Journal of Alloys and Compounds 786 (2019) 27e39

Contents lists available at ScienceDirect

Journal of Alloys and Compounds
journal homepage: http://www.elsevier.com/locate/jalcom

Promotional effects of ZnO-branching and Au-functionalization on the
surface of SnO2 nanowires for NO2 sensing
Myung Sik Choi a, Jae Hoon Bang a, Ali Mirzaei b, c, Wansik Oum a, Han Gil Na a,
Changhyun Jin a, c, Sang Sub Kim d, *, Hyoun Woo Kim a, c, **
a

Division of Materials Science and Engineering, Hanyang University, Seoul, 133-791, Republic of Korea
Department of Materials Science and Engineering, Shiraz University of Technology, Shiraz, Iran
The Research Institute of Industrial Science, Hanyang University, Seoul, 133-791, Republic of Korea
d
Department of Materials Science and Engineering, Inha University, Incheon, 402-751, Republic of Korea
b
c

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 31 October 2018
Received in revised form
18 January 2019
Accepted 27 January 2019
Available online 29 January 2019

Branched nanowires (b-NWs) have been used for advanced applications because of their nanoscale dimensions, high surface area, and scalable synthetic methods. Herein, for the ﬁrst time, we report the
fabrication of Au-functionalized ZnO-branched SnO2 NWs for enhanced gas sensing application. Asfabricated NWs were structurally and morphologically investigated by X-ray diffraction, scanning electron microscopy as well as transmission electron microscopy to reveals the crystallinity and morphology
of NWs. By comparing the gas sensing properties of Au-functionalized b-NWs, b-NWs, and pristine SnO2
NWs gas sensors, in terms of their sensitivity and cross-sensitivity towards NO2, we demonstrate the
superior sensing properties of Au-functionalized b-NWs sensors. In particular the Au-functionalized bNWs sensor showed a response (Rg/Ra) of 13.07 to 10 ppm NO2 gas which was higher than those of bNWs, and pristine SnO2 NWs gas sensors. In addition to the special architecture of sensors (i.e. ZnO bNWs on SnO2 NWs), which produces a large number of hetero- and homojunctions (a branching effect),
Au acts as a catalyst to further improve the sensing characteristics of this particular sensor (a functionalization effect). According to the obtained results, we believe that metal oxide gas sensors based on
noble metal-functionalized b-NWs, which use a facile synthesis procedure and produce enhanced
sensing performance, will play a vital role in the future of the sensor industry.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction
Since the ﬁrst report detailing the successful synthesis of
branched CdTe nanocrystals [1], many researchers have fabricated
branched nanowires (b-NWs) for diverse applications. This interest
is mainly due to the easy fabrication, high charge carrier collection
efﬁciency, hierarchically-structured tunable properties, and high
surface areas of these structures [2].
Most b-NWs have the same chemical composition as the stem
(i.e., they are homogeneous in their chemistry). However, b-NW
heterostructures, where secondary NWs grow in stems of the
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primary NWs, have recently become attractive due to their
tunability and functionality [3,4]. Accordingly, different techniques
have been reported to synthesize heterojunction b-NWs, including
hydrothermal growth [5], multistep nanocluster-catalyzed vaporliquid-solid (VLS) growth [6], carbothermal chemical vapor deposition [7], etching and hydrothermal [8].
In particular, for sensing applications, heterojunction b-NWs
have large surface areas that can offer plenty of sites for adsorption
of target gasses [9]. Also, the size and shape of sensing materials are
crucial factors that can be used to tune their chemical and physical
properties, which ultimately govern the sensing properties [10].
Accordingly, heterojunction b-NWs with nano-scale dimensions,
special geometries, and a large number of hetero- and homojunctions are promising for sensing applications, where the
response to a particular gas can be greatly improved by increasing
the amount of chemiresistive junctions [11,12]. Accordingly, b-NWs
for enhanced gas sensing studies have been employed [12,13]. For
example, An et al. [14] reported enhanced NO2 sensing properties
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in homogeneous ZnO-branched NWs sensors. Woo et al. [12], also
reported selective and sensitive xylene sensors using b-NWs. Bang
et al. reported enhanced NO2 sensing using Bi2O3 branched SnO2
NWs [15]. Kwon et al. [16], fabricated Cr2O3 functionalized ZnObranched SnO2 NWs for enhanced gas response. Luo et al. [17],
fabricated branched F2O3-TiO2 for trimethylamine gas sensing
application. Zhang et al. [18] reported ethanol sensors using brushlike hierarchical ZnO nanostructures. Yang et al. [19], reported
improved ethanol sensing properties of branched SnO2/ZnO
heterostructures.
A very efﬁcient technique to further enhance the sensitivity of
gas sensors is loading noble metals onto metal oxides [20]. In our
previous paper [21], we used this strategy to enhance the sensing
ability of b-NWs, demonstrating that Co-functionalized b-NWs
exhibited promising sensing capacity to NO2 gas at low concentrations [21]. In order to further conﬁrm the promising effect of this
novel structure for sensing applications, and in particular, to
investigate the response and selectivity towards NO2 gas, we prepared Au-functionalized ZnO-branched SnO2 NWs by a three-step
route: synthesis of SnO2 NWs, attachment of ZnO branches, and
Au functionalization by sputtering. ZnO (Eg ¼ 3.37 eV) was chosen
as branched metal oxide because of its non-toxic nature, low price
and outstanding chemical and thermal stability [22]. Accordingly, it
has been used in different applications such as lasers [23,24],
optoelectric devices [25] and gas sensors [26]. Gas sensing results
conﬁrmed the advantages of ZnO branching and Au functionalization on the SnO2 NWs for enhanced NO2 sensing performance.
Compared to pristine SnO2 NWs, addition of ZnO branches
increased the selectivity to NO2 gas. Also, addition of Au nanoparticles (NPs) further enhanced the selective sensing to NO2 gas.
Au-functionalization has enhanced the sensing not only by the
catalytic effects, but also by the work function difference caused by
the ZnO/Au heterointerfaces. To the best of our knowledge, there
have been no previous researches about this novel structure/
composition for sensing applications; therefore, the present work
presents new insight into the sensing behavior of b-NWs.

