhancement of the sensing characteristics [15,16].
Co3 O4 is a p-type semiconductor with an indirect band gap in
the range of 1.6-2.2 eV [17]. All p-type oxides, including Co3 O4 , are
rarely used in their pristine form for sensing applications because
in general they exhibit a lower response than n-type semiconductors [18]. It is reported that their performances can be improved
greatly by introducing dopants [19], forming p-n heterostructures
[20] or by proper control of the morphology [21,22]. In this context,
the SnO2 -Co3 O4 composite NFs sensor appears to be promising.
SnO2 has n-type semiconducting properties with a wide band gap
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(Eg = 3.8 eV), high mobility of electrons (160 cm2 /V s) as well as high
chemical and thermal stabilities [23,24]. Also Co3 O4 has a good catalytic effect and high tendency to adsorb oxygen [25]. Therefore, the
combination of p-type Co3 O4 and n-type SnO2 semiconductors can
result in the construction of a valuable sensing material for high
performance gas sensors. In addition, as n-p junctions are the basis
for most transistors and optoelectronic devices [26], the development of n-p junction-based gas sensors is essential for applications
in nanoelectronics.
Although the employment of n-p heterojunctions is a good strategy to increase the performance of gas sensors, there are a few
reports about compositional optimization in n-p heterojunctions.
Wu et al. [25] reported the effects of CNT on the CO response
of Co3 O4 -xSnO2 (x = 1,2, 4 and 6) at room temperature, without
selectivity studies. The mixture with a Co3 O4 -SnO2 ratio of 1:4
showed the highest response and doping 0.1% CNT into Co3 O4 -SnO2
enhanced the CO response of sensors. Kwon et al. [27], reported
the sensor response of SnO2 -Co3 O4 nanocomposites with different
thicknesses of Co3 O4 shells (6.4 nm and 19.2 nm). NO2 response of
the thinner-layered nanowires was higher than that of the thickerlayered nanowires due to the thickness comparable with the Debye
length of Co3 O4 . Choi et al. [28] prepared a series of SnO2 -Co3 O4
composite thick ﬁlms for sensing studies. The sensor response to
both CO and H2 , was promoted strongly by the addition of small
amount of Co3 O4 to SnO2 , and the response at 250 ◦ C showed a
maximum at 1% Co3 O4 . The sensor response to CO was larger with
the 50% Co3 O4 composite than with the pristine Co3 O4 , while the
reverse was true for the response to H2 . Bai et al. [29], reported
acetone sensing properties of SnO2 @Co3 O4 p-n heterostructures
nanotubes with different amounts of SnO2 . For the composite with
Co: Sn = 4.5:1, the response was the maximum (2.72 for 10 ppm) at
135 ◦ C. Wang et al. [30] reported NH3 sensing of hollow core-shell
Co3 O4 /SnO2 , with a response of 13 towards 100 ppm ammonia at
200 ◦ C. Choi et al. [31] reported CO and H2 sensing properties of Auloaded SnO2 -Co3 O4 composites (with 1 and 50 mass% Co3 O4 ). Even
though the response of Co3 O4 -lean sensors was higher and their
selectivity was much inferior to Co3 O4 rich sensors. Huo et al. [32]
reported the gas sensing properties of p-Co3 O4 /n-SnO2 composites with different molar ratios of Co/Sn. The sensors demonstrated
exclusive H2 sensing properties with p-type sensing response, and
n-type sensing response towards CO, H2 S and NH3 . Abe et al. [33]
studied the effect of ball milling time on the CO and gas sensing
properties of SnO2 -Co3 O4 nanocomposites. The sensor response to
100 ppm CO was found to reach 800 after 6 h ball milling. Jeon et al.
[34] reported the sensing transients of the Co3 O4 -xSnO2 (x = 0, 0.15,
0.24, and 0.43) core-shell hollow spheres. Pristine sensors showed
high response to ethanol, whereas the SnO2 -rich sensor showed
the highest response to the xylene and methylbenzenes.
In this study, the gas sensing properties of (n) xSnO2 -(p) (1-x)
Co3 O4 (x = 0.1, 0.3, 0.5, 0.7 and 0.9) composite NFs toward various
gases (CO, SO2 , C6 H6 and acetone) were investigated. The inﬂuence of the composition on the sensing properties of SnO2 -Co3 O4
composite NFs sensors was examined and maximum sensing performance was obtained in 0·5SnO2 -0·5Co3 O4 composite NFs sensor
toward all of gases tested. The underlying mechanisms for the
enhanced sensing performance are discussed in detail.

