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a b s t r a c t
Complex metal oxides such as functionalized branched nanowires (NWs) are a new category of nanocomposites with unique properties for gas sensing applications. In the present work, we studied the gas
sensing properties of Cr2 O3 -functionalized ZnO-branched SnO2 NWs, inspired by their high surface area
and numerous resistive points. These NWs were studied and compared with pristine SnO2 NWs and
ZnO-branched SnO2 NWs. To prepare the functionalized NWs, ZnO-branched SnO2 NWs were sputtercoated with a Cr layer and then annealed at 500 ◦ C to produce isolated Cr2 O3 NPs on the ZnO branches.
Results of X-ray diffraction, scanning electron microscopy, and lattice-resolved transmission electron
microscopy collectively showed that Cr2 O3 -functionalized ZnO-branched SnO2 NWs were successfully
formed. Cr2 O3 functionalization was found to greatly improve the sensors’ response to NO2 gas. Furthermore, the sensors’ good selectivity was demonstrated by testing them in the presence of various
interfering gases. The underlying gas sensing mechanisms are discussed herein in detail. We believe that
the Cr2 O3 -functionalized ZnO-branched SnO2 NWs reported herein are promising sensors for the highly
sensitive and selective detection of NO2 gas.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Fabrication of gas sensors with excellent sensitivity and selectivity for the detection of toxic gases is essential for minimizing
pollution in modern industrialized society [1]. For example, even
trace levels of NO2 are sufﬁcient to damage the human respiratory
system and lung tissues; its threshold limit value (TLV) is set to
5 ppm. Thus, there is a need for detectors capable of early, reliable, and selective detection of NO2 . Until now, various sensors
have been developed to detect NO2 gas, including electrochemical [2], optical [3], surface acoustic wave [4] and chemiresistive
types [5]. Among these, chemiresistors based on semiconducting
metal oxides are the most promising due to their many par-
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ticular advantages including high sensitivity, small dimensions,
ease of use, portability, simple design, online operation, rapid
response time, stable repeatability, and low cost [6]. SnO2 and
ZnO are the metal oxides most commonly used for gas sensors,
and easily react with different gases simultaneously [7]. Therefore, poor selectivity is the main drawback of these materials [8].
The main approaches used to increase the selectivity of these
metal oxides are surface functionalization with noble metals [9],
doping [10], formation of 1D n-p composites [8], heterojunction
formation [11], and UV excitation [12]. The 1D n-p composite
nanostructures show better response to individual counterparts
because downscaling leads to increased surface-to-volume ratios,
a larger proportion of near-surface regions with high chemiresistive variations, richer surface active sites, and stronger adsorption
of target gas molecules, thereby enhancing sensing performance
[13]. Therefore, in recent years many researchers have used 1D
SnO2 or ZnO/p-type metal oxides to enhance gas sensing properties. For example, core–shell nanostructures such as p-CuO/n-ZnO
core–shell NWs [14], p-Cr2 O3 /n-ZnO nanorods [15], and p-CuO/nSnO2 core–shell NWs [16,17] have been used to improve sensing.
The extension of the electron depletion layer in n-type oxide NWs
beneath p-type nanoclusters due to the formation of a nanoscale
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p-n junction has been suggested to explain the high gas response
of oxide NWs [18]. Moreover, it has been proved that the catalytic
activity of p-type nanoclusters promotes the selective detection of
target gas. However, 1D heteronanostructures between n- and ptype oxide semiconductors are still in a nascent stage and require
more investigation.
Recently, gas sensors based on p-type semiconductors have
been extensively studied. Among p-type metal oxides such as NiO
[19], Cr2 O3 [20], Co3 O4 [21], and CuO [22], Cr2 O3 is a notably
promising one owing to its corundum structure, good catalytic
activity toward various gases [23–25], and high oxygen adsorption
capability [26], and thus its use in gas sensing is growing [27,28]. We
expected that Cr2 O3 NPs would further enhance the sensing properties of branched gas semiconducting metal oxides. Accordingly, in
the present work we report for the ﬁrst time the synthesis of Cr2 O3 functionalized ZnO-branched SnO2 NWs for NO2 detection. SnO2
NWs were grown on SiO2 , and ZnO branches were then formed on
the SnO2 NWs. Herein these NW materials are fully characterized
by means of XRD, SEM, and TEM analyses, and their gas sensing
characteristics are studied. Details of the sensing mechanism are
also suggested.