2. Experimental procedure
2.1. Synthesis of SnO2 NWs
Metallic Sn powders with a purity of 99.9% were employed as
the starting material. The powders were put in an alumina crucible
and placed in the middle part of a horizontal quartz tube furnace. To
collect the growth products, a Si substrate with a gold coating was
put on top of the crucible. The temperature of the furnace was
slowly increased (10  C/min). After the temperature stabilization at
900  C, NW growth was allowed to continue for 10 min. During
synthesis, argon and oxygen gases were ﬂowed at a constant
pressure of 2 Torr (3% O2 and 97% Ar). Details of the synthesis of
SnO2 NWs can be found elsewhere [27].

2.2. Synthesis of ZnO-branched SnO2 NWs
The procedure for ZnO branching was similar to our recently
published paper [3]. For growth of ZnO branches, NW-covered Si
substrates were placed above the Zn powders, with the NWcovered sides facing downwards. Then metallic Zn powders with
a purity of 99.9% were evaporated at 500  C in the presence of N2
and O2 gasses at a ﬂow rate of 2 SLM. As a consequence, Zn vapors
were combined with ambient oxygen in the air and ZnO branches
started to grow on the SnO2 NWs stems.

2.3. Au functionalization on the ZnO-branched SnO2 NWs
To coat the ZnO-branched SnO2 NWs, a turbo sputter coater
(Emitech K575X, Emitech Ltd., Kent, UK) with a gold target was
used at room temperature. The DC sputter current and deposition
time were 65 mA and 15 s, respectively. The thickness of the
deposited layer was 5 nm. Finally, the functionalized NWs were
heat treated for half an hour at 700  C under a pure Ar gas ﬂow to
produce isolated Au islands on the surfaces of b-NWs.
2.4. Characterization
The phase and crystallinity of the products were investigated via
X-ray diffraction (XRD, Philips X'pert diffractometer) with Cu Ka1
radiation (l ¼ 1.541 Å). The morphology of the synthesized products was studied using scanning electron microscopy (SEM Hitachi
S-4200) and transmission electron microscopy (TEM-Philips CM
200). Energy-dispersive X-ray spectroscopy (EDAX) incorporated
with TEM was utilized to analyze the chemical composition of the
products. X-ray Photo-electron Spectroscopy (XPS, Thermo KAlpha) was employed to investigate the chemical composition and
chemical state of the products.
2.5. Sensor fabrication and sensing tests
For sensing measurements, double layer electrodes consisting of
an Au layer (300 nm thick) and a Ti layer (50 nm thick) were
sputter-deposited on the samples. By changing the mixing ratio
between dry air and the target gas using mass ﬂow controllers
(MFCs), the gas ﬂow was controlled with a total stream of 500 sccm.
All measurements were carried out in a gas chamber at the optimum temperature and the resistance of the sensors as a function of
time were collected with a multimeter. More details can be found in
[28e31]. The sensor response (R) was calculated as R ¼ Ra/Rg (for
the reductive gas) and R ¼ Rg/Ra (for NO2), where Ra and Rg are the
resistances of the sensor in the presence of air and in the presence
of the target gas, respectively. The response time was calculated as
the time needed for 90% of the ﬁnal value of the resistance upon
injection of target gas, and the recovery time was the time needed
for resistance to return to its 90% initial value after stoppage of
target gas.
3. Results and discussion
3.1. XRD studies
Fig. 1(a) provides the XRD pattern of SnO2 NWs, where all
diffraction peaks can be nicely indexed as diffraction peaks of the
tetragonal SnO2 phase (JCPDS File: No. 41-1445) [3] without any
impurity or unwanted phases. Fig. 1(b) provides the XRD pattern of
ZnO-branched SnO2 NWs. Three additional peaks belong to the
hexagonal ZnO phase (JCPDS File No. 89-1397) [32] can be observed
in this pattern. A very weak peak, belongs to the (200) reﬂection of
cubic Au (JCPDS File No. 04-0784), originated after the synthesis of
SnO2 NWs. Fig. 1(c) indicates the XRD pattern of Au-functionalized
ZnO-branched SnO2 NWs; besides to ZnO and SnO2 peaks, the
presence of an Au peak (200) with a higher intensity relative to the
previous pattern is noticeable. This peak originates from the sputtered Au on the surfaces of synthesized b-NWs. There are very weak
peaks corresponding to ZnO(001) and Au(100), which is not easily
discernible from noises. JCPDS card reveals that the XRD intensities
of those peaks are originally very low. To further explore the synthesized products, microscopic observations were also performed.
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Fig. 2. SEM images of (a) SnO2 NWs (b) ZnO branched SnO2 NWs (inset shows high
magniﬁcation image) (c) Au functionalized ZnO branched SnO2 NWs (inset shows high
magniﬁcation image) (d) TEM image. Inset shows TEM image of one Au functionalized
ZnO NW (e) lattice-resolved TEM image (f) SAED pattern.

