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ABSTRACT: SnO2−ZnO composite nanofibers fabricated using an electrospinning method exhibited exceptional hydrogen
(H2) sensing behavior. The existence of tetragonal SnO2 and hexagonal ZnO nanograins was confirmed by an analysis of the
crystalline phase of the composite nanofibers. A bifunctional sensing mechanism of the composite nanofibers was proposed in
which the combined effects of SnO2−SnO2 homointerfaces and ZnO−SnO2 heterointerfaces contributed to an improvement in
the H2 sensing characteristics. The sensing process with respect to SnO2−ZnO heterojunctions is associated not only with the
high barrier at the junctions, but also the semiconductor-to-metallic transition on the surface of the ZnO nanograins upon the
introduction of H2 gas.

KEYWORDS: composite nanofibers, SnO2, ZnO, sensors, hydrogen

1. INTRODUCTION

In recent years, metal oxide nanofibers have attracted
considerable interest for gas sensing applications because of
their ease of fabrication, low processing cost, and, particularly,
the presence of nanosized grains. The higher sensitivity with
regard to the chemical sensors has been attributed to the
behavior of grain boundaries formed at the interfaces of the
nanograins, which exhibit a large change in resistance during
adsorption and desorption of gas molecules.1,2 Recent
investigations have suggested that the microstructure of
nanomaterials has a significant influence on gas sensing
performance. Recently, the current authors reported that a
ZnO fibrous structure was more favorable for detecting H2 gas,
in terms of employing the interesting hydrogen-induced
metallization phenomenon in ZnO nanofibers, than were single
crystalline nanowires.3 The sensitivity to H2 is enhanced by the
formation of a large number of homojunctions among ZnO
nanograins, exhibiting the semiconductor-to-metal conversion
of their surfaces in the presence of H2 molecules.3,4

This paper suggests that effective use of the above-mentioned
metallization phenomenon toward the realization of high-
performance H2 sensors is reinforced by heterojunctions
consisting of ZnO and another material. In particular,

significant resistance modulation at the heterojunction provides
a greater response during adsorption and desorption of H2 gas
molecules compared to that of their homojunction counter-
part.5 To date, several studies have observed enhanced sensor
response from heterostructures, primarily due to the synergic
effects of the two materials forming the heterojunctions.6,7 After
the selection of the most appropriate sensor material suitable
for forming a heterojunction with ZnO, a sufficiently large
difference in resistance is observed in the absence of H2 gas in
conjunction with an extremely low resistance upon exposure to
H2 gas.
Several metal oxide semiconductors, such as SnO2, TiO2,

In2O3, and WO3, have potential as H2 sensors. Among them,
SnO2 was chosen in this study for the following reasons. SnO2
has a large bandgap of 3.56 eV at 300 K and a high carrier
concentration of up to 5.70 × 1020 cm−3,8 making it an
excellent candidate for gas sensors. Furthermore, SnO2 has
been the dominant choice for domestic, commercial, and
industrial settings due to the low operating temperatures.9
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Despite its excellent sensor response, the most serious
disadvantage of the SnO2 sensor is its poor selectivity.10

Accordingly, the present study attempted to circumvent this
limitation by providing many ZnO-based heterostructures.
In this study, H2 sensing behavior was significantly enhanced

through the use of SnO2−ZnO heterostructures. Thus far,
SnO2−ZnO heterostructures have been used widely to detect
various types of reducing and oxidizing gases.7,11 The
heterostructure was fabricated as one-dimensional nanofibers
composed of nanosized ZnO and SnO2 grains. First, the
adsorbed hydrogen generates a metallic thin layer on the
boundaries of the ZnO nanograins, drastically enhancing the
sensitivity and selectivity to H2 gas due to the SnO2−ZnO
heterointerfaces. Second, the SnO2 nanograins contribute to
the sensing behavior through the formation of SnO2−SnO2
homointerfaces and SnO2−ZnO heterointerfaces. Overall, this
paper reports a bifunctional mechanism of H2 sensing in regard
to SnO2−ZnO composite nanofibers.