2. Experimental
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(NPs). As a result, ZnO branches grew catalytically on the core SnO2
NWs.
To functionalize the branched NWs with Cr2 O3 , they were
coated with Cr at room temperature using a turbo sputter coater
equipped with a Cr target (Emitech K575X, Emitech Ltd., Ashford,
Kent, UK). In this Ar plasma sputtering process, the deposition time
and DC sputter current were ﬁxed at 120 s, and 10 mA, respectively.
The thickness of the deposited layer was 6 nm. The samples were
then annealed for 1 h at 500 ◦ C to produce Cr2 O3 NPs on the ZnObranched SnO2 NWs. Fig. 1 schematically illustrates the synthesis
steps used to prepare the Cr2 O3 -functionalized ZnO-branched SnO2
NWs.

2.2. Characterization
Morphological studies were conducted by means of scanning electron microscopy (SEM) using a Hitachi S-4200 scanning
electron microscope. The phases, crystallinities, and chemical compositions of the products were examined by means of X-ray
diffraction (XRD; Philips X’pert MRD X-ray diffractometer), conducted at the Korean Basic Science Institute (KBSI), and by means
of transmission electron microscopy (TEM; Philips CM-200, 200 kV
accelerating voltage).

2.1. Synthesis
ZnO-branched SnO2 NWs were fabricated in a manner similar
to that of our previous work [29]. Sn powder (>99.9%) placed in a
ceramic boat was used to prepare SnO2 NWs according to a previously described procedure [30]. Subsequently, ZnO branches were
added over the SnO2 NWs as follows. First, a catalytic Au layer was
coated onto the SnO2 NWs by a turbo sputter coater equipped with
a pure Au target (Emitech K575X, Emitech Ltd., Ashford, Kent, UK).
The temperature, deposition time, and DC sputter current were
ﬁxed at 25 ◦ C, 15 s, and 65 mA, respectively. Zn powder was heated
at 500 ◦ C in ambient air, allowing Zn vapors to react with O2 ; the
products of this reaction were carried to the SnO2 NWs by an N2
gas ﬂow of 2 standard liters per min. At the same time, the Au layer
started to disintegrate and agglomerate, forming Au nanoparticles

2.3. Sensing measurement
Sensing experiments were conducted similar to those previously carried out by our group [31,32]. To prepare double-layer
electrodes, Ti (∼200 nm) and Au (∼100 nm) were sequentially
sputter-coated onto the samples using an interdigital electrode
mask. The sensor response is deﬁned herein as Ra /Rg (for reductive
gases) or Rg /Ra (for oxidative gases), with Ra and Rg respectively
denoting the sensor resistances in the absence and presence of
the target gas. The response and recovery times are respectively
deﬁned as the time taken to reach 90% of the saturated response
after exposure to the target gas, and the time taken to recover 90%
toward the baseline signal after removal of the target gas.

Fig. 1. Schematic illustration of the synthesis of Cr2 O3 -functionalized ZnO-branched SnO2 NWs.
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Fig. 2. SEM images of (a, b) pristine SnO2 NWs, (c, d) ZnO-branched SnO2 NWs, and (e, f) Cr2 O3 -functionalized ZnO-branched SnO2 NWs.

3. Results and discussion
Fig. 2a shows a SEM image of pristine SnO2 NWs, clearly illustrating their 1D morphology and smooth surfaces. Fig. 2b shows
a SEM image of a single pristine SnO2 NW with the approximate
diameter of 60–70 nm. Fig. 2c and e shows SEM images of ZnObranched SnO2 NWs without and with Cr2 O3 NPs, respectively.
These images show the 1D morphology and rough surfaces of the
ZnO branches, and clearly show that the branches are attached to
the stems of SnO2 NWs with very high density, fully covering the
surfaces of the stem NWs. Fig. 2d and f shows lower-magniﬁcation

SEM images demonstrating the formation of ZnO NW branches on
the SnO2 NWs.
The microstructure of the ZnO-branched SnO2 NWs was further
investigated by means of TEM. Fig. 3a shows a low-magniﬁcation
TEM image demonstrating the successful formation of networked
ZnO-branched SnO2 NWs. This image shows the dense growth of
ZnO branches on the SnO2 NWs as stems; the branches have curved
morphology and random direction, and are very crowded on the
surface, preventing exposure of the SnO2 . Furthermore, the ultraﬁne Cr2 O3 NPs on the ZnO branches can be clearly observed. This
special architecture is very promising for gas sensing applications
owing to its high surface area resulting from the 1D nature of NWs,
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Fig. 3. (a, b) TEM micrographs of Cr2 O3 -functionalized ZnO-branched SnO2 NWs. (c) Lattice-resolved TEM images of the branch region.