Fig. 1. XRD patterns of (a) SnO2 NWs (b) ZnO branched SnO2 NWs (c) Au functionalized ZnO branched SnO2 NWs.

3.2. SEM, TEM and XPS studies
Fig. 2(a) displays an SEM micrograph of the SnO2 NWs, clearly
demonstrating the formation of long and continuous SnO2 NWs
with nanoscale diameters. Fig. 2(b) indicates an SEM micrograph
taken from ZnO-branched SnO2 NWs, revealing the successful
growth of ZnO branches on the SnO2 NWs stems. The inset of
Fig. 2(a) reveals a representative high-magniﬁcation SEM image of
ZnO branches, which have an approximate diameter of ~10 nm.
Fig. 2(c) exhibits an SEM image of Au-functionalized ZnO-branched
SnO2 NWs; due to the ultraﬁne size of Au NPs, they cannot be seen
in this image. However, the higher magniﬁcation micrograph in the
inset of Fig. 2(c) demonstrates the presence of Au NPs on the ZnO
branches; these particles are semispherical in shape and smaller
than 10 nm in diameter.
Fig. 2(d) indicates a typical TEM image of Au-functionalized
ZnO-branched SnO2 NWs, where extensive functionalization of
Au NPs on the ZnO branches can be seen. The inset of Fig. 2(d)
reveals a TEM image of a single ZnO NW. In addition to some ﬁne Au
NPs, many ultraﬁne Au NPs with diameters of ~1e5 nm can be

observed; these are beneﬁcial for gas sensing applications. Fig. 2(e)
provides a lattice-resolved TEM micrograph. The lattice fringes
with spacings of 0.260 nm and 0.281 nm can be assigned to the
(002) and (100) planes of ZnO, respectively, and the lattice fringe
with a spacing of 0.235 nm is matched with the interplanar spacing
of the (111) plane of Au. Fig. 2(f) shows a selected area electron
diffraction pattern (SAED), where the observed spots belong to the
(001), (100), and (101) planes of ZnO. Additionally, the observed
ring patterns correspond to the (100) and (200) planes of Au,
further demonstrating the presence of Au NPs on ZnO NWs. The
spotty pattern in the SAED results demonstrates that the ZnO is
single crystalline in nature [14].
EDAX color mapping of the Au-functionalized b-NWs shown in
Fig. S1 (in Supporting Information), was taken from the TEM image.
As it can be seen, Sn is mostly concentrated on the primary NWs.
Alternatively, O and Au are distributed on all of the products, while
Zn is distributed mostly on the branches. This again indicates the
successful synthesis of Au-functionalized ZnO-branched SnO2 NWs.
XPS survey displayed in Fig. 3(a) approves the presence of all
expected elements including Zn, Au, Sn and O. The peak of C1s is
from hydrocarbons adsorbed on the surface of the substrate [33]. As
presented in Fig. 3(b), the peaks located at 1043.05 and 1019.95 eV
are attributed to Zn 2p1/2 and Zn 2p2/3 respectively [12]. The spinorbit splitting of ~23 eV for Zn 2p3/2 and Zn 2p1/2 approves the full
oxidization of Zn atoms. Fig. 3(c) show XPS O1s core-level region.
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Fig. 3. (a) XPS survey of Au functionalized ZnO branched SnO2 NWs. XPS spectra of (b) Zn 2p region, (c) O1s region, and (d) Au 4f region.

