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a b s t r a c t
Aiming to optimize SnO2 -NiO nanocomposite sensors for detection of hazardous gases, a series of xSnO2 (1-x) NiO composite nanowebs with different compositions (x = 0.1, 0.3, 0.5, 0.7, and 0.9) were synthesized
using an electrospinning process. The formation of long and continuous SnO2 -NiO nanowebs was veriﬁed.
Depending on the composition, xSnO2 -(1-x) NiO composite nanowebs showed either n-type (SnO2 -rich
composition) or p-type (NiO-rich composition) gas-sensing behavior. The best sensing performance was
obtained for the nanowebs of 0.5SnO2 -0.5NiO. The presence of plenty of p-n heterojunctions along with
the high oxygen adsorption property of NiO were the main reasons for the high response to the NO2 and
C6 H6 gases at this optimized composition.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Metal oxide gas sensors are among the most popular devices
for the detection of hazardous gases and vapors, mostly due to
a good and fast response, low cost, and simple design. However,
for practical application response, selectivity and in general, gas
sensing characteristics, should be enhanced [1]. To improve the
gas sensing characteristics of metal oxides, one extensively used
strategy is the creation of heterojunctions i.e., p-n or n-p junctions
[2,3]. The enhancement of the response in the heterojunctions is
due to the formation and modulation of p-n heterojunctions upon
the exposure to target gases [4]. Generally, the Fermi energy level
of n-type metal oxides is greater than that of p-types. Therefore,
when p- and n-type metal oxides are connected, electrons at higher
energies from the n-type metal oxide will ﬂow across the interface
to unoccupied lower-energy states and equitize the Fermi energies. A potential energy barrier will be formed at the interfaces
due to band bending as a result of the difference in Fermi levels.
Electrons must overcome this potential energy barrier in order to
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cross this interface. In the presence of oxidizing and reducing gases,
the potential barrier will be signiﬁcantly increased and decreased.
In other words, the modulation of the p-n junction can result in
the observation of a high response in composite gas sensors [5].
Moreover, the fabrication of composite heterojunctions offers an
important way to merge the different physical and chemical properties of individual components into one system [6]. Accordingly,
the formation of p-n heterojunctions for the gas-sensing enhancement have been extensively reported. For example, Katoch et al.
reported an enhancement in H2 S sensing of n-p ZnO-CuO heterojunction nanoﬁbers sensor relative to the pristine ZnO nanoﬁber
(NF) sensor due to the formation of n-p heterojunctions [7]. Similarly, Choi et al. reported the H2 S gas-sensing enhancement in
CuO-loaded SnO2 nanoﬁbers relative to pristine SnO2 due to the
creation and disruption of p-n junctions [8]. Ju et al. showed that the
NiO-SnO2 hollow particles had much higher response to trimethylamine than pristine SnO2 hollow spheres [9]. Kaur et al. reported
an extra sensitive and selective H2 S sensor based on RF sputtered
SnO2 /NiO thin ﬁlms [10]. Other examples of reported p-n heterojunctions were NiO-ZnO [11], NiO-Fe2 O3 [12], and NiO-SnO2 [13],
which have been reported with drastic effects on the enhancement in the sensing characteristics of the resultant heterojunction
relative to pristine counterparts. Also p-n junctions of carbon materials and metal oxides are widely reported for enhancement of gas
sensing properties of gas sensors [14,15]. For example, Lee et al.
reported RGO loaded SnO2 p-n heterojunctions for detection of
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NO2 gas [16]. Kwon et al. fabricated p-n junction MWCNT-ZnO
heterojunctions for NO2 sensing purposes [17]. In another study,
Kim et al. reported noble metal/rGO/metal oxide ternary composite NFs for detection of VOCs [18]. Kazemi et al. investigated CO
sensing properties of SnO2 /MWCNT heterojunctions [19]. A very
promising technique to create and study p-n heterojunctions is
electrospinning. It is a new, simple, and low cost technique to synthesize 1D materials with large surface area and easy control of
synthesis variables [8,13,20,21]. The products of electrospinning
(nanoﬁbers and nanowebs), which are one of the best and most
unique morphologies for gas sensing applications, comprise of a
lot of grains that make them ideal morphologies to study the role
of p-n heterojunctions. With the proper choice of the starting materials, the synthesized composites are really a composite of n-type
nanograins and p-type nanograins, and therefore an immense number of p-n heterojunctions exist. Target gas molecules adsorbed on
the surface of such 1D composites can diffuse deeper into the parts,
and cover the p-n heterojunctions of the nanograins. The resultant
modulation of the p-n junction in the composites leads to a gas
response.
The main gap in nearly all studies related to p-n heterojunctions
is the lack of systematic study on the inﬂuence of p-n heterointerfaces (or equivalent composition) on the gas sensing performances
of resultant p-n nanocomposites. To ﬁll this gap, in the present
work, we report systematic studies with respect to the effect of
p-n heterojunctions (composition) on the gas sensing capabilities
of xSnO2 -(1-x) NiO heterojunctions. For this purpose, a series of
xSnO2 -(1-x) NiO heterojunction composites with different compositions (x = 0.1, 0.3, 0.5, 0.7 and 0.9) were successfully synthesized
using the electrospinning method. After comprehensive studies of
the gas sensing properties in the presence of NO2 (as an oxidative
gas) and C6 H6 (as a reducing gas), the 0.5SnO2 –0.5NiO composition showed an optimal composition for gas sensing applications
in terms of high sensitivity to NO2 gas. As will be described later,
the sensor response exhibited a bell-shaped dependency to the
composition. The highest sensor response in the 0.5SnO2-0.5NiO
composition turned out to be mainly associated with the largest
number of heterojunctions. The detailed sensing mechanism is discussed and this enhancement was mainly attributed to the increase
in the number of p-n heterojunctions.
2. Experimental
All chemicals in the experiments were of analytical grade and
used as received without further puriﬁcation. Tin chloride dihydrate (SnCl2 ·2H2 O), polyvinyl alcohol (PVA, MW = 80000), nickel
acetate tetrahydrate (Ni (CH3 CO2 )2 ·4H2 O), and absolute ethanol
(C2 H5 OH) were purchased from Sigma-Aldrich.
PVA was added to ethanol at 70 ◦ C for 4 h to make an 8.3 wt.% PVA
solution. The precursor materials, i.e., tin chloride dihydrate and
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nickel acetate tetrahydrate, were then added and stirred at 70 ◦ C
for 12 h to obtain sufﬁcient viscosity (280 mPa s) required for the
electrospinning process. With a change in molar ratio of SnO2 and
NiO, a series of xSnO2 -(1-x) NiO solutions with x = 0.1, 0.3, 0.5, 0.7,
and 0.9 with almost the same viscosity (280–300 mPa.s) was prepared. During the electrospinning process, the prepared solutions
were loaded into a glass syringe, equipped with a 21-gauge stainless
steel needle. The distance between the tip of the syringe needle and
collector (Al plate) was ﬁxed at 20 cm. A positive voltage (+15 kV)
was applied to the needle while the metal collector was grounded.
At the same time, a negative voltage (−10 kV) was applied to the
Al collector to accelerate the electrospinning process. The feeding
rate of the solution was set to a constant rate of 0.01 ml/h. The
as-spun nanowebs were uniformly distributed over the Si wafers
(Fig. 1). To remove the polymer and solvent, the as-spun nanowebs
were calcined at 600 ◦ C for 2 h at a heating rate of 10 ◦ C/min in an
air atmosphere using a horizontal-type tube furnace. The as-spun
nanowebs were sufﬁciently adhesive to the substrate, enabling the
fabrication of stable sensor devices.
By employing ﬁeld-emission scanning electron microscopy
(FE-SEM, Hitachi/S-4200), the morphologies of the synthesized
xSnO2 -(1-x) NiO composite nanowebs were examined. X-ray
diffraction patterns were obtained using a XRD, Philips/X’pert MPD
apparatus with CuK␣ X-rays ( = 1.5418 Å) to evaluate the crystallinity and phase of the synthesized products. Energy-dispersed
X-ray spectroscopy (EDX) incorporated in the FE-SEM was used to
study the composition of synthesized nanowebs . The viscosity of
solutions was measured at room temperature using a viscometer
(Brookﬁeld Viscometer, DV-II Pro).
For sensing tests, Ti (∼50-nm thick) and Pt (∼200-nm thick)
bilayers were sequentially deposited onto synthesized SnO2 -NiO
composite nanowebs by sputtering of Ti and Pt targets, that had
been deposited on SiO2 (200-nm thick)-grown Si (100) substrates
with a size of 1 × 1 cm2 using a specially-designed metal mask.
Theses electrodes were used to read out the resistance of the fabricated sensors. The sensing properties of the SnO2 -NiO composite
nanowebs were investigated in the presence of NO2 (oxidative)
and benzene (C6 H6 -reducing) gases. The sensing measurements at
different temperatures were performed using a gas-dilution and
testing system. The gas concentration was precisely controlled by
changing the ratio between the dry air-balanced target gas and
dry air, through the mass ﬂow controllers. For reporting of the gas
response, the resistance in air (Ra ) and in the presence of target
gas (Rg ) were measured and the sensor response, R = Ra /Rg (Ra > Rg )
or Rg /Ra (Rg > Ra ) was determined. The response time was deﬁned
as the time required by the sensor to reach 90% of its maximum
response after injection of the target gas, and the recovery time
was deﬁned as the time taken by the sensor to reach 90% of its
initial resistance after injection of air.