as well as the synergetic effects of the Cr2 O3 NPs and ZnO NWs.
Fig. 3b shows a single Cr2 O3 -functionalized ZnO NW at higher magniﬁcation, in which the diameter of the ZnO NW can be estimated
as about 20 nm. Cr2 O3 NPs, which appear as dark tiny particles, can
be clearly seen on the surface of the ZnO. A corresponding latticeresolved TEM image is shown in Fig. 3c. The diameter of the branch
varies between 6.9 and 7.5 nm, whereas the NPs range in thickness
between 3.2 and 4.8 nm and are about 6.4–6.9 nm in width. The
resolved spacing between neighboring parallel fringes in the NW
is approximately 0.260 nm, which is in good agreement with the
interplanar distance of bulk wurtzite ZnO (002) planes. This indicates that the ZnO branch is single-crystalline. Also, the spacing
between neighboring parallel fringes in the NP region is approximately 0.217 nm, which corresponds to the interplanar distance of
Cr2 O3 (113) planes. These results further conﬁrm the formation of
Cr2 O3 -functionalized ZnO-branched SnO2 NWs.
XRD analysis was conducted to conﬁrm the phase formation and
crystallinity of the ZnO-branched SnO2 NWs. The core SnO2 NWs
without ZnO branches showed various diffraction peaks corresponding to the SnO2 phase only (Fig. 4a); the peaks observed at 2
of 26.61◦ , 33.92◦ , 37.99◦ , 39.02◦ , 42.68◦ , 51.83◦ , 54.81◦ , and 57.91◦

respectively belong to the (110), (101), (200), (111), (210), (211),
(220), and (002) diffraction planes of SnO2 . The ZnO-branched SnO2
NWs showed diffraction peaks corresponding to the ZnO phase
(JCPDS card No. 36-1451) in addition to those from the tetragonal
rutile SnO2 (JCPDS card No. 41-1445), conﬁrming the formation of
the branched ZnO structure over the core SnO2 NWs (Fig. 4b). The
peaks located at 2 of 31.80◦ , 34.47◦ , 36.29◦ , 47.60◦ , and 56.65◦
respectively belong to the (100), (002), (101), (102), and (110)
diffraction planes of hexagonal ZnO (JCPDS card No. 36-1451). The
Cr2 O3 -functionalized ZnO-branched SnO2 NWs showed additional
XRD peaks (Fig. 4c, green circles) corresponding to the rhombohedral Cr2 O3 phase (JCPDS card No. 38-1479).
To assess the potential applicability of the materials synthesized
in this study as chemical sensors, their gas sensing properties were
investigated. It is well known that the responses of semiconductor gas sensors are highly inﬂuenced by the operating temperature
[33]. Therefore, with an aim of determining the optimum operating temperature, Cr2 O3 -functionalized ZnO-branched SnO2 NW
sensors were exposed to 6 ppm NO2 gas at various temperatures.
Fig. 5a shows the transient response curves of sensors collected at
temperatures ranging between 200 and 350 ◦ C. In all cases, upon
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Fig. 4. XRD patterns of (a) pristine SnO2 NWs, (b) ZnO-branched SnO2 NWs, and (c)
Cr2 O3 -functionalized ZnO-branched SnO2 NWs. (For interpretation of the references
to color in the text, the reader is referred to the web version of this article.)

exposure to NO2 the sensor resistance was increased, and after
stopping it, the resistance returned to its initial value. The sensor showed n-type behavior due to the presence of SnO2 and ZnO,
which are intrinsic n-type semiconductors. Also, the response was
reversible, meaning that the resistance returned to the initial value
after stopping the NO2 gas. Fig. 5b plots the temperature dependency of the sensor response; the highest response was observed
at 300 ◦ C, which is thus the optimal temperature. The error bars
in Fig. 5b represent the standard deviation in the sensor response
with respect to NO2 gas at temperatures in the range of 200–350 ◦ C.
The sensor response increased with increasing temperature
from 250 to 300 ◦ C, and further increases in temperature up to
350 ◦ C decreased the response. Such bell-shaped behavior of sensor
response with respect to temperature is a common phenomenon in
chemiresistive sensors [34,35]. The negligible responses observed
at lower temperatures likely arise from the potential barrier represented by oxygen species chemisorbed on the sensing layer, which
prevent the NO2 molecules from reacting [36]. At temperatures
lower than 300 ◦ C, there is not enough energy for NO2 to chemisorb
preferentially onto the surface of the sensing layer, and consequently lower responses are observed. The increase in response
with increasing temperature is associated with the enhancement of
surface reactions, including the reaction of NO2 with adsorbed oxy-