2. Experimental procedure
2.1. Synthesis of xSnO2 -(1-x) Co3 O4 (x = 0.1, 0.3, 0.5, 0.7 and 0.9)
composite NFs
The starting materials, stannous chloride dihydrate
(SnCl2 ·2H2 O), polyvinyl alcohol (PVA, Mw = 80000), cobalt acetate
tetrahydrate (Co (CH3 CO2 ) 2 ·4H2 O), N, N-dimethylformamide
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(DMF, 99.8%), and absolute ethanol (C2 H5 OH), were purchased
from Sigma-Aldrich. All of the chemical reagents in the experiment
were of analytical grade and used as received. First, PVA was
added to ethanol and DMF solution at 70 ◦ C for 4 h to make an
8.3 wt.% PVA solution. Subsequently, the precursor materials, i.e.,
tin chloride dihydrate and cobalt acetate were added to the PVA
solution and after stirring for 12 h ES solution was prepared. The
prepared solution was loaded into a glass syringe, equipped with a
stainless steel needle. The distance between the tip of the syringe
needle and the collector plate was ﬁxed to 20 cm. A positive voltage
(+15 kV) was applied to the needle and a negative voltage (–10 kV)
was applied to the Al collector to accelerate the ES. The feeding
rate of the solution was controlled at a constant rate of 0.01 ml/h.
To remove the polymer and solvent and achieve the oxide phases,
the as-spun NFs were calcined at 600 ◦ C for 2 h at a heating rate
of 10 ◦ C/min in air using a horizontal tube-type furnace. Fig. 1(a)
shows a schematic diagram of the synthesis steps of xSnO2 -(1-x)
Co3 O4 composite NFs. The detailed experimental procedure can be
found elsewhere [35].
2.2. Materials characterization
The phase and crystallinity of the synthesized SnO2 -Co3 O4
composite NFs were examined by X-ray diffraction (XRD, PhilipsX’pert MPD) with CuK␣ ( = 1.5418 Å). The morphology of the
synthesized products were studied by ﬁeld-emission scanning
electron microscopy (FE-SEM, Hitachi-S-4200), equipped with
energy-dispersive X-ray spectroscopy (EDS).
2.3. Gas sensing tests
For the sensing tests, Ti (∼50 nm thick) and Pt (∼200 nm thick)
bilayers were deposited by sputtering of Ti and Pt targets onto
composite NFs that had been deposited on the SiO2 (200 nm thick)grown Si (100) substrates through a metallic mask. The sensing
capabilities of the SnO2 -Co3 O4 composite NFs were then investigated in the presence of reducing and oxidizing gases. The sensing
measurements were taken using a gas-dilution and testing system
at different temperatures. The gas concentrations were controlled
by changing the mixing ratio of the dry air-balanced target gas and
the dry air using mass ﬂow controllers. The total ﬂow rate was set to
500 sccm to avoid possible deviations. To evaluate the gas sensing
properties, the resistance in air (Ra ) and in the presence of the target
gas (Rg ) were measured by means of a Keithley source meter-2612
with a source voltage of 1 V, and the sensor response was calculated
as R = Ra /Rg (or Rg /Ra ) for the reducing gases (or oxidizing gases).
The response time was deﬁned as the time required by the sensor
to achieve 90% of its maximum response after gas injection, and
the recovery time was deﬁned as the time needed for the sensor to
reach 90% of its initial resistance after the injection of air.
3. Results
3.1. Morphology and structure of the composite NFs
The morphology of the xSnO2 -(1-x) Co3 O4 composite NFs was
investigated by FE-SEM, as shown in Fig. 1(b)–(f) with different
amounts of “x”. All of the composites displayed a ﬁber morphology
after heat treatment at 600 ◦ C. Furthermore, the NFs were long and
continuous with rough surfaces due to crystal growth of the SnO2 Co3 O4 composite and the decomposition of PVA. The high aspect
ratio (length of several micrometers and diameter of ∼100 nm) of
NFs is an advantage for electron transport during the gas sensing
tests. The insets in Fig. 1(b)–(f) show low magniﬁcation FE-SEM
images of the composite NFs with dense and random orientations.
No other morphologies was observed from the low magniﬁcation
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Fig. 1. (a) Schematic of preparation steps for synthesis of (b)–(f) High magniﬁcation FE-SEM images of xSnO2 -(1-x) Co3 O4 composite NFs. The insets in these ﬁgures show
low magniﬁcation FE-SEM images (g) EDS color mapping scan.
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Fig. 2. TEM images for 0.5 SnO2 -0.5 Co3 O4 composite NFs; (a) low-magniﬁcation TEM image and (b) lattice-resolved TEM image.

Fig. 3. XRD patterns of the xSnO2 -(1-x) Co3 O4 (x = 0.3, 0.5, 0.7) composite NFs.