2. EXPERIMENTAL DETAILS
2.1. Materials. Tin(II) chloride dihydrate (SnCl2·2H2O, Sigma-

Aldrich Corp.), zinc acetate (Zn(OAc)2, Sigma-Aldrich Corp.),
polyvinylpyrrolidone (PVP, Mw = 1 300 000, Sigma-Aldrich Corp.),
poly(vinyl alcohol) (PVA, Mw = 80 000, Sigma-Aldrich Corp.), ethanol
(anhydrous, 99.5%, Sigma-Aldrich Corp.), dimethylformamide (DMF,
anhydrous, 99.8%, Sigma-Aldrich Corp.), and deionized water were
used as the precursor materials.
2.2. Synthesis of SnO2−ZnO Composite Nanofibers. The

composition of the prepared electrospinning solution was xZnO−(1 −
x)SnO2 (x = 0.01−0.50). In a typical process, 1.4 g of SnCl2·2H2O and
0.35 g of Zn(OAc)2 were dissolved in a mixed solvent consisting of
DMF and ethanol at a 1:1 ratio with constant stirring for 1 h.
Subsequently, 8 wt % of PVP was added to the Sn−Zn precursor
solution and was stirred for 10 h. The prepared viscous solution was
loaded into a syringe equipped with a 21-gauge stainless steel needle
(inner diameter = 0.51 mm). The distance between the tip of the
needle (15 kV) and the grounded collector was set to 20 cm. The
solution was fed at 0.05 mL/h using an accurate syringe pump at room
temperature in air. The as-spun nanofibers were produced on a SiO2
layer-coated Si wafer placed on the collector region. The as-spun
nanofibers were then calcined at 700 °C in air for 0.5 h at a heating
rate of 0.5 °C/min. We obtained highly crystalline SnO2 and ZnO
phases in composite nanofibers through calcination at 700 °C. Further,
at this same temperature, complete removal of PVP and PVA polymer
was observed. In addition, SnO2 and ZnO nanofibers were also
synthesized individually via the same electrospinning process using
PVP and PVA polymers. The detailed procedure for the synthesis of
SnO2 and ZnO nanofibers is reported elsewhere.12,13 Both the SnO2
and ZnO nanofibers were calcined under the same conditions used for
the SnO2−ZnO composite nanofibers.
2.3. Microstructural Analysis and Sensing Measurements.

The samples were analyzed by field-emission scanning electron
microscopy (FE-SEM, Hitachi S-4200), transmission electron
microscopy (TEM, Philips CM-200) equipped with an energy-
dispersive X-ray spectrometer (EDX), and X-ray diffraction (XRD,
Philips X’pert MRD diffractometer). Furthermore, as electrodes for
the sensing measurements, Au (thickness ∼200 nm) and Ti (thickness
∼50 nm) layers were sequentially sputter-deposited on the specimens
using an interdigitated electrode mask similar to those reported
previously.14−16 The fabrication of sensor device is illustrated in Figure
S1, Supporting Information. The response of the composite nanofiber
sensors to H2 was measured using a custom-made gas dilution and
sensing system. In a typical experiment, a known amount of highly
purified H2 (>99.999%) was introduced into the sensing chamber. The
H2 concentrations, which were obtained using N2 gas as a diluting
agent, were in the range 0.1−10 ppm. Dynamic resistance curves and
corresponding sensor responses of the 0.90SnO2−0.10ZnO nanofiber

sensor were measured at different temperatures, as shown in Figure S2,
Supporting Information. The sensor was most sensitive at 300 °C;
accordingly, the operating temperature was optimized to 300 °C. The
total gas flow rate was set to 500 sccm. Sensor response was used to
evaluate the sensing capability, which is defined as Ra/Rg, where Ra is
the initial resistance of the sensor (absence of H2 gas), and Rg is the
resistance of the sensor in the presence of H2 gas. The response and
recovery times were defined as the time taken for the resistance to
change by 90% upon the introduction and removal of H2 gas,
respectively.17