Fig. 5. (a) Transient responses of Cr2 O3 -functionalized ZnO-branched SnO2 NWs at
different temperatures. (b) Temperature dependency of response to 6 ppm NO2 gas.

gen species. At the higher temperature of 350 ◦ C, the adsorption and
desorption of NO2 gas are respectively suppressed and activated,
decreasing the sensitivity. Above the 300 ◦ C optimum, the amount
of adsorbed gas on the sensor surface decreases because desorption becomes more favored than adsorption as the temperature
increases [37]. In the other words, at high temperatures the rate
of desorption becomes much higher than the rate of adsorption,
decreasing the response relative to that observed at the optimal
temperature.
Fig. 6a shows the transient responses of pristine SnO2 NWs,
ZnO-branched SnO2 NWs, and Cr2 O3 -functionalized ZnO-branched
SnO2 NWs to 2, 6, and 10 ppm NO2 gas at 300 ◦ C. Fig. 6b shows the
corresponding response values. In these ﬁgures, the response of
the Cr2 O3 -functionalized ZnO-branched SnO2 NW sensor is clearly
higher than those of the sensors based on pristine SnO2 NWs and
ZnO-branched SnO2 NWs. In particular, for 6 ppm NO2 , the gas
responses of the pristine SnO2 NWs, ZnO-branched SnO2 NWs,
and Cr2 O3 -functionalized ZnO-branched SnO2 NWs were 1.8, 4.5,
and 48.0, respectively (Fig. 6b). Accordingly, the sensor response of
the Cr2 O3 -functionalized ZnO-branched SnO2 NW sensor was 10.7
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Fig. 6. (a) Transient response, (b) responses, (c) response times, and (d) recovery times of pristine SnO2 NWs, ZnO-branched SnO2 NWs and Cr2 O3 -functionalized ZnO-branched
SnO2 NWs to 2, 6, and 10 ppm NO2 gas at 300 ◦ C.
Table 1
Comparison of the response of the present sensor with those of other nanostructured sensors reported previously.
Material

Conc. (ppm)

Response

T(◦ C)

Ref.

Cr2 O3 functionalized ZnO branched SnO2 NWs
WO3 nanotubes
SnO2 -core/ZnO-shell nanoﬁbers
GaN-core/WO3 -shell NWs
ZnGa2 O4 -core/ZnO-shell NWs
SnO2 -core/In2 O3 -shell nanobelts
Cr-doped CuO
SiNWs/WO3 NWs
Graphene-WO3
WO3 nanoplates
Co3 O4 − SnO2 NWs
Ni:ZnO
reduced graphene oxide-ZnO
Zn2 SnO4 -core/ZnO-shell nanorod sensors
CuO/p-porous silicon

2
5
5
5
1
100
100
2
1
5
2
100
5
1
1

26.61 (Rg /Ra )
6.77 (Rg /Ra )
0.45 (R/Ra )
3.29(Rg /Ra )
2.6 (Rg /Ra )
4.94(Rg /Ra )
134.2 (Rg /Ra )
2.88(Rg /Ra )
1.96(Rg /Ra )
10(Rg /Ra )
1.2(Rg /Ra )
4.8(Rg /Ra )
0.26 (R/Ra )
0.38 (R/Ra )
8(Rg /Ra )

300
300
300
300
250
300
250
RT
RT
100
300
200
80
300
25

This study
[38]
[8]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[33]
[46]
[47]
[48]
[49]

times that of the ZnO-branched SnO2 NW sensor and 26.7 times that
of the pristine SnO2 sensor. The sensor response of the pristine SnO2
NW sensor increased only slightly (i.e. 18.8%) with increasing NO2
concentration from 2 to 10 ppm, whereas that of the ZnO-branched
SnO2 NW sensor increased by 44.1% over the same range. Contrastingly, the response of the Cr2 O3 -functionalized ZnO-branched SnO2
NW sensor increased from 26.6 to 58.4 over this range, an increase
of 119.5%. This demonstrates the importance of both branch conﬁguration and functionalization in enhancing the gas response; these
mechanisms will be discussed in more detail below.
Table 1 compares the NO2 sensing characteristics of various metal oxide–based sensors with those of the present sensor
[8,33,38–49], showing the considerably higher response of the

present sensor. Regarding composites including SnO2 , Choi et al.
showed a sensor response of 1.45 (i.e. R/Ra = 0.45) to 5 ppm NO2
gas at 300 ◦ C by using SnO2 -core/ZnO-shell nanoﬁbers [8]. Also,
Kim et al. reported that SnO2 -core/In2 O3 -shell nanobelts exhibited
a sensor response of 4.94–100 ppm NO2 gas at 300 ◦ C [41]. Regarding non-SnO2 composites, An et al. reported the sensor response
of 6.77–5 ppm NO2 gas at 300 ◦ C by using WO3 nanotube sensors [38]. Core–shell NWs have also been reported as NO2 gas
sensors. For example, Park et al. reported the sensor response of
3.29–5 ppm NO2 at 300 ◦ C by using GaN-core/WO3 -shell NWs [39].
Several research groups reported sensors that can be operated at
room temperature; Si NW/WO3 NW composites have exhibited
the room-temperature response of 2.88 [43] and graphene/WO3
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Table 2
Comparison between sensing performances of the present sensor with those Cr2 O3 based sensors reported in the literatures.
Materials