The intense peak located at 530.78 eV corresponds to the crystal
lattice oxygen ions (Olatt) in the form of ZnO. Fig. 3(d) indicates XPS
Au region where the Au chemical state has two separate peaks
located at 83.98 and 87.68 eV, which can be attributed to the Au
4f7/2 and Au 4f5/2 belong to metallic Au, respectively [34].
3.3. Gas sensing studies
3.3.1. Sensing properties
Because NO2 gas is one of the most hazardous gases, we studied
the behavior of our gas sensors towards different concentrations of
NO2. After some preliminary tests, the optimal temperature was
determined to be 300  C. At T < 300 , there is no sufﬁcient energy
for NO2 gas to overcome the energy barrier of adsorption on the
surfaces of gas sensor and at T > 300  C, the desorption rate is
higher than adsorption rate, causing to weak response of gas sensor
[35].
Accordingly, all of sensing measurements were carried out at
this temperature. Also, as the threshold limit value (TLV) of NO2 gas
is 5 ppm [36], the NO2 concentrations used in this study were
chosen to be in the range of 2e20 ppm. Fig. 4(a)e(c) present the
dynamic resistances of the SnO2 NWs sensor, ZnO-branched SnO2
NWs sensor, and Au-functionalized ZnO-branched SnO2 NWs
sensor towards different concentrations of NO2, respectively. By
comparing these plots, some interesting conclusions can be inferred. First, all of the sensors show n-type semiconducting behavior,
after injection of the NO2 gas, the resistance increases. This arises
from the intrinsic n-type behavior of both SnO2 and ZnO [37,38].
Second, the initial resistance of the SnO2 NWs sensor is about
1200 kU, which decreases to ~5.5 kU for the ZnO-branched SnO2
NWs. This is probably due to the lower intrinsic resistance of ZnO
relative to SnO2. Also, after Au functionalization, the resistance of
the Au-functionalized ZnO-branched SnO2 NWs slightly increases
to ~48 kU; this is due to the ﬂow of electrons from ZnO to Au.

Finally, all of the sensors show reversible behavior, where, the resistances recover back to the initial value after the NO2 gas ﬂow was
stopped and synthetic air was injected.
Fig. 5(a)e(c) show the dynamic responses of SnO2 NWs, ZnObranched SnO2 NWs, and Au-functionalized ZnO-branched SnO2
NWs sensors towards various concentrations of NO2, respectively.
While the response of SnO2 NWs sensor to different concentrations
of NO2 gas is almost the same, the other two sensors show
noticeable changes in their responses at different concentrations of
NO2. Fig. 5(d) compares the calibration plots of all of the sensors.
For all NO2 concentrations, the following order is observed: Aufunctionalized ZnO-branched SnO2 NWs sensor > ZnO-branched
SnO2 NWs sensor > SnO2 NWs sensor. Table S1 (Supporting Information) presents the response, response time and recovery times of
all tested gas sensors. For 10 ppm NO2 gas, these parameters for
ZnO-branched SnO2 NWs gas sensor were 11.26, 118 s and 127 s,
respectively, while pristine SnO2 NWs and b-NWs they were 3.62,
70 s, 107s, and 1.86, 24 s, 223 s, respectively.
In the next section, the reasons for the signiﬁcant changes in the
sensing behavior will be discussed in detail. Selectivity is deﬁned as
“no or negligible response to interfering gases” [39]. To investigate
the selectivity of the fabricated sensors, devices were exposed to 2,
10, and 20 ppm of benzene (C6H6), ethanol (C2H5OH), acetone
(C3H6O), carbon monoxide (CO), hydrogen (H2), which are typical
reducing gases and SO2, which is an oxidizing gas. It is apparent
that C6H6, C2H5OH, and C3H6O are stable enough for adsorption and
desorption, at 300  C (Text S1). Fig. 6(a)e(f) show dynamic responses of the SnO2 NWs sensor to different interfering gases, and
the calibration plots are compared in Fig. 6(h). This sensor does not
show meaningful selectivity for NO2 gas; the responses to each of
the gases are nearly the same. The ZnO-branched SnO2 NWs sensor
was exposed to different concentrations of interfering gases
(Fig. 7(a)e(f)) and the obtained calibration plots are plotted in
Fig. 7(h). Although this sensor shows better selectivity to NO2 gas
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is related to a combination of its high surface area, the strong
oxidative nature of NO2, the role of Au as a catalyst for NO2 gas, and
the working temperature of the sensor. For reducing gases, the
response of the SnO2 NWs sensor is higher for benzene, acetone,
and hydrogen relative to the other sensors; this may be owing to
the higher intrinsic response of SnO2 relative to ZnO. This is the case
because, in b-NWs sensors, ZnO is exposed to air rather than SnO2.
However, for CO and ethanol gases, the response of the Aufunctionalized sensor is higher due to the well-known catalytic
activity of Au towards CO [40,41] and ethanol [42] gases. Limit of
detection (LOD) of gas sensors was statically calculated according to
a previous literature [43] (See Text S2 in supporting Information).
The calculated values of LOD were 89.630, 222.056 and
28.9022 ppb for SnO2 NWs gas sensor, b-NWs gas sensor and Aufunctionalized b-NWs gas sensors, respectively. The lower detection limit for Au-functionalized b-NWs gas sensors shows better
performance of this sensor.