3. RESULTS AND DISCUSSION
The microstructures of the SnO2−ZnO composite nanofibers
were observed using FE-SEM (Figure 1a−h). The insets show

the low-magnification images, illustrating that the nanofibers
were distributed randomly and uniformly over the substrate.
Figure 1g summarizes the mean grain sizes of the SnO2−ZnO
composite nanofibers compared to those of the SnO2
nanofibers. Here, the mean grain size refers to the average of
the composite nanofibers measured by SEM; thus, it is the
average size of all grains in the nanofibers, in which SnO2 and
ZnO grains cannot be distinguished from each other. The mean
size of the nanograins in the SnO2−ZnO composite nanofibers
was significantly reduced by increasing the ZnO molar ratio
from 0.01 to 0.1; however, further increases in the molar ratio

Figure 1. FE-SEM images of the (1 − x)SnO2−xZnO composite
nanofibers with different ZnO contents: x = (a) 0.01, (b) 0.03, (c)
0.05, (d) 0.10, (e) 0.30, and (f) 0.50. (g) Grain size of the different
nanofibers analyzed in this study.
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from 0.30 to 0.50 increased the grain size. This suggests that
the addition of ZnO affects the growth of the nanograins,
leading to the observed decrease in grain size compared to the
pure SnO2 nanofibers. On the other hand, the diameter of the
composite nanofiber was not significantly affected by the
addition of ZnO to SnO2. The mean diameter of electrospun-
synthesized nanofibers was estimated to be approximately 90
nm, irrespective of the ZnO content.
The microstructure of SnO2−ZnO composite nanofibers was

investigated further using TEM (Figure 2). The low-

magnification TEM image in Figure 2a clearly shows the
presence of smaller-sized nanograins in a single nanofiber; a
typical nanofiber was selected from the sample shown in the
upper-right inset of Figure 2a. This is in good agreement with
the FE-SEM image shown in Figure 1d. The high-magnification
TEM image of the composite nanofiber shown in Figure 2b
reveals the coexistence of ZnO and SnO2 nanocrystals. The
interplanar distance of 0.24 nm, as determined from the high-
magnification TEM image, corresponds to the (101) plane of
hexagonal ZnO. In addition, the lattice spacings of 0.26 and
0.34 nm correspond to the (101) and (110) planes of
tetragonal SnO2, respectively. The selected area diffraction
pattern of the composite nanofibers, shown as an inset in the
figure, clearly reveals the polycrystalline nature of the
nanograins. The heterojunctions are formed at the interface
between the SnO2 and ZnO nanograins in the composite
nanofibers. EDX element mapping (Figure 2c) confirmed the
presence of Zn, Sn, and O in the composite nanofibers.
Furthermore, the crystalline phase of the SnO2−ZnO

composite nanofibers was examined using XRD (Figure 3). A
set of peaks matching the tetragonal rutile structure of SnO2
were observed (JCPDS Card No. 88-0287). The XRD pattern

of the SnO2−ZnO composite nanofibers exhibited additional
peaks related to the hexagonal structure of ZnO (JCPDS Card
No. 88-0511). The existence of a ZnO phase confirms the
presence of ZnO nanograins in the composite nanofibers. On
the other hand, the intensity of the ZnO peaks was relatively
low, indicating a relatively small amount of ZnO structure in
the composite nanofibers. Further detailed analysis is shown in
Figure S3 and Text S1, Supporting Information.
The sensing capabilities of the composite nanofibers were

tested. Figure S4, Supporting Information, presents the
dynamic resistance curves of the sensors at 300 °C. The H2
gas concentrations were set to 0.1, 1, 5, and 10 ppm. The ZnO
molar ratios were set to 0.01, 0.03, 0.05, 0.10, 0.30, and 0.50.
The resistance decreased or increased with the introduction or
removal of H2, respectively. The SnO2−ZnO composite
nanofiber sensor showed significantly better H2-sensing
behavior than that of the pure SnO2 nanofibers, which could
be attributed to the special interplay between ZnO and SnO2.
Figure 4a,b presents the responses of all SnO2−ZnO composite
nanofiber sensors. The corresponding response and recovery
times are summarized in Table S1, Supporting Information,
revealing no significant changes in these times with varying gas
concentrations.
According to a previous study,3 ZnO nanofibers are more