Gas (conc.)

T(◦ C)

Response

res (sec)

rec (sec)

Ref.

Cr2 O3 /ZnO branched SnO2 NWs sensor
yolk-shell
Au loaded/Cr2 O3
Cr2 O3 -activated ZnO
Cr2 O3 -modiﬁed ZnO
Cr2 O3 -sensitized ZnO
ZnCr2 O4
Ag/Cr2 O3
Cr2 O3 porous
microspheres
Plate-like Cr2 O3
Pt coated Cr2 O3 thin ﬁlms
Cr2 O3 -functionalized ZnO nanorods
Cr2 O3 thin ﬁlms

NO2 (2 ppm)
TMA (5 ppm)
NH3 (300 ppm)
LPG (100 ppm)
Ethanol (200 ppm)
Cl2 (50 ppm)
TEA (5 ppm)
C6 H7 (1 ppm)
NO (500 ppm)
H2 (30 ppm)
Ethanol (200 ppm)
Cl2 (5 ppm)

300
225
RT
350
300
270
92
170
475
250
25
220

26.61 (Rg /Ra )
180 (Rg /Ra )
15 (G/Ga )a
46 (G/Ga )a
40 (Rg /Ra )
5 (Rg /Ra )
40 (Rg /Ra )
1.34 (Rg /Ra )
−30 mV(V)b
4.14 (Ia /Ig )c
11 (Ra /Rg )
0.9 (G/Ga )a

∼550
∼250
∼50
∼20
∼3
∼5
∼185
∼900
∼120
∼180
∼180
∼30

∼100
∼2000
∼50
∼25
∼5
∼80
∼50
∼600
∼60
∼60
∼180
∼240

Present
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[27]
[57]
[15]
[58]

a
(Gg − Ga )/Ga = G/Ga , where Ga is the conductance in air and Gg is the conductance in a target gas. Since the conductance will be inversely proportional to the resistance,
(Gg − Ga )/Ga = (Gg /Ga ) − 1 corresponds to (Ra /Rg ) − 1.
b
V corresponds to VNO − Vbaseline , which is a potential difference in the potentiometric sensor for selective detection of NO gas.
c
Ia /Ig , where Ia is the current in air and Ig is the current in a target gas. Since the current will be inversely proportional to the resistance, Ia /Ig corresponds to Rg /Ra .

composites that of 1.96 [44]. Liu et al. reported room-temperature
operable CuO/p-porous silicon sensors, but their response was
much lower than that of the present sensor (sensor response
8–1 ppm NO2 ) [49]. Although Cr-doped CuO sensors have shown
the exceptional response of 134.2 to NO2 gas, this response was
observed at the high concentration of 100 ppm [42]. Therefore, the
presently observed response of 26.6–2 ppm NO2 gas is deﬁnitely
much higher overall than the responses achieved in previous work
in this area.
Table 2 presents the sensing performances of Cr2 O3 -based
sensors that have been previously reported in the literature
[15,27,50–58]. Most of these sensors do not exhibit higher response
than that of the present work. Several research groups have
reported gas sensors based on pristine Cr2 O3 materials. For example, monodisperse Cr2 O3 porous microspheres have been used for
detecting toluene gas, exhibiting the response of 1.34 at 1 ppm
and 170 ◦ C, with the response time and recovery time of about
900 and 600 s, respectively [56]. Balouria has reported Cr2 O3 thin
ﬁlms exhibiting the sensor response (Ra /Rg ) of 0.53–5 ppm Cl2
gas at 220 ◦ C [58]. Jin has prepared plate-like Cr2 O3 potentiometric sensors for highly selective sensing of NO gas [27]. To
overcome the limitations of using pristine Cr2 O3 , however, most
researchers working on Cr2 O3 -based sensors have used Cr2 O3 containing composites. For example, Cr2 O3 -functionalized ZnO
nanorods have shown the sensor response of 11–200 ppm ethanol
gas, even at room temperature [15]. Relatedly, Cr2 O3 -modiﬁed
ZnO has exhibited the high response of 46 (G/Ga ) to liqueﬁed
petroleum gas [52]. Because (Gg − Ga )/Ga (i.e. (Gg /Ga ) − 1) corresponds to (Ra /Rg ) − 1, this response corresponds to a Ra /Rg value
of about 47. Also, Wang has developed ethanol detectors based
upon Cr2 O3 -sensitized ZnO electrospun nanoﬁbers that yielded the
sensor response of 40, albeit at high concentrations in the range
of 100–300 ppm [53]. Also, Au-loaded Cr2 O3 structures exhibited
the very high response of 180–5 ppm TMA [50]. Compared to these
results, the 26.6 response of the present sensor to the very low NO2
concentration of 2 ppm represents an exceptionally high sensor
response.
Fig. 6c and d shows the response and recovery times, respectively, of different sensors to 2, 5, and 10 ppm NO2 gas at 300 ◦ C.
Table 2 also compares the response and recovery times of the
present sensor with some other Cr2 O3 -based gas sensors. Although
some sensors have shorter response and/or recovery times compared to the present sensor, they are operated under higher
concentrations of target gas (≥5 ppm). For example, the response
of Cr2 O3 -activated ZnO to 300 ppm NH3 was only 15 (G/Ga ), with
response and recovery times of ∼50 s. Also, the response time of
Au loaded/Cr2 O3 yolk–shell gas sensors to 5 ppm TMA was 250 s