FE-SEM images of the composite NFs, indicating a high yield of
NFs. Fig. 1(g) shows EDS elemental color mapping scans of the
0·5SnO2 -0·5Co3 O4 composite NFs, which clearly identify the spatial
distribution of Sn, Co, and O in the composite NF.
Fig. 2 shows the results of TEM observation of 0.5 SnO2 -0·5Co3 O4
composite NFs. Fig. 2(a) reveals a ﬁber nature of synthesized products with many nanograins of SnO2 and Co3 O4 in intimate contact
with each other. A typical lattice-resolved TEM image is shown in
Fig. 2(b), where the spacings between parallel fringes are 0.24 nm
and 0.264 nm, which can be attributed to the (311) and (101) planes
of Co3 O4 and SnO2 , respectively.
The crystal structures of the ﬁnal products were examined by
XRD. Fig. 3 shows three XRD patterns of the xSnO2 -(1-x) Co3 O4
(x = 0.3, 0.5 and 0.7) composite NFs. All the XRD peaks were indexed
to the tetragonal rutile structure of SnO2 and the cubic structure
of Co3 O4 , which are in accordance with the recorded patterns
of the Joint Committee on Powder Diffraction Standards cards
(JCPDS 88-0287) and (JCPDS 78–1970), respectively. The peaks at
2 = 26.61◦ , 33.92◦ , 37.99◦ , 42.68◦ , 51.83◦ , 54.81◦ , 57.91◦ , 61.95◦ ,
and 71.37◦ were indexed to the (110), (101), (200), (210), (211),
(220), (002), (301), and (202) planes of SnO2 , respectively, and
those at 2 = 31.30◦ , 36.89◦ , 38.59◦ , 44.86◦ , 55.72◦ ,59.42◦ ,65.31◦ ,

and 77.44◦ were indexed to the (220), (311), (222), (400), (422),
(511), (440), and (533) planes of Co3 O4 , respectively. No other
phases corresponding to Co, Sn or Co/Sn compounds were observed
in the XRD patterns, conﬁrming the absence of any undesirable
reaction products between SnO2 and Co3 O4 . The calcination temperature greatly affects the grain size, morphology of nanoﬁbers
as well as the crystalline quality and related catalytic effect of
either n or p composition. In our previous works [35–38], the grain
size increased with increasing the calcination temperature, and the
morphology of nanoﬁbers became a bamboo-like structure as the
calcination temperature and time increased. In this respect, calcination temperatures need to be carefully decided. According to
the XRD results in Fig. 3, the aimed oxide phases were successfully
formed at 600 ◦ C enough to pursue the main objective of this study,
which was to show the importance of optimization of composition
in n-p SnO2 -Co3 O4 composite nanoﬁbers and to suggest the underlying sensing mechanisms. At lower calcination temperatures, the
crystalline quality of nanoﬁbers was inferior. This is the reason
why the calcination of the electrospun nanoﬁbers was performed
at 600 ◦ C.
The average crystal sizes were calculated using the Scherrer formula, D = 0.9/␤cos, where  is the X-ray wavelength
(0.1541 nm),  is the Bragg diffraction angle and ␤ is the peak width
at half of maximum in radians [39]. The calculated crystal sizes in
the 0·3SnO2 -0·7Co3 O4 , 0·5SnO2 -0·5Co3 O4 , and 0·7SnO2 -0·3Co3 O4
composite NFs were 15 nm, 22 nm, and 23 nm, respectively for
SnO2 , and 35 nm, 44 nm, and 51 nm, for Co3 O4 , respectively. (See
Text S1 in Supplementary Information). There is a small variation in
grain size with respect to the composition. However, the change of
the sensing performances was far more dramatic, suggesting that
the small difference in grain size is a minor parameter in the sensing
behavior of the SnO2 -Co3 O4 composite NFs.
A quantitative analysis by means of a reference intensity ratio
(RIR) method [40] with the XRD patterns in Fig. 3 gave the relative
content of SnO2 and Co3 O4 phases in the products. The results are
included as insets in Fig. 3. As evident, the nominal compositions
of the synthesized products are close to the real composition. For
the 0·5SnO2 -0·5Co3 O4 , RIR analysis shows a higher amount of SnO2
and therefore it is expected that the composition shows an n-type
sensing behavior.