3.3.2. Gas sensing mechanism
The sensing mechanism of metal oxide-based gases sensors is
owing to variations in their resistance after exposing to a target gas
[44]. In this section, we discuss the gas sensing mechanisms of our
fabricated sensors, from the simplest device (pristine SnO2 NWs) to
the most complex one (Au-functionalized ZnO-branched SnO2
NWs).
When the SnO2 NWs sensor is in air, oxygen molecules are
adsorbed onto the surfaces of SnO2 NWs. Then, at different temperatures, the adsorbed O2 molecules are converted into oxygen

2
ions (e.g., O
2 , O , or O ) by abstracting electrons from the conduction band of SnO2 NWs, as follows [45]:

Fig. 4. Dynamic resistance curves towards 2e20 ppm NO2 gas at 300  C for (a) SnO2
NWs sensor (b) ZnO branched SnO2 NWs (c) Au functionalized ZnO branched SnO2
NWs.

than the SnO2 NWs sensor, the selectivity is not acceptable for
practical applications. Fig. 8(a)e(f) reveals the dynamic responses
of the Au-functionalized ZnO-branched SnO2 NWs sensor towards
the aforementioned gases, where the responses to all interfering
gases are negligible compared to the response to NO2. This is clearly
seen in the calibration plot of Fig. 8(h). As an example, for the Aufunctionalized b-NWs sensor, the responses to 20 ppm of NO2,
C6H6, C2H5OH, C3H6O, CO, H2 and SO2 gases are 13.07, 1.175, 2.425,
1.572, 1.573, 1.570, and 1.12, respectively. This demonstrates the
good selectivity of the Au-functionalized b-NWs sensor towards
NO2 gas.
Fig. 9 compares the selectivity patterns of the three fabricated
sensors to 10 ppm of all test gases at 300  C. The good selectivity
observed in the Au-functionalized ZnO-branched SnO2 NWs sensor

O2 /O2 ðadsÞ

(1)

O2 ðadsÞ þ e /O
2

(2)



O
2 ðadsÞ þ e /2O ðadsÞ

(3)

O þ e /O2

(4)

Due to extraction of electrons from the outer surfaces of SnO2
NWs, a depletion layer is created on the surfaces of NWs and a
conduction band is created inside of the SnO2 NWs. In NO2 ambient,
NO2 is adsorbed on the surfaces of SnO2 NWs. Owing to the high
electronegativity of NO2, electrons are extracted by NO2 molecules,
as follows [14,46]:

NO2 ðgÞ þ e 4NO
2 ðadsÞ

(5)

NO2 ðgÞ þ e 4NOðgÞ þ O ðadsÞ

(6)




NO
2 ðadsÞ þ O ðadsÞ þ 2e /NOðgasÞ þ 2O ðadsÞ

(7)

Accordingly, the width of the depletion layer increases, eventually causing the resistance of the sensor to increase. After the
stoppage of NO2, the electrons are released back to the surfaces of
SnO2 NWs, leading to a decrease in the depletion layer width; this
causes the resistance to come back to its initial value and a response
is observed [14].
In b-NWs, one can assume that, instead of the SnO2 NWs surfaces, the surfaces of branched ZnO NWs are mostly exposed to air
(Fig. 2). A similar scenario (eqs. (1)e(7)) can be applied to Aufunctionalized ZnO-branched NWs. However, in the b-NWs with
Zn-O, three additional factors can affect the sensing performance:
(i) the higher surface area due to the presence of branched ZnO
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Fig. 5. Dynamic response curves towards 2e20 ppm NO2 gas at 300  C for (a) SnO2 NWs, (b) ZnO branched SnO2 NWs, and (c) Au functionalized ZnO branched SnO2 NWs. (d)
Corresponding calibration curves.