Fig. 1. (a) Electrospinning set-up used in this study. (b) Formation of as-spun NFs on the surface of Si wafer.
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Fig. 2. (a)–(e) High magniﬁcation FE-SEM micrographs of xSnO2 -(1-x) NiO composite nanowebs. The insets are low magniﬁcation FE-SEM micrographs (f) EDS color-mapping
scan.

3. Results and discussion
Morphology is one of the most important factors that affect the
gas sensing performance of sensors, thus the ﬁrst step in characterization was the study of the morphology of synthesized products by
FE-SEM. Fig. 2a–e presents the FE-SEM micrographs of the xSnO2 (1-x) NiO composite nanowebs . All samples showed a web-like
morphology with many branches of nanowebs . The diameter of
the individual nanowebs is ∼100 nm and all synthesized samples have continuous nanowebs with rough morphology due to
the crystal growth and decomposition of solvent and PVA. Insets
in Fig. 2a–e shows panoramic views of these nanowebs, where
their dense structures along with randomly-oriented morphology
make them good candidates for sensing applications. No other morphologies can be observed from the FE-SEM images of xSnO2 -(1-x)
NiO composite nanowebs , indicating a high yield of the electrospinning process for successful synthesis of the nanowebs . The
elemental composition of 0.5NiO–0.5SnO2 composite nanowebs
was determined using EDX analysis. Fig. 2f shows the EDX elemental color-mapping scan of a typical 0.5SnO2 –0.5NiO composite
nanoweb , clearly representing the uniform spatial distribution of
elemental Sn, Ni, and O in the nanoweb structure. This composition was chosen because it indicates a composition with an almost
equal amount of SnO2 and NiO phases. Accordingly, because of the
existence of maximal amount of possible heterojunctions, the best
sensing performance can be obtained at this composition.

The results of high-resolution TEM micrographs for a single
nanoweb are shown in Fig. 3(a) and (b). Fig. 3(a) shows a typical TEM image of SnO2 -NiO composite nanoweb. Fig. 3(b) shows
lattice-resolved TEM image, where it demonstrates coexistence of
the crystalline SnO2 and NiO crystal lattices in composite nanoweb.
Interplanar distances of 0.34 nm and 0.24 nm can be attributed to
spacing of the (111) planes of SnO2 and NiO respectively. Formation of p-n heterojunction in NiO-SnO2 system has previously been
reported in many literatures [22–31]. According to these results,
coexistence of SnO2 and NiO facilitates the formation of p-n heterojunctions.
XRD was used to examine the crystal structure of the prepared
xSnO2 -(1-x) NiO composite nanowebs . Fig. 3(c) shows the XRD
pattern of the 0.5SnO2 –0.5NiO composite nanowebs . It is worth
noting that generally optimal calcination temperature is determined when the solvent and polymer are completely removed
from the as electrospun nanoﬁbers and high-enough crystallinity
is obtained. Based on our previous work on pure ZnO nanoﬁbers,
from the TGA data, it was shown that a calcination temperature
of >420 ◦ C was needed to remove the solvent and polymer as well
as to fully decompose the zinc acetate into a pure ZnO phase [32].
However, the higher temperature was required to obtain the highly
crystalline ZnO structures. For SnO2 -ZnO composite nanoﬁbers,
there was no change in weight loss above 575 ◦ C, revealing that
a calcination temperature of >575 ◦ C is needed to remove the solvent and polymer as well as to fully decompose zinc acetate and
tin chloride into a pure ZnO-SnO2 phase [33]. In another study, TG-
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DTA analysis results showed most of the organic components were
removed and the ZnO phase formed at temperatures of >500 ◦ C
[34]. For CuO nanoﬁbers, the results of TG-DTA showed that most
of the organic compounds belonging to PVA was removed at a temperature of around 300 ◦ C and no change was detected in weight
loss above 300 ◦ C [35]. In another work [8], the results of TG-DTA
analysis for pure SnO2 nanoﬁbers showed a broad peak at ∼550 ◦ C,
corresponding to the formation of the crystalline SnO2 phase. For
NiO nanoﬁbers, TG-DTA analysis showed that almost all organic
components were removed and the NiO phase emerged at temperatures of >300 ◦ C [36]. Accordingly, in this study we choose the
temperature of 600 ◦ C for calcination of synthesized nanowebs. The
sharp diffraction peaks suggest that annealing at 600 ◦ C is adequate
to crystallize both SnO2 and NiO oxides. All of the diffraction peaks
could be indexed to the tetragonal rutile structure of SnO2 (JCPDS#
88-0287) [37] with lattice parameters of a = 4.735 Å b = 4.735 Å and
c = 3.180 Å, and the face centered cubic structure of NiO with cell
parameter of 4.173 Å (JCPDS#78-0429). Peaks located at 2 = 26.42,
33.82, 37.2, 51.68, 54.64, 57.78, 61.78, and 71.28◦ are indexed to the
(110), (101), (200), (211), (220), (002), (310), and (202) planes of
SnO2 , respectively, and peaks located at 2 = 37.37, 43.42, 57.78,
62.76, 65.86, and 75.36◦ are indexed to the (111), (200), (101),
(220), (112), and (222) planes of cubic NiO, respectively. No characteristic peaks due to the presence of impurities were observed.
Furthermore, no other phases related to nickel, tin, or tin and nickel
compounds were observed in the XRD patterns, indicating successful synthesis of SnO2 -NiO composite nanowebs. Broadening of
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peaks in the XRD pattern indicates the existence of nanocrystals in
the composite nanowebs. The average crystal sizes were calculated
using the Debye-Scherrer formula [8], D = 0.9/ˇcos , where  is
the X-ray wavelength (0.154 nm),  is the Bragg diffraction angle
and ␤ is the peak width at half maximum. The obtained crystal
size was ∼30 nm, showing the nanocrystal nature of the composite
nanowebs .
It is well-known that the response of a gas sensor is strongly
dependent on the operating temperature. To determine the optimal operating temperature, different concentrations of NO2 (1, 5
and 10 ppm) were chosen to be tested at different temperatures
(250–350 ◦ C). The accuracy of gas concentration was ±0.1% ppm
and that for sensing temperatures was ±0.1 ◦ C.
Fig. 4a shows the dynamic normalized resistances of the
0.5SnO2 –0.5NiO composite nanowebs to NO2 gas. NO2 is an oxidative gas and upon exposure of the sensor to it, the resistance
increases, indicating n-type behavior of the sensor originating from
the n-type nature of SnO2 [38]. Fig. 4b shows the temperature
dependency of the response derived from Fig. 4a. The great impact
of the temperature on the gas response can be clearly seen, where
the responses vary with operating temperature. The response of all
sensors increase with increasing operating temperature to 350 ◦ C,
where the maximum value was observed, and then decreased with
further increasing operating temperature to 350 ◦ C. For 10 ppm NO2
gas, the response values (Rg /Ra ) are 12, 36, and 20 at 250, 300, and
350 ◦ C, respectively. These behaviors can be explained as follows:
at lower temperatures, the activation energy for the adsorption of