sensitive to H2 than are SnO2 nanofibers. The dynamic
resistance curves and sensor responses of the composite
nanofibers were compared of those of pure SnO2 and ZnO
nanofibers (Figure 4c,d). For example, at 10 ppm, the sensor
responses of pure ZnO nanofibers, pure SnO2 nanofibers, and
0.90SnO2−0.10ZnO composite nanofibers were 63.8, 4.2, and
168.6, respectively. At H2 concentrations in the range 0.1−10
ppm, the pure SnO2 nanofibers exhibited the lowest sensitivity,
whereas the 0.90SnO2−0.10ZnO composite nanofiber sensor
exhibited the highest response among all the sensors; however,
a further increase in the ZnO molar ratio to 0.30 and 0.50
gradually decreased the response. Figure 4e shows the
responses of the SnO2−ZnO composite nanofiber sensors to
0.1 ppm of H2 according to the ZnO molar ratio.
The sensing response was significantly improved by the

addition of ZnO nanograins to the SnO2 nanofibers. The
composite nanofiber sensors with a ZnO molar ratio of 0.10
showed the highest response, indicating that the ZnO content

Figure 2. (a) TEM image of a single 0.9SnO2−0.1ZnO nanofiber
(inset: low-magnification TEM image). (b) Corresponding high-
resolution TEM image. The inset shows a representative SAED
pattern. (c) EDS spectrum of the 0.9SnO2−0.1ZnO nanofiber.

Figure 3. XRD patterns of SnO2−ZnO composite nanofibers with
different ZnO molar ratios.
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should be optimized to obtain the best H2-sensing properties in
SnO2−ZnO composite nanofiber sensors. Furthermore, the
sensitivity of the composite sensor to H2 was compared with
those of the other gases, including CO, benzene, and toluene,
all at concentrations of 10 ppm. Figure 5a shows the
corresponding normalized resistance curves. As is evident, the
SnO2−ZnO composite nanofibers showed the strongest
response to H2 compared to its response to other gases. Figure

5b shows the corresponding bar graph comparing the sensor
responses of the composite nanofibers to the four gases.
A bifunctional sensing mechanism is proposed to explain the

improved sensing behavior of SnO2−ZnO composite nano-
fibers to H2 gas. The bifunctional sensing mechanism included
the following: (1) reducing the gas effect between the
neighboring SnO2 nanograins and (2) a metallization effect
between the ZnO and SnO2 nanograins. The first mechanism
(m1) corresponds to a grain-boundary-dependent phenomenon
exhibited by SnO2 homojunctions, as shown in Figure 6a. Being
similar to the pure SnO2 nanofibers, many SnO2 homojunctions
exist between two adjacent nanograins in the composite
nanofibers. In air, oxygen molecules diffuse through the
nanograins and completely cover the grain boundaries. The
oxygen molecules adsorbed on the surfaces of the SnO2
nanograins extract electrons from the nanograins and form
potential barriers between the adjacent nanograins, which
restrict the flow of electrons through the nanograins. During H2
exposure, the H2 molecules interact with chemisorbed oxygen
species and release electrons with the concomitant generation
of H2O. The electrons released back to the SnO2 nanograins
reduce the height of the potential barrier established at the
grain boundary, resulting in resistance modulation at the
SnO2−SnO2 homojunctions.
On the other hand, in the case of SnO2−ZnO composite

nanofibers, some potential barriers are generated between the
neighboring SnO2 and ZnO nanograins. Note that the addition
of ZnO to SnO2 nanofibers reduced the grain size (Figure 1).
These smaller nanograins also contribute to sensor enhance-
ment because the area of the grain boundaries is increased. The
grain size of the pure nanofibers is decreased by approximately
55% upon the addition of ZnO in order to prepare the
0.90SnO2−0.10ZnO composite nanofiber. On the other hand,
at 10 ppm, the corresponding sensor response was increased
from 4.2 to 168. Accordingly, the decrease in grain size cannot
account for the drastic sensor enhancement observed in the
present work. The second mechanism (m2) of the ZnO−SnO2
heterojunctions contributes to the enhanced sensor response
(Figure 6b). Figure S5, Supporting Information, shows the
energy band diagram of the heterojunction formed at the
boundaries between the SnO2 and ZnO nanograins.18 When an
n-SnO2 nanograin comes into contact with an n-ZnO
nanograin, the difference in electron workfunction results in
the unidirectional flow of electrons, ultimately equating the
Fermi levels of the two materials. This results in bending of the
energy band and vacuum energy level at the ZnO/SnO2
interfaces. The heterojunction enhances the sensing abilities
by promoting the modulation of resistance (or electron
concentration).7,12,15,16,19 Several researchers have fabricated a
range of sensors based on ZnO−SnO2 composites. For
example, sensors composed of ZnO nanorods modified with
SnO2 nanoparticles