and the recovery time was ∼2000 s. Cr2 O3 porous microspheres
sensors showed the response of 1.34–1 ppm C7 H8 , with response
and recovery times of 900 and 600 s respectively, longer than those
observed for the present sensor. Overall it can be concluded that
the present sensor has a much higher response than other Cr2 O3 containing gas sensors, while also having reasonably good response
and recovery times.
The shorter response times of the gas sensors listed in Table 2 are
principally due to the fact that these occurred in response to higher
gas concentrations; high concentrations lead to shorter response
times because there are many gas molecules available to react with
surface oxygens. However, the recovery time is a more complicated issue; several reactions occurring in sequence are necessary
for recovery, including desorption of NO2 , diffusion of oxygen to
the sensing surface, adsorption of ambient oxygen gas, dissociation into atomic oxygen on the surface, and ionization to negatively
charged surface oxygen. Longer recovery times can be explained
by the markedly slower serial surface reactions to form adsorbed
oxygen species during the recovery, compared to the speed of the
oxidation reaction of the reducing gas by adsorbed oxygen species
[59,60].
For all NO2 gas concentrations, the response time of the Cr2 O3 functionalized ZnO-branched SnO2 NW sensor was longer than
that of the ZnO-branched SnO2 NW sensor, which in turn was
longer than that of the pristine SnO2 NW sensor. On the other
hand, the trend in recovery times was the opposite, with the
Cr2 O3 -functionalized ZnO-branched SnO2 NW sensor having the
shortest recovery time (Fig. 6). Lower-energy binding sites result
in shorter recovery times and longer response times because the
NO2 molecules will easily desorb from them, but not readily adsorb
on them [61]. There are both high-energy and low-energy binding
sites on the ZnO surfaces. In fact, more low-energy binding sites are
generated by attaching the ZnO branches; also, the surface of each
ZnO branch preferentially provides low-energy binding sites. Furthermore, it is expected that more low-energy binding sites will
be created by means of Cr2 O3 functionalization, both on the ZnO
surface and on the surface of the Cr2 O3 NPs themselves. Adding
these low-energy sites lengthens the response time and shortens
the recovery time.
For practical applications, a gas sensor must be selective of a
speciﬁc desired gas. Accordingly, the responses of different sensors to various interferent gases (i.e., acetone, ethanol, SO2 , and
H2 ) was tested at 300 ◦ C; the results are presented in the Supplementary Information (Fig. S1). The selectivity (Q) is deﬁned herein
as Q = RT /RI , where RT is the response of the sensor to 10 ppm
NO2 gas and RI is the response of the same sensor to 10 ppm
interfering gas [62]. From Table 3 and Fig. 7, it can be seen that
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Table 3
Selectivity of different sensors relative to 10 ppm NO2 gas at 300 ◦ C.
Gas

Ethanol

Acetone

CO

H2

NO2

Q value of Cr2 O3 functionalized ZnO branched SnO2 NWs sensor
Q value of ZnO branched SnO2 NWs sensor
Q value of Pristine SnO2 NWs sensor