3.2. Gas sensing property of composite NFs
Gas molecules can be adsorbed on the surface of the sensing layers if they are in intimate contact with the sensor and have sufﬁcient
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Fig. 4. (a) Dynamic response of the 0·5SnO2 -0·5Co3 O4 NFs sensor to 1, 5, and 10 ppm
concentrations of SO2 at various temperatures. (b) Temperature dependency of the
response of 0·5SnO2 -0·5Co3 O4 NFs sensor to 1, 5 and 10 ppm SO2 gas.

trast, when the operating temperature is too high, SO2 molecules
may escape before the reaction because of their increased activation energies. At the optimal temperature, the rate of gas adsorption
is higher than the rate of gas desorption and a maximum response
is expected [43]. According to the above ﬁnding, 350 ◦ C was chosen as the optimal working temperature of the 0·5SnO2 -0·5Co3 O4
composite NFs sensor and all of the other tests were performed at
this temperature.
To examine the relationship between composition and gas sensing behaviors of different sensors, all compositions in the system
of xSnO2 -(1-x) Co3 O4 (x=0.1-0.9) were exposed to various concentrations of SO2 , CO, C3 H6 O, and C6 H6 gases and the results are
presented in Fig. 5(a)–(d), respectively, indicating the semiconducting nature of the SnO2 (n-type) or Co3 O4 (p-type). The SnO2 -rich
composite NFs (x ≥ 0.5) showed an n-type response to the target
gases, i.e., the electrical resistance decreased upon exposure to the
reducing gases. In addition, the sensor response changed according to “x”. In contrast, the Co3 O4 -rich composite NFs (x=0.1 and 0.3)
showed opposite behavior, indicating that p-type Co3 O4 dominates
the sensing characteristics at these compositions.
Such observations are in accordance with previous studies,
where the SnO2 -Co3 O4 composite ﬁlms were reported to exhibit
either n- or p-type behavior depending on their composition [28].
Fig. 5(a) shows the dynamic responses and calibration curves of
all sensors to SO2 gas at 350 ◦ C. For all sensors, the response is
increased with increasing gas concentration. This is because the fact
that with a ﬁxed surface area for each sensor, a lower gas concentration covers small areas on the sensor surface, which results in fewer
surface reactions. An increase in the gas concentration will result in
more surface reactions, larger surface coverage and consequently
higher response is observed [44]. Moreover, the 0·5SnO2 -0·5Co3 O4
sensor shows the highest response to this gas and the response of
other sensors with different compositions is much lower than that
of the optimal composition. In more detail, the responses (Ra /Rg or
Rg /Ra ) to 10 ppm SO2 gas were 1.48, 1.59, 8.73, 1.88, and 1.68 for
compositions with x = 0.1, 0.3, 0.5, 0.7, and 0.9, respectively. The
responses of the n-type sensors with x ≥ 0.5 were higher than those
for the p-type sensors with x < 0.5. This can be due to the intrinsic
higher response of n-type metal oxides compared to the p-type
ones. Indeed, the gas response of n-type metal oxides (Rn ) is equal
to the square of the response for p-type metal oxides (Rp ), whose
morphologies are identical to the n-type metal oxides [45]:

 2

Rn = Rp
energy. Different amounts of gas molecules can be adsorbed on the
surfaces of the gas sensors depending on their concentration, temperature, and properties of the sensing layer [41]. As the mobility of
electrons and the electrical conductivity of metal oxides are principally determined by the temperature, the working temperature
strongly inﬂuences the gas response of metal oxide gas sensors [15].
Therefore, to ﬁnd the optimal operating temperature, as a preliminary test, the responses of the 0·5SnO2 -0·5Co3 O4 composite NFs
were tested at different operating temperatures. Fig. 4(a) shows
the dynamic responses of 0·5SnO2 -0·5Co3 O4 composite NFs toward
1, 5, and 10 ppm SO2 gas at different temperatures ranging from
250 to 400 ◦ C with steps of 50 ◦ C. SO2 is an oxidative gas [42], and
upon exposure to the sensor, the resistance is increased, indicating
the n-type behavior of the sensor. Fig. 4(b) shows the temperature
dependency of the response, derived from Fig. 4(a). With increasing
temperature, the response increased in the range of 250–350 ◦ C,
and reached to the maximum value at 350 ◦ C, then decreased
rapidly with further increases in the operating temperature. This
phenomenon can be explained based on the mechanism of gas
adsorption and desorption on the surface of 0·5SnO2 -0·5Co3 O4 NFs.
At low temperatures, the SO2 molecules do not have sufﬁcient
energy to overcome the energy barrier to react with the NFs. In con-

(1)