Fig. 3. (a) A typical high magniﬁcation TEM image of SnO2 -NiO composite nanoweb (b) corresponding lattice-resolved TEM image, showing lattice fringes of SnO2 and NiO.
(c) XRD pattern of the 0.5SnO2 -0.5NiO composite nanowebs.
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tions occur, thus the response is not high. With an increase in the
NO2 concentration due to larger surface coverage, the surface reactions increase and higher responses are observed [41]. Moreover,
each individual composition with a speciﬁc “x” response to NO2
gas changed correspondingly, which indicates the strong dependency of the response to the chemical composition. Except for
the x = 0.9 composition (0.9SnO2 –0.1NiO), n-type n-type sensors
with x ≥ 0.5 had a higher response than p-type sensors with x < 0.5.
The optimized composition was the n-type sensor with a nominal
0.5SnO2 –0.5NiO composition, where the sensor shows the highest response to NO2 gas and the response of other compositions
was much less than the optimum composition. In particular, the
responses (Ra /Rg or Rg /Ra ) to 10 ppm NO2 gas were 5.5, 5.9, 36, 6.2,
and 2 for compositions with x = 0.1, 0.3, 0.5, 0.7, and 0.9, respectively. Response times for 1, 5, and 10 ppm NO2 were 330, 173, and
163 s, and the recovery times for 1, 5, and 10 ppm NO2 gas were
261, 301, and 204 s, respectively. Fig. 5c shows normalized resistance transient cycles of xSnO2 -(1-x) NiO composite nanowebs to
C6 H6 gas at 300 ◦ C and corresponding calibration plots are indicated
in Fig. 5d. For 10 ppm C6 H6 gas, the responses of 1.6 (x = 0.1), 2.9
(x = 0.3), 14 (x = 0.5), 8.4 (x = 0.7), and 4 (x = 0.9) were obtained. The
optimized composition, namely 0.5SnO2 –0.5NiO, shows the highest response value. Furthermore, all n-type sensors show higher
response values to C6 H6 relative to the p-type sensors. This can be
due to the intrinsic higher response of n-type metal oxides compared to p-types. It is well-known that the gas response of p-type
metal oxides (Rp ) is equal to the square root of the response for
n-type metal oxides (Rn ) with the same morphologies [42]:
Rp =

Fig. 4. (a) Dynamic response of the 0.5SnO2 -0.5NiO gas sensor to 1, 5, and 10 ppm
concentrations of NO2 at different temperatures. The resistance values in air are
2.37 × 107 , 7.65 × 106 and 3.98 × 106  at 250, 300 and 350 ◦ C, respectively. (b) Temperature dependency of the response of the 0.5SnO2 -0.5NiO gas sensor to 1, 5, and
10 ppm NO2 gas.

NO2 is high and NO2 did not have sufﬁcient energy to overcome
the energy barrier of the adsorption and consequently cannot be
adsorbed effectively at the sensor surface. At a high temperature
(350 ◦ C), the rate of desorption is greater than the adsorption rate
and the adsorbed NO2 molecules escape before effectively adsorbing to the sensor surface, resulting in a poor response relative to
the optimal temperature (300 ◦ C) [39,40].
To investigate the composition dependency of the responses,
all compositions in the system of xSnO2 -(1-x) NiO (x = 0.1, 0.3,
0.5, 0.7, and 0.9) were exposed to NO2 , and C6 H6 gases and the
results are shown in Fig. 5a–d. Fig. 5a shows the dynamic normalized resistances of xSnO2 -(1-x)NiO composite nanowebs to NO2
gas at 300 ◦ C, and corresponding calibration plots are shown in
Fig. 5b. Depending on the chemical composition, SnO2 -rich composite nanowebs (x ≥ 0.5) show an n-type response to NO2 gas i.e.,
the electrical resistance increases upon exposure to the NO2 gas
and the NiO-rich compositions (x = 0.1 and 0.3) show the reverse
behavior, namely their resistance decreases upon exposure to NO2
gas. In other words, for compositions with (x ≥ 0.5), SnO2 whose
dominant carriers are electrons, play the main role in sensing performance, while for x = 0.1 and 0.3 compositions, the NiO whose
dominant carriers are holes, play a major role. Additionally, the
responses of all sensors increase with increasing NO2 concentration. For example, the response of the 0.5SnO2 –0.5NiO composite
nanoweb sensor to 1, 5, and 10 ppm NO2 gas is 10.5, 22.8, and
36. A lower NO2 concentration implies a lower coverage of NO2
molecules on the sensor surface for which lower surface reac-



Rn

(1)