25.32
2.63
1.26

37.47
3.58
1.45

45.10
4.22
1.07

54.57
4.75
1.68

1
1
1

Fig. 7. Selectivity histograms of pristine SnO2 NW sensor, ZnO-branched SnO2 NW
sensor, and Cr2 O3 -functionalized ZnO-branched SnO2 NW sensor to 10 ppm gases
at 300 ◦ C.

the Cr2 O3 -functionalized ZnO-branched SnO2 NW sensor had very
good selectivity to NO2 gas and could easily detect it among other
interfering gases. Larger values of Q mean that the sensor has a better ability to discriminate NO2 gas in a mixture with the interferent
gas; the highest selectivity was calculated for the comparison with
H2 gas. Other sensors showed weak selectivity to NO2 gas, representing severe limitations on their practical applicability. Pristine
SnO2 showed almost no selectivity to NO2 gas, and the selectivity
of ZnO-branched SnO2 NW sensor was not sufﬁcient for practical
applications.
The NO2 gas sensing mechanism of the pristine SnO2 NWs can
be explained as follows. The change in electrical resistance depends
on the species and amounts of chemisorbed oxygen on the surface.
The adsorbed oxygen molecules transform into oxygen ions by capturing free electrons from the oxide, which increases the resistance
of the oxide. The adsorption of NO2 molecules on the surface of the
SnO2 NWs results in an increase of resistance. The surface reactions take electrons from the conduction band of SnO2 , resulting in
an increase in resistivity.
There are several possible reasons for the enhancement in sensor response arising from the ZnO branches and Cr2 O3 NPs. Recall
that a signiﬁcant portion of the sensor surface area is devoted to the
ZnO branches; SEM and TEM images demonstrated that the ZnO
branches grew very densely on the stem SnO2 NWs (Figs. 2 and 3).
Therefore, little of the SnO2 NWs’ surface area was exposed to the
ambient environment. Since the sensor response is mainly associated with surface reactions, it is therefore reasonable to think that
the SnO2 NWs play a limited role in enhancing the sensing behavior.
However, SnO2 /ZnO heterointerfaces will be formed and provide
resistance modulation, although the effect of SnO2 is not signiﬁcant. It is also possible that the resistance will change owing to the
creation of structural defects such as oxygen vacancies. The formation of ZnO branches requires thermal annealing at 500 ◦ C, which
may increase structural defects [61]. However, these defects are
not expected to contribute signiﬁcantly to increased sensor resistance in the present case because the surface area of ZnO that is
exposed to ambient air will be smaller on Cr2 O3 -functionalized ZnO

Fig. 8. Band structures of ZnO/Cr2 O3 heterojunction (a) before contact and (b, c)
after contact with (b) air and (c) NO2 .

branches, relative to the case for ZnO-branched SnO2 NWs without
Cr2 O3 functionalization.
One of the main reasons for the enhancement of sensor response
arising from the addition of Cr2 O3 NPs is likely their catalytic effect.
It is well known that p-type metal oxides have good catalytic activity toward gases. For example, Xu et al. found that NO2 dissociates
into oxygen and NO upon adsorption on a clean Cr2 O3 surface [63].
Due to the catalytic effect of Cr2 O3 , NO2 gas species will preferentially adsorb on the active sites of Cr2 O3 NPs. The adsorbed
NO2 molecules will migrate to the ZnO surfaces, contributing to
increased resistance.
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Fig. 9. (a, b) Mechanism of NO2 gas sensing in ZnO branches in (a) air and (b) NO2 . (c, d) Mechanism of NO2 gas sensing in Cr2 O3 -functionalized ZnO branches in (c) air and
(d) NO2 .

In addition, the creation of defects during the formation of Cr2 O3
NPs as well as lattice mismatch may account for the enhancement
of sensor response [61]. It is reported that the number of dangling
bonds increases in proportion to the lattice mismatch (␦), which is
deﬁned as follows [64]:
ı=

2 (a2 − a1 )
,
(a1 + a2 )

(1)