Fig. 5(b) shows the dynamic responses and calibration plots of
the xSnO2 -(1-x) Co3 O4 (x = 0.1–0.9) sensors to 1, 5, and 10 ppm
CO gas (reducing gas) at 350 ◦ C. For compositions with x = 0.1–0.9,
the responses to 10 ppm CO gas were 2.8, 3.08, 3.80, 2.58 and
2.2, respectively. Again, the 0·5SnO2 -0·5Co3 O4 sensor showed the
strongest response (Ra /Rg = 3.8). Fig. 5(c) shows the dynamic curves
and calibration plots of the sensors toward acetone vapor, where for
10 ppm acetone, responses of 1.5, 2.2, 6.1, 5.0, and 4.5 were obtained
for compositions with x = 0.1-0.9. The response of the n-type sensors was higher than that of the p-type sensors and the strongest
response was observed for the composition of x=0.5. For acetone
sensing, it appears that the n-type sensors are better than the ptype ones. Fig. 5(d) shows the dynamic response and calibration
plots to 1, 5, and 10 ppm C6 H6 gas. For 10 ppm, sensor responses
of 3.2 and 7.1 (p-type side), 22, 17 and 15.5 (n-type side) were
observed. In this case, the n-type sensors showed a much stronger
response to C6 H6 , compared to the p-type sensors. Two factors, i.e.
high intrinsic response of the n-type SnO2 to C6 H6 , and the presence
of p-n heterojunctions must be considered. As p-type sensors are
richer in Co3 O4 -rich NFs, it appears that the intrinsic low responses
of p-type Co3 O4 compared to n-type SnO2 is a dominant factor,
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Fig. 5. Dynamic responses of xSnO2 -(1-x) Co3 O4 (x = 0.1, 0.3, 0.5, 0.7 and 0.9) NFs sensors to 1, 5 and 10 ppm (a) SO2 gas (b) CO (c) acetone, and (d) C6 H6 at 350 ◦ C.
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Table 1
Comparison of some C6 H6 sensors reported in the literature with the present study.
Sensor

Conc. (ppm)

Response (Ra /Rg ) or (Rg /Ra )

T(◦ C)

Reference

0·5SnO2 -0·5Co3 O4 composite NFs
SmFeO3
ZnO-TiO2 nanocomposite
ZnO nanorods
Ce-doped In2 O3
Mesoporous worm-like SnO2 NPs
Flower-shaped SnO2 NPs
Cr/ITO thin ﬁlm

1
3
100
100
100
10
150
1000

18.7
9
27
2.5
2.5
20
3.25
0.72 (R/Ra )

350
400
370
300
320
150
240
210

This work
[56]
[57]
[58]
[59]
[60]
[61]
[62]

Fig. 6. Comparison between the response of xSnO2 -(1-x) Co3 O4 (x = 0.1, 0.3, 0.5, 0.7,
and 0.9) NFs sensors to 10 ppm CO, acetone, C6 H6 , and SO2 gases at 350 ◦ C. Also the
response of a pristine SnO2 sensor to C6 H6 is included for comparison.

which ultimately leads to decreases in the response. Fig. 6 summarizes the regions with n-type and p-type behaviors and compares
the responses of all sensors with different compositions to 10 ppm
of CO, SO2 , acetone, and C6 H6 gases. Overall, among the different
compositions, the 0·5SnO2 -0·5Co3 O4 sensor showed the strongest
response. Being similar to the case of SO2 gas, the SnO2 -rich sensors exhibited greater sensitivity to reducing gases, such as C6 H6 ,
and acetone, than the Co3 O4 -rich sensors. However, this tendency
was not evident for CO gas. Further study will be needed to investigate the case of CO gas. Also the pristine SnO2 NFs sensor showed
the lower response to C6 H6 gases relative to compositions with
x=0.1-0.8, demonstrating promising effects of heterojunctions on
the sensing enhancement of the composite NFs sensors. However,
its response was slightly higher than the 0·1SnO2 -0·9Co3 O4 sensor,
which is mostly comprised of p-type Co3 O4 . This again indicates the
higher intrinsic response of n-type SnO2 compared to p-type Co3 O4 .
Metal oxide gas sensors not only show a response to the target
gas, but also to other interfering gases, i.e., they usually show crosssensitivity. Fig. 7(a) shows the dynamic response curves of the
0·5SnO2 -0·5Co3 O4 composite NFs sensor toward 1, 5, and 10 ppm
of the tested gases (C6 H6 , SO2 , acetone and CO gases) and Fig. 7(b)
shows the corresponding calibration plots. For 10 ppm of the above
mentioned gases, the responses were 22, 8.73, 6.1, and 3.8, respectively. Therefore, the response to C6 H6 is better than those to the
other gases. Some studies have reported a high response to C6 H6
and Table 1 compares the C6 H6 sensing properties of metal oxides
gas sensors with the present sensor (0.5SnO2 -0.5Co3 O4 ). According to this comparison, the present sensor shows a very promising
response to low concentrations of C6 H6 . In particular, its response
to 1 ppm C6 H6 was 18.7, whereas the highest reported response
is 20 for 10 ppm C6 H6 gas. In addition, the calculated response

Fig. 7. (a) Dynamic response curves of the 0·5SnO2 -0·5Co3 O4 NFs sensor to 1, 5 and
10 ppm CO, acetone, C6 H6 , and SO2 gases at 350 ◦ C. (b) Summary of corresponding
responses.