Additionally, p-n junctions are effective in the response to C6 H6
gas. With an increase of x=0.1 to 0.3, more junctions caused a
higher response. With a further increase of x to 0.5, the response
reaches 14, which is the highest response due to the presence of
the most heterojunctions in this composition. With further increase
of x to 0.7 and 0.9, the number of heterojunctions decreased (due
to increase of amount of SnO2 relative to NiO) and the response
decreased accordingly. However, the higher response of compositions with x = 0.7 and 0.9 relative to compositions with x = 0.1 and
0.3 is due to the n-type nature of composites with x > 0.5, where
n-type SnO2 is the major component.
Fig. 6 shows responses of xSnO2 -(1-x) NiO composite nanoweb
sensors to 10 ppm NO2 and C6 H6 gases as a function of composition (x = 0.1, 0.3, 0.5, 0.7, and 0.9). The response shows a
bell-shaped dependency to the composition and as stated before,
for the optimal composition with x = 0.5 (nominal composition),
the response values are greater than other compositions. Furthermore, in general, compositions with n-type behavior (x ≥ 0.5) show
a higher response to tested gases. The reasons for the observed high
response in the 0.5SnO2 –0.5NiO composition will be discussed in
the following paragraphs. According to our previous studies, the
pristine SnO2 NFs sensor showed a response of 1.34–10 ppm C6 H6
gas at 300 ◦ C [43], and a response of ∼1 to 5 ppm C6 H6 gas at
300 ◦ C [44]. Also, it shows a response of ∼220 towards 10 ppm NO2 .
[45]. Pristine NiO NFs on the other hand, showed a response of
1.53–10 ppm C6 H6 and responses of 1.18 and 1.30–5 and 10 ppm of
NO2 gas, respectively, at 300 ◦ C [36]. In comparison, in the present
work for 0.5SnO2 –0.5NiO composite nanowebs, the sensor exhibited the sensor responses of 36 and 14, respectively, to NO2 and
C6 H6 gases, at 10 ppm and 300 ◦ C. Also, it exhibited the sensor
responses of 22.8 and 11.1, respectively, to NO2 and C6 H6 gases,
at 5 ppm and 300 ◦ C.
In xSnO2 -(1-x) NiO composite nanowebs sensors with x = 0.1,
0.3, 0.5, 0.7 and 0.9, there are three types of junctions that can be
modulated upon exposure to gases: (1) NiO NiO homojunctions,
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Fig. 5. (a) Dynamic normalized response of xSnO2 -(1-x) NiO (x = 0.1, 0.3, 0.5, 0.7 and 0.9) composite nanoweb sensors to 1, 5, and 10 ppm NO2 gas at 300 ◦ C. (b) Corresponding
calibration curves. (c) Dynamic normalized response of xSnO2 -(1-x) NiO (x = 0.1, 0.3, 0.5, 0.7 and 0.9) composite nanoweb sensors to 1, 5, and 10 ppm of benzene at 300 ◦ C.
(d) Corresponding calibration curves. The resistance values in air for 0.1SnO2 -0.9NiO, 0.3SnO2 -0.7NiO, 0.5SnO2 -0.5NiO, 0.7SnO2 -0.3NiO and 0.9SnO2 -0.1NiO are 5.25 × 105 ,
2.25 × 106 , 7.65 × 106 , 2.93 × 106 and 8.11 × 105 , respectively.

(2) SnO2 -SnO2 homojunctions, and (3) n-SnO2 -p-NiO heterojunctions. Before exposure to target gases and air, oxygen molecules
are adsorbed on the surfaces of metal oxides due to their large
electronegativity, and electrons are extracted from the metal oxide
surfaces causing the formation of oxygen adsorbed ions i.e; O2 − ,
O− , and O2− . The stable oxygen ions are O2 − below 100 ◦ C, O−
between 100 ◦ C and 400 ◦ C, and O2− above 400 ◦ C [46]. The electron transfer from the metal oxide to the chemisorbed oxygen will
result in the decrease in the electron concentration on the outer
surfaces of the metal oxide. For p-type metal oxides, such as NiO,
the chemisorption of oxygen in the ambient atmosphere leads to
a hole accumulation layer by the capturing of electrons from the
valance band of NiO and thus resulting in a lower resistance relative to core regions. For n-type semiconducting metal oxides, such
as oxygen-deﬁcient SnO2 , a depletion layer will be formed on the
outer surfaces and an increase in the resistance relative to the core
regions is observed. Therefore, potential barriers interface/grain
boundaries between NiO/NiO and SnO2 /SnO2 will be formed due
to the formation of such layers. Upon exposure to NO2 gas, the NO2
molecule ﬁrst physically adsorbs to the surface of NiO and SnO2 .
Because NO2 has a higher electron afﬁnity (∼2.28 eV) than that
of the pre-adsorbed oxygen (0.43 eV), the adsorbed NO2 molecule
extracts more electrons from NiO or SnO2 chemically adsorbed on
the surface and generates more holes [47,48].
NO2 (g) → NO2 (ads)

(6)

NO2 → NO2− (ads) + h.

(7)

Therefore, the width of the accumulation layer in NiO will be
further increased due to the creation of more holes at the outer
surfaces. Additionally, the width of the depletion layer in SnO2 will
be further increased due to the further transfer of electrons to NO2 .
After exposure, the C6 H6 gas reacts with adsorbed oxygen
species on the surfaces of the sensor and as a result of the following
reactions, the electrons release back to the surfaces of the sensor
and the width of the depletion layer in SnO2 and the accumulation
layer in NiO will be signiﬁcantly decreased [1]:
C6 H6 + 15O− → 6CO2 + 3H2 O + 15e−

(8)

C6 H6 + 15O2− → 6CO2 + 3H2 O + 30e−

(9)

In both cases, the resistance changes upon exposure to NO2 or
C6 H6 gas. In other words, depending on the types of tested gas,
the potential barriers at the interface/grain boundaries between
NiO/NiO and SnO2 /SnO2 will be increased or decreased. These
homojunctions exist in all sensors, however for the composition
with x = 0.1 plenty of NiO/NiO homojunctions exist, while for the
composition with x = 0.9, plenty of SnO2 /SnO2 homojunctions exist.
As these two types of sensors did not show a large response, and
in accordance with the literature [37], the homojunctions are not
considered the governing factors in composite nanomaterials, we
must consider the role of heterojunctions for the analysis of the gas
sensing results.
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Fig. 6. Comparison between response of xSnO2 -(1-x) NiO (x = 0.1, 0.3, 0.5, 0.7 and
0.9) composite nanowebs sensors to 10 ppm NO2 and benzene gases at 300 ◦ C.