NWs, (ii) the existence of SnO2-ZnO heterojunctions, and (iii) the
presence of ZnO-ZnO homojunctions. It is well-known that b-NWs
with higher surface areas have more adsorption sites, leading to a
larger response.
The second mechanism is modulation of the resistance in SnO2ZnO heterojunctions. The work function (F) of ZnO is in the range of
4.4e5.5 eV [S4eS14, 47,48], whereas that of SnO2 is in the range of
4.0e5.7 eV [S9, S15eS28, 49]. Accordingly, in the present sensors,
there are two possibilities. The ﬁrst possibility is that the FSnO2<
FZnO. Accordingly, electrons are transferred from SnO2 to ZnO to
equalize the Fermi level (Fig. 10(a)) and potential barriers are
formed at the SnO2-ZnO heterointerface and the energy levels
undergo bending (Fig. 10(b)). In the present senor, it is believed that
the majority of electron transfer occurs through ZnO branches; this
is the case because the SnO2 surface is seldom exposed to the atmosphere. Electron transfer generates an electron accumulation
region and an electron depletion region, respectively, at the ZnO
and SnO2 sides of the heterojunctions. This does not lead to the
enhancement of the sensing performance because the larger initial
volume of the conducting region in ZnO turns out to have a lower
sensitivity, i.e., in the case of a larger initial volume, the same
change in the conduction volume caused by the adsorption/
desorption of gas molecules results in a lower sensor response.
The second possibility is that FZnO< F SnO2. Accordingly, electrons are transferred from ZnO to SnO2 (Fig. 11(a)), which generates
an electron accumulation region and an electron depletion region,
respectively, at the SnO2 and ZnO sides of the heterojunctions
(Fig. 11(b)). In this case, the smaller initial conducting volume of the
in ZnO turns out to have a higher sensitivity. The built-in potential
barrier at the heterojunction is equal to the difference between the
work functions of ZnO and SnO2 [32]. When ZnO in in NO2 ambient,
electrons are extracted from the surface of ZnO and the Fermi level
of ZnO is lowered, in comparison to the conduction band energy

(Ec). On the other hand, the Fermi level in SnO2 is relatively
invariant. Accordingly, the lowering of the Fermi level of ZnO in
comparison to that of SnO2 results in a smaller barrier (built-in
potential) at the heterojunctions (Fig. 11(c)). This facilitates electron
extraction from ZnO, leading to the enhanced sensing response.
The third mechanism is due to the existence of a large number of
branched ZnO NWs. Another cause of the resistance modulation
can be the contact area regions between ZnO-ZnO NWs. Based on
the SEM micrographs presented in Fig. 2, most of the surfaces of
SnO2 NWs are covered by ZnO branches; this factor may be even
more important for the resistance modulation of b-NWs. Variations
in the built-in-potential around the homojunctions of ZnObranched NWs during the gas adsorption, will result in modulation of the resistance [47]. In the contact areas between ZnO-ZnO
branched NWs, potential barriers are formed in air; however, in
the presence of NO2, due to the loss of more electrons from the
surfaces of ZnO NWs, the potential barrier for the electrical current
is increased, thereby suppressing the conduction channel used for
passing electrons within ZnO NWs. This results in an increase in the
resistance, which is observed as a response. Therefore, the aforementioned mechanisms collectively enhance the gas response of bNWs relative to the sensor with pristine SnO2 NWs.
In the Au-functionalized ZnO-branched SnO2 NWs sensor,
additional mechanisms related to the presence of Au cause further
enhancement of the response. In the literature, there are similar
reports about the promotional role of Au on the NO2 response. Xia
et al. reported the role of Au NPs for enhanced NO2 sensing of Au/
WO3 sensors, as compared to pristine devices [48]. Additionally,
Shaalan et al. [49] reported enhanced NO2 sensitivity in Au/SnO2
sensors. Two mechanisms (i.e., electronic sensitization (ES) and
chemical sensitization (CS)) are generally applied to explain the
role of noble metals on sensing performances [50]. In the case of ES,
the noble metal is in its oxidized form acts as a strong acceptor for
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Fig. 6. Response of SnO2 NWs sensor at 300  C towards 2e20 ppm of (a) benzene, (b) ethanol, (c) acetone, (d) CO, (e) H2, and (f) SO2 gases. (g) Corresponding calibration curves.
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Fig. 7. Response of ZnO branched SnO2 NWs sensor at 300  C towards 2e20 ppm of (a) benzene, (b) ethanol, (c) acetone, (d) CO, (e) H2, and (f) SO2 gases. (g) Corresponding
calibration curves.