times for 1, 5, and 10 ppm C6 H6 were 13.58, 11.56, and 10.25 s,
and the recovery times were 13.65, 13.02, and 15.20s, respectively,
which are quite acceptable for practical applications. The short
response/recovery times can be attributed to the 1D morphology of
NFs, which can facilitate the rapid mass transfer of C6 H6 molecules
in these anisotropic nanoscale materials. Furthermore, having a
diameter comparable to the Debye-length, the increased hole and
electron diffusion rates to the surfaces can facilitate the rapid desorption of the target gas molecule from the surface, which can
eventually lead to the short response and recovery times [46,47].
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4. Discussion
The interactions between the target gas molecules and surface
of the sensing layer, can eventually lead to the variations of the electrical resistances, which are responsible for gas sensing in the metal
oxide-based gas sensors, such as the xSnO2 -(1-x) Co3 O4 composite
NFs sensors. Initially, the gas sensing mechanism in both pristine
SnO2 and Co3 O4 sensors is described, and then it will be extended
to xSnO2 -(1-x) Co3 O4 composite NFs sensors.
Owing to the large electronegativity of the oxygen molecules
(0.43 eV [48]), in air, they can be adsorbed easily on the surfaces of
the sensors and extract electrons from them, causing the formation
of adsorbed oxygen ions, O2 − , O− and O2− , as shown in Eqs. (2)–(5):
O2 (g) → O2 (ads)
−

O2 (ads) + e →
O2−
−

O2−

(2)
(ads)

(3)

−

(4)

(ads)

(5)

−

(ads) + e → 2O (ads)
−

O +e →O

2−

Below 100 ◦ C, the O2 − species are stable oxygen ions, O− is stable between 100 ◦ C and 300 ◦ C, and O2− ions are dominant species
above 300 ◦ C [49]. Electron transfer from the conduction band to
the chemisorbed oxygen will result in a decrease in the electron
concentration at the surface of the nonstoichiometric SnO2 (with
oxygen vacancies) nanograins and the formation of a so-called
depletion layer. As a result, an increase in the resistance (relative
to the core regions), due to the formation of a depletion layer is
observed (Fig. 8(a)). In contrast, for Co3 O4 , which is a p-type metal
oxide, because of the formation of a hole accumulation layer which
has many holes (Fig. 8(c)), a decrease in the resistance relative to
the core regions is observed.
When the sensor is exposed to a reducing gas, such as C6 H6 , the
gas reacts with the adsorbed oxygen species, releasing electrons
back to the conduction band of SnO2 , as described by the following
reactions [6,50]:
C6 H6 (ads) + 15O− (ads) ↔ 6CO2 (gas) + 3H2 O + 15e−
C6 H6 (ads) + 15O

2−

(ads) ↔ 6CO2 (gas) + 3H2 O + 30e

−

(6)
(7)

Therefore, the thickness of the depletion layer in n-type SnO2
will decrease, resulting in a decrease in the resistance of n-type
SnO2 nanograins, as illustrated in Fig. 8(b). In contrast, in p-type
Co3 O4 nanograins, the released electrons recombine with holes in
the valence band, and the thickness of the hole accumulation layer
decreases (Fig. 8(d)) [50], resulting in an increase in the resistance
of p-type Co3 O4 nanograins. In the xSnO2 - (1-x) Co3 O4 composite
NFs, there are three types of junctions where the resistance can
be modulated upon exposure to gases: SnO2 -SnO2 homojunctions,
Co3 O4 -Co3 O4 homojunctions, and n-SnO2 -p-Co3 O4 heterojunctions. SnO2 -SnO2 and Co3 O4 -Co3 O4 homojunctions are sources of
the modulation of the resistance in n-p composite NFs sensors.
However, this paper discusses the most important junction, i.e.,
p-n heterojunction between SnO2 and Co3 O4 nanograins. Fig. 9(a)
shows the energy band diagram of the SnO2 -Co3 O4 system, prior

Fig. 8. Cross-sectional view of the sensing mechanism of pristine SnO2 and Co3 O4
(a) and (b) in the presence of air and (c) and (d) in C6 H6 .