Since the contribution from p-n heterojunctions to the resistance of modulation of the sensor is greater than the other two
potential barriers (n-n and p-p), the resistance of the xSnO2 -(1x) NiO composite nanoweb sensors are mainly governed by p-n
heterojunctions. In fact, the heterojunction interface is the most
important consideration when studying the electrical behavior of
semiconducting metal oxide composites. In the xSnO2 -(1-x)NiO
composite nanoweb, p-n heterojunctions are formed at the interface between NiO and SnO2 . As SnO2 has a smaller work function

than NiO (Fig. 7a), in the heterojunctions, the electrons in SnO2 and
the holes in NiO diffuse in opposite directions because of the gradient of the same carrier concentration. When the carrier diffusions
are ﬁnally balanced, the system obtains equal Fermi levels (EF ). This
will result in buildup of an internal electric ﬁeld and hence energy
band bending at the interface of SnO2 and NiO (Fig. 7b) [49]. In
other words, a potential barrier at the interface/grain boundaries
between SnO2 and NiO will be formed.
In the present work, the sensor is predominantly n-type, with
electrons being major carriers for the sensing reactions. In this case,
the ratio of SnO2 (x ≥ 0.5) is higher than that of NiO, suggesting that
most SnO2 grains are interconnected. Owing to the difference in
work functions, electrons in SnO2 will ﬂow to the NiO side, by which
electron-depletion region will be generated on the SnO2 sides of the
SnO2 -NiO heterojunctions. Accordingly, the volume of the conducting region in SnO2 will be reduced. Since the adsorption of gases
(reducing or oxidizing) will change the amount of electrons in the
SnO2 conducting region, the reduction of the original volume of the
conducting region will bring about the higher sensor response, by
increasing the relative change of the resistance. In addition, when
the reducing gas, such as C6 H6 gas, is introduced, electrons will
be transferred to the SnO2 surface, elevating the Fermi level of
SnO2 . Accordingly, the energy barrier from SnO2 to NiO will be
further elevated (Fig. 8). This will reduce the electron loss from
SnO2 , presumably contributing to the decrease in resistance. Since
the adsorption of reducing gas will provide electrons to SnO2 ,
which decrease the resistance, further decrease of resistance by
the SnO2 /NiO heterointerfaces will increase the sensitivity. When

Fig. 7. Formation of the p-n junction at the interface of SnO2 -NiO (a) before and (b) after contact. Schematic representation of the sensing mechanism in n-p SnO2 -NiO
composite nanowebs (c) in air, (d) NO2 , and (e) C6 H6 . Corresponding potential barriers (f) in air, (g) NO2 , and (h) C6 H6 .
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Fig. 8. Schematic illustration of the change in the energy barrier of the SnO2 -NiO heterojunctions upon the introduction of oxidizing and reducing gases, respectively.

the oxidizing gas, such as NO2 , is introduced, the Fermi level of
the SnO2 surface will be lowered and thus, the energy barrier from
SnO2 to NiO will be depressed (Fig. 8). Accordingly, the electron
loss from SnO2 to NiO will be enhanced, presumably contributing to the increase in resistance. Since the adsorption of oxidizing
gas will extract electrons from SnO2 , which increase the resistance,
further increase of resistance by the SnO2 /NiO heterojunctions will
increase the sensitivity. On the other hand, when the ratio of SnO2 is
lower (x ≤ 0.3), the sensing behavior turned out to be p-type (Fig. 6).
In this case, it is surmised that most NiO grains are interconnected.
Owing to the difference in work functions, electrons in SnO2 will
ﬂow to the NiO side, by which hole-depletion region will be generated on the NiO sides of the SnO2 -NiO heterojunctions. Accordingly,
the volume of the hole-conducting region in NiO will be reduced.
Since the adsorption of gases (reducing or oxidizing) will change
the amount of holes in the NiO conducting region, the reduction of
the original volume of the conducting region will bring about the
higher sensor response, by increasing the relative change of the
resistance. In addition, when the reducing gas, such as C6 H6 gas,
is introduced, holes will be extracted from NiO surface, elevating
the Fermi level of NiO. Accordingly, the hole energy barrier from
NiO to SnO2 to NiO will be depressed (Fig. 8). This will increase the
hole loss from NiO, presumably contributing to the increase in resistance. Since the adsorption of reducing gas will provide electrons to
NiO, which increase the resistance, further increase of resistance by
the SnO2 /NiO heterojunctions will increase the sensitivity. When
the oxidizing gas, such as NO2 , is introduced, the Fermi level of the
NiO surface will be lowered and thus, the hole energy barrier from
NiO to SnO2 to NiO will be elevated (Fig. 8). Accordingly, the hole
loss from NiO to SnO2 will be depressed, presumably contributing to the decrease in resistance. Since the adsorption of oxidizing
gas will provide holes to NiO, which decrease the resistance, further decrease of resistance by the SnO2 /NiO heterojunctions will
increase the sensitivity. In our previous work, we investigated the
gas sensing mechanisms of n-SnO2 -p-Co3 O4 composite nanoﬁbers
[50]. It is generally accepted that the energy barrier of SnO2 /NiO
heterojunctions is different from that of SnO2 /Co3 O4 heterojunctions (Table S1 in Supplementary information). The amount of
energy barrier in the heterojunctions will affect the sensing behavior. Further investigation will be necessary.
Fig. 7c shows the cross-section view of xSnO2 -(1-x) NiO gas sensors (with a focus on SnO2 because the optimized sensor showed
n-type behavior) in the presence of air, where the electron depletion layer width increased due to the presence of NiO. Fig. 7f also
shows the corresponding potential barrier at heterojunctions. Upon
exposure to NO2 gas, the NO2 captures electrons from p-type NiO
and n-type SnO2 , and the width of the depletion layer is significantly increased and the height of the potential barriers will be

increased too (see Fig. 7d and g). In contrast, upon exposure to C6 H6
gas, the electrons release back to the surfaces of NiO and SnO2 and
the width of the depletion layer is signiﬁcantly decreased and the
height of the potential barriers will be decreased accordingly (see
Fig. 7e and h) [49]. The formation of p-n heterojunctions in the
xSnO2 -(1-x) NiO composite nanoweb sensors greatly modulated
the resistance in air and increased or decreased the resistance in the
presence of NO2 or C6 H6 gases, respectively. According to the deﬁnition of the sensor response (R = Ra /Rg for C6 H6 or Rg /Ra for NO2 in
n-type regions), the enhanced response to the tested gases is mainly
due to the variation of resistance caused by the formation of p-n
heterojunctions. This is shown in Fig. 9, which schematically shows
the relationship between the composition and heterojunctions in
n-type xSnO2 -(1-x) NiO sensors. For the composition with x = 0.9
(Fig. 9a), the number of heterojunctions and potential barriers is
relatively small. The number increased with decreasing x (Fig. 9b).
When x decreases down to 0.5, the number of p-n heterojunctions
and potential barriers becomes largest (Fig. 9c).
Accordingly, the greatest changes in resistance will cause the
greatest observed response for both the oxidative and reductive
gases and thus, the optimized composition is 0.5SnO2 0.5NiO.
In spite of the n-type metal oxides, p-type oxide semiconductors
commonly possess a high oxygen adsorption property. Therefore,
in addition to the existence of the highest amount of n-SnO2 -pNiO heterojunctions in the optimized composition with x = 0.5, the
enhanced sensing performance might be partly attributed to the
highest amount of oxygen adsorption property due to the presence
of large amounts of NiO in the n-type region [51]. It is wellknown that the p-type metal oxide semiconductors chemisorb as
much oxygen as possible to compensate for their deﬁciencies. It
is reported [52] that a fraction of surface cations in ﬁne particle
NiO can be in the oxidation state of 3+. The fact that NiO enhances
the NO2 response of 0.5SnO2 –0.5NiO composite nanoweb sensors
agrees well with the possibility of the Ni2+ ↔ Ni3+ + e− transformation and electron transfer to the oxygens of chemisorbed acceptor
species [52].
Another effective factor in analysis of the gas sensing features
in the xSnO2 -(1-x) NiO composite nanoweb sensors can be related
to interdiffusion of cations. As the optimized sensor showed n-type
behavior, we focused on the diffusion of Ni+2 into the SnO2 lattice.
A small amount of Ni+2 ions may diffuse into the lattice of SnO2
and replace the Sn4+ sites during heat treatment at 600 ◦ C. As a
result of this substitution, the absorbed oxygen species increased.
When Ni+2 ions diffuse into the SnO2 lattice and substitute Sn4+
ions, the mismatch in the ionic radius between Ni2+ (0.69 nm [53])
and Sn4+ (0.83 nm [54]) will result in lattice distortion and defects.
Oxygen vacancies are generated during the release of lattice distortion energy, and this process can be represented by the Kröger-Vink