electrons of the metal oxide. In the presence of a reducing gas, the
stable oxides in air, such as Ag2O and PdO, will be reduced to pure
metals and noble metal is reduced. The change of oxidation state of
the noble metal results in the change of electronic state and thus in
the work-function shifts. The work-function shifts generates a

strongly electron-depleted layer inside the sensing layer, while the
electronic interaction is ruptured when it is reduced to metal,
causing signiﬁcant modulation of the resistance of the metal oxide.
This type of sensitization works for Ag and Pd NPs [51]; therefore,
we can disregard this mechanism for Au-functionalized b-NWs.
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Fig. 8. Response of Au functionalized ZnO branched SnO2 NWs sensor at 300  C towards 2e20 ppm of (a) benzene, (b) ethanol, (c) acetone, (d) CO, (e) H2, and (f) SO2 gases. (g)
Corresponding calibration curves.

However, another aspect of ES can be associated with Au/ZnO
heterointerfaces. The FAu is in the range of 4.5e5.4 eV [S29eS43].
Although we do not know the precise values of the work functions,
it can be assumed that the FAu is larger than that of ZnO, thus,

electrons are transferred from ZnO to Au (Fig. 12(a)), causing formation of an electron accumulation region and an electron depletion region, respectively, at the Au and ZnO sides of the
heterojunctions (Fig. 12(b)). This leads to an increase of the initial
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Fig. 9. Comparison between selectivity of SnO2 NWs, ZnO branched SnO2 NWs and Au
functionalized ZnO branched SnO2 NWs sensors.

Fig. 11. (a) Energy levels of SnO2 and ZnO (a) before contact, (b) after contact in air, and
(c) after contact in NO2. Work function of SnO2 is higher than that of ZnO.
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Fig. 10. (a) Energy levels of SnO2 and ZnO (a) before contact and (b) after contact in air.
Work function of ZnO is higher than that of SnO2.

resistance of Au-functionalized b-NWs, as evidenced by the initial
resistance values presented in Fig. 4. This contributes to the
improved sensing behavior because the smaller initial volume of
the conducting region in ZnO will lead to a higher sensitivity.
Fig. 13 schematically shows the role of Au NPs during the
response to NO2 gas (Figs. 1e3). As shown in Fig. 13(a), when there
is no Au on the surfaces of ZnO NWs, the initial diameter of the
conduction channel is large. However, when Au is functionalized on
the surface of ZnO, the diameter of the conduction channel decreases due to the transfer of electrons from ZnO to Au (Fig. 13(b)).
In the presence of NO2, more electrons are abstracted by NO2 gas;
consequently, the diameter of the ZnO conduction channel decreases again and a response can be seen (Fig. 13(c)). Since the
response is deﬁned as Rg/Ra for NO2 gas, we can investigate the
response as follows:

(8)

Here, r is the resistivity of ZnO and l is the length of NWs.
(Dcon.)a and (Dcon.)g are the diameters of the conduction channel in
the presence of air and NO2, respectively. Accordingly, a larger
difference between Dcon. in air and Dcon. in NO2 will result in a
higher sensor response.
Another possible mechanism for the Au-induced enhancement
is related to the modulation of the potential barrier by the
adsorption of NO2 gas. In NO2 ambient, the Fermi level of ZnO is
lowered due to extraction of electrons by NO2 gas, resulting in a
smaller barrier (built-in potential) at the heterojunctions
(Fig. 12(c)). Accordingly, by further decreasing the conduction volume in ZnO, a higher sensing signal will be resulted (Fig. 13).
Another type of sensitization, namely CS, results from catalytic
surface reactions. Here, noble metal NPs offer preferred adsorption
sites for the target gas or oxygen; in a so-called spillover process,
the oxygen or target gases are spilled over onto the surface of the
metal oxide [52]. Spillover involves the transport of adsorbed gases
on the noble metal surface to the metal oxide surface. Thus, the
adsorbed gases gain access to the metal oxide surface easily [53].
Also, by lowering the energy barrier during the adsorption and
desorption of target gases, the noble metal can facilitate the
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adsorption of oxygen and target gases [54]. CS of Au occurs in this
study. Because the surfaces of both SnO2 and ZnO are covered by Au
NPs, Au can catalytically promote the adsorption of oxygen or NO2,
resulting in additional enhancement of the sensor response relative
to the bare b-NWs (Fig. 14). Accordingly, the catalytic activity of Au,
through dissociation of O2 [55,56] and higher adsorption of NO2 gas
[57], is another cause of the higher response of Au-functionalized bNWs relative to the bare b-NWs sensor.
The NO2 sensing characteristics of metal oxide-based gas sensors reported in the literature and our Au-functionalized ZnObranched SnO2 NWs sensor are compared in Table 1. The present
sensor shows a relatively high response to NO2 gas (Ra/Rg ¼ 13.07,
10 ppm) at a normal sensing temperature (300  C), demonstrating
the effectiveness of the designed structure and composition for
NO2 sensing. Previously [3], we also studied the response of Pdfunctionalized ZnO-branched NWs to NO2 gas and a higher
response was obtained. However, we did not study its selectivity.
Since Pd is a well-known noble metal for sensing of H2 gas [63], it is
highly probable that in spite of high response to NO2 gas, it also
response to H2 gas, leading to its weak selectivity to other gases
than H2, which is an important parameter for practical applications.
Fig. 9 indicates that the selective sensing to NO2 gas becomes
enhanced by addition of ZnO branches. We suppose that NO2 gas
species are more inclined to be adsorbed and to carry out electron
transfer reactions, in comparison to other gases. Accordingly, the
increase of surface area will enhance the sensing reactions most
efﬁciently in case of NO2 gas. In addition, Fig. 9 reveals that addition
of Au NPs will signiﬁcantly enhance the selective sensor response to
NO2 gas. There are numerous reports on the promotion of NO2
sensing by Au catalysts. D. V. Ponnuvelu et al. revealed that ZnO@Au