where a1 and a2 are the lattice constants of two different semiconductors, with a1 > a2 . Because the lattice constants of Cr2 O3
(a = b = 4.95 nm, c = 13.58 nm) and ZnO (a = b = 3.24 nm, c = 5.20 nm)
differ, dangling bonds will be created in the junctions, where they
can adsorb more gas species, resulting in greater response. With
the crystalline structures of ZnO and Cr2 O3 being wurtzite and
corundum, respectively [65], the epitaxial relationship was determined to be [11̄00] ZnO//[112̄0] Cr2 O3 or [112̄0] ZnO//[11̄00] Cr2 O3
[66]; the lattice misﬁts resulting from these heterointerfaces are
as large as 13.5% and 4.2%, respectively. These signiﬁcant lattice
mismatches may result in substantial amounts of dangling bonds,
representing favorable gas adsorption sites.
Moreover, resistance modulation of the Cr2 O3 /ZnO heterojunction will possibly increase the sensor response. The work function
of Cr2 O3 is 5.4 eV [67] and its band gap is 3.4 eV [26]; those for
ZnO are 5.2 and 3.37 eV [61], respectively. Therefore, the Fermi
level of ZnO is lower than that of Cr2 O3 (Fig. 8a) and after the
formation of a junction, electrons will ﬂow from ZnO to Cr2 O3 to
balance the Fermi levels, thereby creating an electron depletion
layer in ZnO (Fig. 8b). With the appearance of an electron depletion
region, the initial conduction volume (in ZnO) will be signiﬁcantly
decreased. The adsorption of NO2 molecules will enlarge the electron depletion region in ZnO beneath the Cr2 O3 NPs (Figs. 8c and 9 ).
Fig. 9 schematically illustrates changes in the conduction channels
of pristine ZnO branches and Cr2 O3 -functionalized ZnO branches
in the presence of air and NO2 . Accordingly, equivalent reduction
in the conduction volume arising from the adsorption of NO2 gas
molecules will result in greater sensor response. In addition, it is

possible that the generation of a potential barrier will affect the
sensing behavior. The established potential barrier will prevent the
electrons in ZnO from ﬂowing into the Cr2 O3 . This prevents the
formation of another current path through the Cr2 O3 NPs, concentrating the electron ﬂow within the ZnO volume and maintaining
its high resistance.
It is possible that the high ratio of recovery times to response
times in the case of Cr2 O3 -functionalized ZnO-branched SnO2 NWs
can be related to the formation of heterojunctions. In ZnO/Cr2 O3
heterojunctions, the ZnO region underneath the Cr2 O3 NPs is considerably depleted of electrons. Upon adsorption of NO2 to the ZnO
surface, the electron-depleted ZnO does not allow easy extraction
of electrons from its surface. This phenomenon will increase the
response time. On the other hand, upon removal of NO2 molecules
from the ZnO surface, electrons should be donated to the ZnO and
the electron-depleted ZnO will efﬁciently accept them, thereby
shortening the recovery time [61].
The greatest sensitivity of the Cr2 O3 -functionalized ZnObranched SnO2 NWs to NO2 gas can also be explained by acid–base
theory. On the surfaces of metal oxides, acidic sites favor the
adsorption of basic reactants such as most reducing gases, and
enhance the desorption of acidic products, thereby protecting
against further oxidation. Oppositely, basic sites favor the adsorption of acidic reactants such as NO2 and enhance the desorption of
basic products, thereby protecting against further reduction [68].
Cr2 O3 has amphoteric [69] properties, ZnO has strong basic [70]
properties, and SnO2 is a relatively weakly acidic oxide [71,72]. In
the Cr2 O3 -functionalized ZnO-branched SnO2 NWs, ZnO and Cr2 O3
are the species mainly exposed to the target gases; therefore, their
acid–base properties principally determine the sensing behavior in
the presence of target gases. According to the selectivity pattern, it
can be seen that response of pristine SnO2 NWs is almost the same
to NO2 as to reducing gases; this is likely related to the acidity of
SnO2 , which allows its reaction with reducing gases. However, in
ZnO-branched SnO2 NWs the acidity is decreased, thereby increasing the response to NO2 relative to the response to reducing gases.
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For Cr2 O3 -functionalized ZnO-branched SnO2 NWs the basicity is
further increased, as the combination of Cr2 O3 /ZnO has greater
basicity relative to the combination of SnO2 and ZnO; therefore,
much greater response to NO2 is observed.
4. Conclusion
Pristine SnO2 NWs, ZnO-branched SnO2 NWs, and Cr2 O3 functionalized ZnO-branched SnO2 NWs were successfully synthesized for gas sensing studies. XRD, SEM, and TEM analyses
conﬁrmed the successful formation of Cr2 O3 -functionalized ZnObranched SnO2 NWs. The NO2 response of pristine SnO2 NWs was
increased not only by the formation of ZnO branches but also
by their functionalization with Cr2 O3 NPs. We suggested that the
Cr2 O3 spillover effect, the formation of Cr2 O3 /ZnO heterojunctions,
and the creation of defects were the dominant mechanisms by
which the addition of Cr2 O3 NPs enhanced sensing performance.
This new complex nanocomposite is suitable for practical use in
NO2 sensing applications requiring high sensitivity, low detection
limits, and high selectivity.
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