20 and SnO2−ZnO hybrid nanofibers11 were
shown to exhibit a strong response to NO2 gas. This was
explained on the basis of charge transfer at the ZnO/SnO2
interfaces.11,20 Similarly, the sensors fabricated with mesopo-
rous ZnO−SnO2 nanofibers were found to be sensitive to
ethanol gas.7 This was explained by considering the surface
depletion effect at the heterointerface.7 Moreover, the sensing
characteristics also depend on the nature of the chemical
species and their interactions with oxide materials. For example,
it was reported that the mechanism underlying the sensing
characteristics of SnO2−ZnO composites to ethanol gas is
closely related to the decomposition and oxidation of ethanol

Figure 4. (a, b) Summary of the sensor responses of SnO2−ZnO
composite nanofibers. (c) Dynamic resistance curves of pure ZnO,
pure SnO2, and SnO2−ZnO composite nanofibers for 0.1−10 ppm of
H2. (d) Variations of the sensor responses of the pure ZnO, pure
SnO2, and SnO2−ZnO composite nanofibers with varying H2
concentrations. (e) Sensor responses of the SnO2−ZnO composite
nanofibers to 0.1 ppm of H2 according to the ZnO content.

Figure 5. (a) Normalized dynamic resistance curves and (b) responses
of the 0.9SnO2−0.1ZnO nanofibers to 10 ppm of various reducing
gases at 300 °C.
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with the acid−base catalytic properties of SnO2 and ZnO.21,22

Ethanol undergoes different reactions depending on the
material properties of the surface (i.e., ZnO or SnO2).
The second mechanism (m2) proposed in this study mainly

involves the additional modulation of resistance between the
neighboring ZnO and SnO2 nanograins, resulting from the
surface metallization of ZnO grains in the presence of H2
(Figure 6b). According to previous experimental and
theoretical studies, metallization of the ZnO surface occurs by
the adsorption of hydrogen atoms on the O sites of the
nonpolar surfaces of ZnO.23,24 Recently, the surface metal-
lization of ZnO nanofibers in the presence of H2 molecules was
examined using XPS,3 which can be applied to the present case
of composite nanofibers. According to XPS, the inferred spin−
orbit splitting for Zn2+ = 23.0 eV changed to Zn0 = 23.1 eV. In
addition, the Zn 2p features shifted to a lower binding energy
upon exposure to H2, confirming the metallization of the ZnO
surface.25−30 The reason for the metallization of the ZnO
surface can be understood in terms of the interaction of H2 with
the lattice oxygen of ZnO. Strong hybridization occurs between
the s-orbitals of H and the p-orbitals of O, where the O-p
energy states located at the Fermi level shifted to a lower
energy. Because of the strong hybridization between the H-s
and O-p orbitals, charge delocalization occurs between Zn and
the O−H bond and partially occupies the 4s and 3d states of

the surface Zn atoms.25 This charge delocalization metallizes
the surface Zn atoms, where the 4s and 3d states of Zn
contribute to the electrical conduction.
Accordingly, upon exposure to H2 gas, a semiconductor-to-

metallic transformation of the ZnO surface occurs. The
heterojunction between ZnO and SnO2 is destroyed because
of the semiconductor (ZnO)-to-metallic (Zn) transition of the
ZnO surface and the accelerated electron transport from the
metallic Zn (φ (Zn) = 4.3 eV) surface to SnO2. This reduces the
overall resistance of the sensor. When H2 gas is removed and
air is supplied, the metal Zn recovers to ZnO, thereby re-
establishing the original band configuration. This semi-
conductor-to-metallic surface transition in ZnO significantly
increases the modulation of resistance.
The highest response was obtained from composite nano-