212

J.-H. Kim et al. / Sensors and Actuators B 258 (2018) 204–214

Fig. 9. The relationship between the composition “x” and number of heterojunctions in the n-type xSnO2 -(1-x) NiO composite heterojunctions (a) x = 0.9, (b) x = 0.7, and (c)
x = 0.5. Corresponding potential barriers for compositions with “x = 0.9”, “x = 0.7”, and “x = 0.5”.

notations. With this assumption and Ni2+ existing in the SnO2 lattice as an acceptor [55]:
SnO

NiO →2 + Ni

sm

+ oxo + Vö +

1
O2
2

(11)

Based on the above equation, the concentration of oxygen
vacancies increases by substitution of Ni+2 ions in Sn+4 . To restore
the stoichiometry of the metal oxides, oxygen vacancies will absorb
atmospheric oxygen:
O2 + 2Vo →2Oxo + 4h.

(12)

It has been reported that target gases can be more easily
adsorbed on the oxygen-vacancy sites relative to the perfect sites
[56]. Thus, the oxygen vacancies can act as electron donors, which
are very helpful for adsorption of gas molecules. In the composition
with x=0.5, the highest amount of Ni+2 ions relative to other ntype compositions exists. Therefore, the probability of diffusion of
Ni+2 into the SnO2 lattice is higher than the other compositions and
therefore, the amount of oxygen vacancies and consequent adsorption of gases is expected to be higher in this composition. Thus, a
larger response can be observed.
According to the above explanations, the highest response
among all compositions, which was the composition with x = 0.5,
can be mainly related to a combination of the following reasons:
(1) the highest amount of p-n junctions, (2) a large amount of NiO
with high oxygen adsorption property, (3) the highest crystallographic defects, (4) possible substitution of Ni+2 in Sn+4 sites and
increased amount of oxygen vacancies. Additionally, it is worthy to
note that although the large surface area provided by the nanowebs
has a great impact in the high response to NO2 gas, we do not consider this feature in our analysis because the surface areas of the
fabricated sensors are theoretically the same.
4. Conclusions
For the ﬁrst time, a series of xSnO2 -(1-x) NiO composite
nanowebs with x = 0.1, 0.3, 0.5, 0.7, and 0.9 were synthesized via
an electrospinning technique and were subsequently crystallized
at 600 ◦ C. FE-SEM studies conﬁrmed the formation of nanowebs,
and the XRD pattern showed the formation of the desired phases

of SnO2 and NiO. All compositions in the xSnO2 -(1-x) NiO system
were exposed to NO2 and C6 H6 gases. Depending on the compositions, they exhibited n-type or p-type behavior. Moreover, the
response strongly depended on the composition of the composite
nanowebs . The best composition for the detection of all gases was
the composite nanoweb sensor with x = 0.5. The high response was
mainly attributed to (i) the presence of the highest number of p-n
junctions, (ii) presence of a large amount of NiO with high oxygen
adsorption capability and (iii) possible substitution of Ni+2 in Sn+4
and (iv) the presence of the highest crystallographic defects. The
present study successfully demonstrated the prominent role of the
optimization of p-n junctions for the enhancement of gas sensing
properties.

Acknowledgments
This research was supported by Basic Science Research Program
through the National Research Foundation of Korea (NRF) funded
by the Ministry of Education (2016R1D1A1B03935228).

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.2017.11.063.

References
[1] A. Mirzaei, S.G. Leonardi, G. Neri, Detection of hazardous volatile organic
compounds (VOCs) by metal oxide nanostructures-based gas sensors: a
review, Ceram. Int. 42 (2016) 15119–15141.
[2] J.-H. Kim, A. Katoch, S.H. Kim, S.S. Kim, Chemiresistive sensing behavior of
SnO2 (n)-Cu2 O (p) core-shell nanowires, ACS Appl. Mater. Interfaces 7 (2015)
15351–15358.
[3] Y.J. Kwon, H.G. Na, S.Y. Kang, M.S. Choi, J.H. Bang, T.W. Kim, A. Mirzaei, H.W.
Kim, Attachment of Co3 O4 layer to SnO2 nanowires for enhanced gas sensing
properties, Sens. Actuators B 239 (2017) 180–192.
[4] J.Y. Park, S.-W. Choi, S.S. Kim, A model for the enhancement of gas sensing
properties in SnO2 -ZnO core-shell nanoﬁbres, J. Phys. D: Appl. Phys. (2011)
205403–205407.
[5] D.R. Miller, S.A. Akbar, P.A. Morris, Nanoscale metal oxide-based
heterojunctions for gas sensing: a review, Sens. Actuators B 204 (2014)
250–272.