Fig. 12. (a) Energy levels of Au and ZnO (a) before contact, (b) after contact in air, and
(c) after contact in NO2. Work function of Au is higher than that of ZnO.
Fig. 14. Chemical sensitization of Au NPs on the surfaces of SnO2 NWs.

Fig. 13. Schematics of potential barriers in (a) ZnO NWs junctions in air (b) corresponding cross-section view. (c) potential barrier in Au functionalized ZnO NWs junctions in air (d)
corresponding cross-section view. (e) potential barrier in ZnO NWs junctions in NO2 (f) corresponding cross-section view.
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Table 1
Comparison of the NO2 sensing characteristics of some metal oxide-based gas sensors reported in the literature with the Au functionalized b-NWs gas sensors prepared in this
work.
Material

Conc. (ppm)

T( C)

Response (Rg/Ra)

Ref.

Au-functionalized ZnO-branched SnO2 NWs
Branched ZnO NWs
Co functionalized ZnO branched SnO2 NWs
Au-doped In2O3 nanotube
SnO2-ZnO core-shell NWs
SnO2-core-In2O3-shell nanobelts
Ru-SnO2 NWs
Pt-SnO2 NWs
Ag-Fe2O3
Pd-functionalized branched nanowire

10
5
10
1
1
10
200
30
1
1

300
300
300
300
300
300
100
50
150
250

13.07
106% (DR/Ra)
7.48
3.5
1.1
5.35
90
1.3
2.4
22.51

This work
[21]
[21]
[58]
[59]
[60]
[61]
[62]
[30]
[3]

core-shell nanorods (NRs) were more selective to NO2 gas due to Au
cluster-shell, which absorb more NO2 molecules [64]. Also, S.
Kabcum et al. reported a selective NO2 sensor based on Au-WO3
NRs [65], revealing that Au loading selectively enhances the NO2
response against N2O, CO, NH3, C2H5OH, SO2, NO, and H2 gases at
250  C. The metal-semiconductor Ohmic junctions generated by Au
NPs promoted the selective improvement of non-dissociative NO
2
adsorption reaction, rather than dissociative reactions of other gas
species. Accordingly, herein, we suggest that Au NPs will enhance
the NO2-selectivity, not only by more effective absorption of NO2
gas, but also by the non-dissociative reaction of NO
2 species.
4. Conclusions
In brief, a novel gas sensor based on Au-functionalized b-NWs
was presented. The sensing characteristics of the Au-functionalized
ZnO-branched SnO2 NWs sensor showed enhanced response and
selectivity to NO2 at an optimal operating temperature of 300  C. In
contrast, pristine SnO2 NWs and unfunctionalized ZnO-branched
NWs sensors showed much lower responses and selectivity to
NO2 gas. The enhanced gas response of the Au-functionalized bNWs sensor was attributed to the increased resistance modulation,
which was caused by the large number of hetero- and homojunctions, high surface area, high intrinsic sensing capabilities of
SnO2 and ZnO, unique b-NWs structure, and catalytic activity of Au.
The promotional roles of ZnO branching and Au functionalization
were clearly demonstrated and it is hoped that other novel gas
sensors will be introduced in the future.
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