to contact. Electron afﬁnity (), work function () and band gap
of SnO2 and Co3 O4 are 5.5 eV and 4.91 eV, 5.7 eV and 6.5 eV, 3.8 eV
and 2.08 eV, respectively. When the two semiconductors, i.e., SnO2
and Co3 O4 are in contact, nanoscale n-p heterojunctions will be
formed at the interface between them (Fig. 9(b)). To equate the
Fermi levels, electrons will be transferred from n-type SnO2 to
p-type Co3 O4 and holes will be moved in the opposite direction,
forming a potential barrier at the heterojunctions with the bending
of energy levels. As a result, the resistance of the n-p composite NFs
increases remarkably, compared to the pure ones. With increasing
initial resistance, the modulation of resistance by gas molecules will
become more evident, resulting in higher sensitivity. By the local nSnO2 /p-Co3 O4 heterojunctions, the electron depletion region of the
n-SnO2 nanograins becomes enlarged. Thus, the conduction region
is suppressed at the same time, which is the source of the larger initial resistance. This larger initial resistance brings about a stronger
response.
Fig. 10 schematically shows the number of junctions in three
selected compositions. Fig. 10(a) shows a SnO2 -rich composition,
where there are many n-n homojunctions and a few n-p heterojunctions; therefore, the sensing behavior is mainly governed by
homojunctions rather than heterojunctions. Fig. 10(c) shows the
Co3 O4 -rich composition, where there are many p-p homojunctions
(governing the sensing behavior) and a few n-p heterojunctions

Fig. 9. Energy band diagram of the SnO2 -Co3 O4 system (a) before and (b) after equilibrium (After Ref. [27]).
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Fig. 10. Schematic diagram of number of junctions in the three selected compositions; (a) SnO2 -rich composition, where there are many n-n homojunctions and a few
heterojunctions; (b) 0·5SnO2 -0·5Co3 O4 composition, where the number of p-n junctions is a maximum; (c) Co3 O4 -rich composition, where there are many p-p homojunctions
and a few n-p heterojunctions.

present. In Fig. 10(b), which shows the number of n-p junctions
in 0·5SnO2 -0·5Co3 O4 , the maximum number of n-p heterojunctions can occur in this composition. Note that in the present study,

the composition was a nominal one. Based on the n-type sensing behavior observed in the 0·5SnO2 -0·5Co3 O4 composite NFs, it
is reasonable to conclude that the 0·5SnO2 -0·5Co3 O4 NFs sensor
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adsorb more gaseous species, which in turn results in a stronger
response:
␦=

Fig. 11. The sensor resistance as a function of composition.

was comprised of excess n-SnO2 but deﬁcient p-Co3 O4 . The n-p
heterojunction makes the charge carriers ﬂow until the driving
force induced by diffusion reaches equilibrium with the electric
ﬁeld established during the ﬂow; the holes ﬂow from the pCo3 O4 nanograins to n-SnO2 nanograins, and the electrons ﬂow
in the opposite direction. The n-type sensing behavior observed
in the 0·5SnO2 -0·5Co3 O4 composite NFs means the main conduction channel for sensing is n-SnO2 nanograins. The enlarged surface
depletion region of the n-SnO2 nanograins by electron ﬂow will
enhance the sensing behavior with an increased initial resistance
of NFs. The enhanced modulation of the resistance by the sensing
target gas was well explained in an earlier report [51], in which
the ZnO nanoﬁbers loaded with p-type reduced graphene oxide
(rGO) nanosheets showed greatly enhanced sensing behavior due
to the enlarged surface depletion region of the ZnO nanograins by
the electron ﬂow from the n-type ZnO nanograins to p-type rGO
nanosheets.
Fig. 11 shows the sensor resistance as a function of composition in air and at room temperature as a function of composition
(see Experimental section). While in the SnO2 -rich and Co3 O4 rich compositions the main charge carriers were electrons and
holes, respectively, in 0·5SnO2 -0·5Co3 O4 , both electrons and holes
can contribute effectively to the transport of current. However,
as this composition showed n-type sensing behavior, the contribution of electrons is greater than that of holes. The resistance
of the 0·5SnO2 -0·5Co3 O4 composite NFs with the most n-p heterojunctions is much higher than the SnO2 -rich and Co3 O4 -rich
compositions, demonstrating that p-Co3 O4 nanograins act as an
electron reservoir, resulting in an increase in the resistance.
In addition to the existence of n-SnO2 -p-Co3 O4 heterojunctions,
the enhanced sensing performance of the SnO2 -Co3 O4 composite
NFs sensors might be attributed partly to the catalytic properties of Co3 O4 [12]. P-type metal oxide semiconductors commonly
have high catalytic oxygen adsorption properties. In particular, the
amount of oxygen adsorbed in Co3 O4 is higher than that adsorbed
in other common p-type metal oxides, such as Cr2 O3 and NiO [12].
Accordingly, a large number of oxygen molecules can be adsorbed
on the surface of Co3 O4 and the high catalytic ability of Co3 O4
promotes the reactions associated with gas sensing [12].
Moreover, crystallographic defects at the SnO2 -Co3 O4 interfaces
can be formed due to lattice mismatch between SnO2 and Co3 O4 .
The defects can provide preferential adsorption sites for the target
gases and oxygen molecules, leading to an enhanced response of
the sensors [12]. The number of dangling bonds is in proportion to
the lattice mismatch (␦) described by Eq. (8) [52], where they can