J.-H. Kim et al. / Sensors and Actuators B 258 (2018) 204–214
[6] Y. Liu, G.I. Li, R. Mia, C. Deng, P. Gao, An environment-benign method for the
synthesis of p-NiO/n-ZnO heterostructure with excellent performance for gas
sensing and photocatalysis, Sens. Actuators B 191 (2014) 537–544.
[7] A. Katoch, S.-W. Choi, J.-H. Kim, J.-H. Lee, J.-S. Lee, S.S. Kim, Importance of the
nanograin size on the H2 S-sensing properties of ZnO-CuO composite
nanoﬁbers, Sens. Actuators B 214 (2015) 111–116.
[8] S.-W. Choi, J. Zhang, A. Katoch, S.S. Kim, H2 S sensing performance of
electrospun CuO-loaded SnO2 nanoﬁbers, Sens. Actuators B 169 (2012) 54–60.
[9] D. Ju, H. Xu, Q. Xu, H. Gong, Z. Qiu, J. Guo, J. Zhang, B. Cao, High
triethylamine-sensing properties of NiO/SnO2 hollow sphere P-N
heterojunction sensors, Sens. Actuators B 215 (2015) 39–44.
[10] M. Kaur, B. Dadhich, R. Singh, K. Ganpathi, T. Bagwaiya, S. Bhattacharya, A.K.
Debnath, K.P. Muthe, S.C. Gadkari, RF sputtered SnO2 : NiO thin ﬁlms as
sub-ppm H2 S sensor operable at room temperature, Sens. Actuators B 242
(2017) 389–403.
[11] Z. Qu, Y. Fu, B. Yu, P. Deng, L. Xing, X. Xue, High and fast H2 S response of
NiO/ZnO nanowire nanogenerator as a self-powered gas sensor, Sens.
Actuators B 222 (2016) 78–86.
[12] C. Wang, X. Cheng, X. Zhou, P. Sun, X. Hu, K. Shimanoe, G. Lu, N. Yamazoe,
Hierarchical ␣-Fe2 O3 /NiO composites with a hollow structure for a gas
sensor, ACS Appl. Mater. Interfaces 6 (2014) 12031–12037.
[13] M.M. Alaie, M. Jahangiri, A.M. Rashidi, A. HaghighiAsl, N. Izadi, Selective
hydrogen sulﬁde (H2 S) sensors based on molybdenum trioxide (MoO3 )
nanoparticle decorated reduced graphene oxide, Mater. Sci. Semicond.
Process. 38 (2015) 93–100.
[14] 14H.W. Kim, Y.J. Kwon, A. Mirzaei, S.Y. Kang, M.S. Choi, J.H. Bang, S.S. Kim,
Synthesis of zinc oxide semiconductors-graphene nanocomposites by
microwave irradiation for application to gas sensors, Sens. Actuators B 249
(2017) 590–601.
[15] Z.U. Abideen, A. Katoch, J.H. Kim, Y.J. Kwon, H.W. Kim, S.S. Kim, Excellent gas
detection of ZnO nanoﬁbers by loading with reduced graphene oxide
nanosheets, Sens. Actuators B 221 (2015) 1499–1507.
[16] J.H. Lee, A. Katoch, S.W. Choi, J.H. Kim, H.W. Kim, S.S. Kim, Extraordinary
improvement of gas-sensing performances in SnO2 nanoﬁbers due to creation
of local p-n heterojunctions by loading reduced graphene oxide nanosheets,
ACS Appl. Mater. Interfaces 7 (5) (2015) 3101–3109.
[17] Y.J. Kwon, A. Mirzaei, S.Y. Kang, M.S. Choi, J.H. Bang, S.S. Kim, H.W. Kim,
Synthesis: characterization and gas sensing properties of ZnO-decorated
MWCNTs, Appl. Surf. Sci. 413 (2017) 242–252.
[18] J.H. Kim, Y. Zheng, A. Mirzaei, H.W. Kim, S.S. Kim, Synthesis and selective
sensing properties of rGO/Metal-Coloaded SnO2 nanoﬁbers, J. Elect. Mater. 46
(6) (2017) 3531–3541.
[19] N. Kazemi, B. Hashemi, A. Mirzaei, Promotional effect of nitric acid treatment
on CO sensing properties of SnO2 /MWCNT nanocomposites, Process. Appl.
Ceram. 10 (2) (2016) 97–105.
[20] S.-W. Choi, A. Katoch, J. Zhang, S.S. Kim, Electrospun nanoﬁbers of CuO/SnO2
nanocomposite as semiconductor gas sensors for H2 S detection, Sens.
Actuators B 176 (2013) 585–591.
[21] N. Sarier, R. Arat, Y. Menceloglu, E. Onder, E.C. Boz, O. Oguz, Production of PEG
grafted PAN copolymers and their electrospun nanowebs as novel thermal
energy storage materials, Thermochim. Acta 643 (2016) 83–93.
[22] H. Derikvandi, A. Nezamzadeh-Ejhieh, Synergistic effect of p-n heterojunction,
supporting and zeolite nanoparticles in enhanced photocatalytic activity of
NiO and SnO2 , J. Colloid Interface Sci. 490 (2017) 314–327.
[23] L. Liu, S. Li, L. Wang, C. Guo, Q. Dong, W. Li, Enhancement ethanol sensing
properties of NiO–SnO2 nanoﬁbers, J. Am. Ceram. Soc. 94 (2011) 771–775.
[24] L. Liu, Y. Zhang, G. Wang, S. Li, L. Wang, Y. Han, X. Jiang, A. Wei, High toluene
sensing properties of NiO–SnO2 composite nanoﬁber sensors operating at
330 ◦ C, Sens. Actuators B 160 (2011) 448–454.
[25] W. Tang, J. Wang, 1D NiO-SnO2 heterojunction nanoﬁbers as acetone sensor,
KnE Mater. Sci. 1 (2016) 172–176.
[26] H.D. Zhang, X. Yan, Z.H. Zhang, G.F. Yu, W.P. Han, J.C. Zhang, Y.Z. Long,
Electrospun PEDOT:PSS/PVP nanoﬁbers for CO gas sensing with quartz crystal
microbalance technique, Int. J. Polym. Sci. 2016 (2016) 1–6.
[27] J. Fang, Y. Zhu, D. Wu, C. Zhang, S. Xu, D. Xiong, P. Yang, L. Wang, P.K. Chu, Gas
sensing properties of NiO/SnO2 heterojunction thin ﬁlm, Sens. Actuators B
252 (2017) 1163–1168.
[28] C. Wei, B. Bo, F. Tao, Y. Lu, S. Peng, W. Song, Q. Zhou, Hydrothermal synthesis
and structural characterization of NiO/SnO2 composites and hydrogen
sensing properties, J. Spectrosc. 2015 (2015) 6.
[29] G.-J. Sun, J.K. Lee, W.I. Lee, R.P. Dwivedi, C. Lee, T. Ko, Ethanol sensing
properties and dominant sensing mechanism of NiO-decorated SnO2 nanorod
sensors, Electron. Mater. Lett. 13 (2017) 260–269.
[30] C. Wei, S. Wang, J. Li, C. Liao, B. Chen, Q. Zhou, Sensing properties of NiO@SnO2
based sensor to hydrogen extracted from transformer oil, IEEE International
Conference on High Voltage Engineering and Application (ICHVE) (2016) 1–4.
[31] H. Ding, J. Zhu, J. Jiang, R. Ding, Y. Feng, G. Wei, X. Huang, Preparation and
gas-sensing property of ultra-ﬁne NiO/SnO2 nano-particles, RSC Adv. 2 (2012)
10324–10329.
[32] J.Y. Park, S.S. Kim, Growth of nanograins in electrospun ZnO nanoﬁbers, J. Am.
Ceram. Soc. 92 (8) (2009) 1691–1694.
[33] K. Asokan, J.Y. Park, S.W. Choi, S.S. Kim, Nanocomposite ZnO-SnO2 nanoﬁbers
synthesized by electrospinning method, Nanoscale Res. Let. 5 (4) (2010)
747–752.
[34] J.Y. Park, J.J. Kim, S.S. Kim, Electrical transport properties of ZnO nanoﬁbers,
Microelect. Eng. 101 (2013) 8–11.