fibers with the molar ratio of Sn to Zn at 9:1. The additional
modulation of resistance in composite nanofibers results from
the transition of semiconductor (SnO2)−semiconductor
(ZnO) heterojunction to semiconductor (SnO2)−metal (Zn)
in the presence of H2. When the content of ZnO exceeds the
critical amount, some ZnO nanograins will be in contact, in
which electrons will pass through metallic−metallic (Zn)
contact formed between boundaries of two adjacent ZnO
grains, lowering the modulation of resistance. On the other
hand, when the ZnO content is lower than its critical amount,

Figure 6. Schematic diagram of the proposed bifunctional sensing mechanism, explaining the enhanced sensitivity of the SnO2−ZnO composite
nanofibers to H2. (a) Mechanism (m1): reducing gas effect at SnO2−SnO2 homointerfaces. (b) Mechanism (m2): metallization effect at SnO2−ZnO
heterointerfaces.
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the number of SnO2−ZnO heterojunction will be insufficient.
Subsequently, the metallization effect will be decreased.
To date, a variety of SnO2−ZnO composite materials have

been developed to detect various gases (Table 131−44).
Although several researchers have reported a very high
response at a gas concentration higher than 100 ppm, it is
not common to fabricate sensors operating at a low
concentration of 10 ppm or below. For NO2 gas, the sensors
fabricated from SnO2−ZnO composite nanofibers,33 SnO2−
ZnO core−shell nanofibers,32 and ZnO-SnO2 core−shell
nanowires34 exhibited sensor responses of 105 (4 ppm), 1.4
(5 ppm), and 66.3 (10 ppm), respectively. Recently, Tang et al.
obtained a methanol gas sensor response of 8.7 at 10 ppm using
the hollow hierarchical SnO2−ZnO composite nanofibers.40

Furthermore, a few studies have reported H2 sensor behavior of
SnO2−ZnO composite materials. The SnO2-coated ZnO
nanorods exhibited a sensor response of 1.7 at 500 ppm,42

whereas the ZnO-coated SnO2 nanorods exhibited a sensor
response of 18.4 at 100 ppm.43 Mondal et al. obtained a H2 gas
sensor response of 1.9 at 10 000 ppm using ZnO−SnO2
composite films.44 Although Zn nanopillars exhibited a high
sensor response of 70 at a H2 concentration of 2500 ppm,45

most ZnO nanostructures showed sensor responses lower than
10 (Table 1 in ref 3). In comparison, ZnO nanofibers exhibited
a much larger response of 109.1 at a low concentration of 10
ppm.3 Thus, the large number of homojunctions between
nanograins in the nanofiber structure will contribute to the
significant enhancement in sensor behavior. On the other hand,
pure SnO2 nanofibers showed no noticeable H2 sensitivity at 10
ppm.3 The SnO2 nanoparticle-based thin films exhibited a very
high sensor response (∼660) at 800 ppm of H2.

46 However,
there have been few reports on SnO2-based H2 sensors with a
high sensitivity at low concentration. Accordingly, the response
of 168.6 for 10 ppm of H2 gas obtained by the present work is
superior to previous ones by the SnO2−ZnO composite
materials, paving the way to the development of low-
concentration gas sensors.

4. CONCLUSIONS

SnO2−ZnO composite nanofibers were fabricated using an
electrospinning technique, and their sensing capabilities for H2

gas were investigated. XRD and TEM showed that the
composite nanofibers consisted of tetragonal SnO2 and
hexagonal ZnO nanograins. The composite nanofiber sensor
showed better sensing selectivity to H2 gas than did their pure
components. This paper proposed that the bifunctional sensing
mechanism of the composite nanofibers is responsible for the
improved sensor response to H2, in which the reducing gas
effect between the SnO2 nanograins and the metallization effect
between the ZnO and SnO2 nanograins play an important role
in enhancing the H2-sensing behavior.
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