2 (a2 − a1 )
(a1 − a2 )

(8)

where a1 and a2 are the lattice constant of SnO2 and Co3 O4 ,
respectively. As the lattice constants of Co3 O4 and SnO2 are different, dangling bonds will form in the junctions between them,
resulting in the better adsorption of gas molecules and an enhanced
gas response.
The increase in adsorbed oxygen species as a result of the substitution of Co+2 /Co+3 ions in the Sn+4 sites is another possibility
that should be considered. The substitution of cobalt ions into tin
ions sites occurs rather than the substitution of tin ions to cobalt
ions, because the sensor shows n-type behavior. During the annealing process, a small number of Co+2 /Co+3 ions can diffuse into the
lattice of SnO2 and replace the Sn4+ sites. When Co+3 or Co+2 ions
diffuse into the SnO2 lattice and substitute for Sn4+ ions, the mismatch in ionic radius between Co3+ (0.62 Å), Co2+ (0.72 Å), and
Sn4+ (0.83 Å) will result in lattice distortion and the formation of
defects [53]. An evidence for the possible substitution of Co ions
in Sn+4 sites is a change in the lattice parameter of NFs. Therefore, we calculated lattice parameters of SnO2 , for pristine SnO2
NFs and SnO2 -Co3 O4 composite NFs (see text 2 in Supplementary Information). The calculated values of “c/a” for pristine SnO2 ,
0·3SnO2 -0·7Co3 O4 , 0·5SnO2 -0·5Co3 O4 , and 0·7SnO2 -0·3Co3 O4 are
1.48911, 1.48416, 1.48483 and 1.48957, respectively. The c/a ratios
in the SnO2 -Co3 O4 composite NFs are different from that of pristine
SnO2 . This can be due to the possible substitution of Co ions in Sn+4
sites.
In addition, oxygen vacancies are generated to maintain charge
neutrality in the process of the substitution [54]:
SnO

Co3 O4 →2 3Co Sn + 4oxo + 2Vö + h. For Co+3
SnO2

Co3 O4 → 3Co Sn + 4oxo + 2Vö + 2h. For Co+2

(9)
(10)

To restore the stoichiometry of metal oxides, these oxygen
vacancies will preferentially attract atmospheric oxygen:
x
O2 + 2Vö → 2OO
+ 4h.

(11)

The adsorption energy of the oxygen-vacancy sites was reported
to be approximately three times larger than that on a perfect site
[55]. This means that oxygen vacancies on the surface of SnO2 can
act as electron donors, which are very helpful for adsorbing oxygen
molecules. The higher concentration of oxygen vacancies will trap
more free electrons, which strongly affect the gas sensing response.
Considering all the attributions to the sensing mechanism, the
role of electron reservoir by the p-Co3 O4 nanograins is likely to
be the main reason for the strongest response observed in the
0·5SnO2 -0·5Co3 O4 NFs sensor because of the presence of the largest
number of n-p junctions at that composition. In addition, the following mechanisms can contribute to the highest response: (1) the
n-type nature of the sensor, which has a stronger response than
p-type sensors (x=0.1-0.3) with the same morphology; (2) possible substitution of Co+2 /Co+3 in Sn+4 sites and increased number of
oxygen vacancies; (3) presence of more Co3 O4 phase, which may
bring about a catalytic effect for the oxidation and dissociation of
gases; and (4) presence of the highest number of crystallographic
defects in this composition.
5. Conclusions
A series of different compositions of (n) xSnO2 -(p) (1-x) Co3 O4
(x=0.1-0.9) composite NFs were synthesized using an electrospinning method and their gas sensing properties were examined. The
synthesized composite NFs were long and continuous with a rough
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surface morphology. Gas sensing tests were performed in the presence of SO2 , acetone, C6 H6 , and CO gases. Depending on their
compositions, the sensors showed n-type or p-type behavior, upon
exposure to gases. In general, n-type sensors that are rich in SnO2
had a better response, and the best response was observed in the
sensor with the 0·5SnO2 -0·5Co3 O4 composition.
The most abundant n-p heterojunctions in the p-Co3 O4
nanograins, leading to the maximized effect of the role of the electron reservoir, was the main reason for the strongest response
observed in the 0·5SnO2 -0·5Co3 O4 NFs sensor. In addition to the
possible substitution of Co+2 /Co+3 in Sn+4 sites, the catalytic effect of
Co3 O4 and n-type nature of this sensor were the minor reasons for
the high observed response in the 0·5SnO2 -0·5Co3 O4 sensor. These
results highlight the importance of ﬁnding the optimal composition
in p-n heterostructures to achieve better sensing performance.
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