213

[35] S.W. Choi, J.Y. Park, S.S. Kim, Growth behavior and sensing properties of
nanograins in CuO nanoﬁbers, Chem. Eng. J. 172 (1) (2011) 550–556.
[36] J.Y. Park, S.W. Choi, S.H. Jung, S.S. Kim, Synthesis of NiO nanoﬁbers and their
gas sensing properties, J. Nanosci. Nanotech. 12 (2) (2012) 1288–1291.
[37] S.-W. Choi, A. Katoch, G.-J. Sun, S.S. Kim, Synthesis and gas sensing
performance of ZnO-SnO2 nanoﬁber-nanowire stem-branch heterostructure,
Sen. Actuators B 181 (2013) 787–794.
[38] W. Zhang, M. Hu, X. Liu, Y. Wei, N. Li, Y. Qin, Synthesis of the cactus-like
silicon nanowires/tungsten oxide nanowires composite for
room-temperature NO2 gas sensor, J. Alloys Compd. 679 (2016) 391–399.
[39] M. Ghasdi, H. Alamdari, CO sensitive nanocrystalline LaCoO3 perovskite sensor
prepared by high energy ball milling, Sens. Actuators B 148 (2010) 478–485.
[40] G.-J. Sun, H. Kheel, S. Park, S. Lee, S.E. Park, C. Lee, Synthesis of TiO2 nanorods
decorated with NiO nanoparticles and their acetone sensing properties,
Ceram. Int. 42 (2016) 1063–1069.
[41] O.K. Tan, W. Zhu, Q. Yan, L.B. Kong, Size effect and gas sensing characteristics
of nanocrystalline xSnO2-(1-x)(-Fe2O3 ethanol sensors, Sens. Actuators B 65
(2000) 361–365.
[42] H.J. Kim, J.H. Lee, Highly sensitive and selective gas sensors using p-type oxide
semiconductors: overview, Sens. Actuators B 192 (2014) 607–627.
[43] J.H. Kim, Z.U. Abideen, Y. Zheng, S.S. Kim, Improvement of toluene-sensing
performance of SnO2 nanoﬁbers by Pt functionalization, Sensors 16 (11)
(2016) 1857.
[44] A. Katoch, J.H. Byun, S.W. Choi, S.S. Kim, One-pot synthesis of Au-loaded SnO2
nanoﬁbers and their gas sensing properties, Sens. Actuators B 202 (2014)
38–45.
[45] A. Katoch, S.W. Choi, G.J. Sun, S.S. Kim, An approach to detecting a reducing
gas by radial modulation of electron-depleted shells in core-shell nanoﬁbers,
J. Mater. Chem. A 1 (43) (2013) 13588–13596.
[46] N. Barsan, U. Weimar, Conduction model of metal oxide gas sensors, J.
Electroceram. 7 (2001) 143–167.
[47] N.D. Hoa, S.A. El-Safty, Synthesis of mesoporous NiO nanosheets for the
detection of toxic NO2 gas, Chem.–Eur. J. 17 (2011) 12896–12901.
[48] S.-W. Choi, A. Katoch, G.-J. Sun, P. Wu, S.S. Kim, NO2 -sensing performance of
SnO2 microrods by functionalization of Ag nanoparticles, J. Mater. Chem. C 1
(2013) 2834–2841.
[49] Y. Wang, H. Zhang, X. Sun, Electrospun nanowebs of NiO/SnO2 p-n
heterojunctions for enhanced gas sensing, Appl. Surf. Sci. 389 (2016) 514–520.
[50] J.-H. Kim, J.-H. Lee, A. Mirzaei, H.W. Kim, S.S. Kim, Optimization and gas
sensing mechanism of n-SnO2 -p-Co3 O4 composite nanoﬁbers, Sens. Actuators
B 248 (2017) 500–511.
[51] J. Park, E. Kang, S.U. Son, H.M. Park, M.K. Lee, J. Kim, K.W. Kim, H.J. Noh, J.H.
Park, C.J. Bae, J.G. Park, Monodisperse nanoparticles of Ni and NiO: synthesis,
characterization, self-assembled superlattices, and catalytic applications in
the suzuki coupling reaction, Adv. Mater. 17 (2005) 429–434.
[52] S.M. Badalyana, M.N. Rumyantseva, S.A. Nikolaev, A.V. Marikutsa, V.V.
Smirnov, S. Alikhanian, A.M. Gaskov, Effect of Au and NiO catalysts on the NO2
sensing properties of nanocrystalline SnO2 , Inorg. Mater. 46 (2010) 232–236.
[53] H.J. Kim, K.I. Choi, K.M. Kim, C.W. Na, J.H. Lee, Highly sensitive C2 H5 OH
sensors using Fe-doped NiO hollow spheres, Sens. Actuators B 171–172
(2012) 1029–1037.
[54] X. Kou, C. Wang, M. Ding, C. Feng, X. Li, M. Jian, H. Zhang, Y. Sun, G. Lu,
Synthesis of Co-doped SnO2 nanoﬁbers and their enhanced gas-sensing
properties, Sens. Actuators B 236 (2016) 425–432.
[55] P. Mohanapriya, H. Segawa, K. Watanabe, K. Watanabe, S. Samitsu, T.S.
Natarajan, N. Victorjaya, N. Ohashi, Enhanced ethanol-gas sensing
performance of Ce-doped SnO2 hollow nanoﬁbers prepared by
electrospinning, Sens. Actuators B 188 (2013) 872–878.
[56] W. An, X. Wu, X.C. Zeng, Adsorption of O2 , H2 , CO,NH3 , and NO2 on ZnO
nanotube: a density functional theory study, J. Phys. Chem. C 112 (2008)
5747–5755.

Biographies
Jae-Hun Kim received his B.S. degree from Gyeongsang National University, Republic of Korea in 2013. In February 2015, he received M.S. degree from Inha University,
Republic of Korea. He is now working as a Ph.D. candidate at Inha University, Republic of Korea. He has been working on oxide nanowire gas sensors.
Jae-Hyoung Lee received his B.S. and M.S. degrees from Inha University, Republic of
Korea in 2014 and 2016, respectively. He is currently working as a Ph. D. candidate
at Inha University, Republic of Korea. He has been working on gas sensors.
Ali Mirzaei received his Ph.D. degree in Materials Science and Engineering from
Shiraz University in 2016. He was visiting student at Messina University, Italy in
2015. Since 2016 he is postdoctoral fellow at Hanyang University in Seoul. He is
interested in the synthesis and characterization of nanocomposites for gas sensing
applications.
Hyoun Woo Kim joined the Division of Materials Science and Engineering at
Hanyang University as a full professor in 2011. He received his B.S. and M. S.
degreesfrom Seoul National University and his Ph.D. degree from Massachusetts
Instituteof Technology (MIT) in electronic materials in 1986, 1988, and 1994, respectively.He was a senior researcher in the Samsung Electronics Co., Ltd. from 1994 to
2000.He has been a professor of materials science and engineering at Inha Universi-

214

J.-H. Kim et al. / Sensors and Actuators B 258 (2018) 204–214

tyfrom 2000 to 2010. He was a visiting professor at the Department of Chemistryof
the Michigan State University, in 2009. His research interests include the onedimensional nanostructures, nanosheets, and gas sensors.
Sang Sub Kim joined the Department of Materials Science and Engineering, Inha
University, in 2007 as a full professor. He received his B.S. degree from Seoul National
University and his M.S and Ph.D. degrees from Pohang University of Science and
Technology (POSTECH) in Material Science and Engineering in 1987, 1990, and 1994,
respectively. He was a visiting researcher at the National Research in Inorganic Mate-

rials (currently NIMS), Japan for 2 years each in 1995 and in 2000. In 2006, he was
a visiting professor at Department of Chemistry, University of Alberta, Canada. In
2010, he also served as a cooperative professor at Nagaoka University of Technology,
Japan. His research interests include the synthesis and applications of nanomaterials
such as nanowires and nanoﬁbers, functional thin ﬁlms, and surface and interfacial
characterizations.

