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a b s t r a c t
An extremely sensitive CO sensor based on novel hybrid SnO2 –ZnO core–shell (C–S) nanowires (NWs)
functionalized by Au nanoparticles (NPs) was synthesized. First, networked SnO2 NWs were successfully
prepared using the vapor–liquid–solid growth method on an electrode layer with special patterns. A ZnO
shell was subsequently coated on the SnO2 core using atomic layer deposition, and Au NPs were then
attached onto the ZnO shell using ␥-ray radiolysis. The resulting sensor exhibited a very high response of
26.6–100 ppb CO gas. Furthermore, the responses to other gases such as C6 H6 and C6 H7 were extremely
low, indicating the very good selectivity of the sensor to CO gas. Besides acting as heterojunctions, the
catalytic effect of the Au NPs on CO gas greatly improved the CO sensing capability of the Au-functionalized
SnO2 –ZnO C–S NWs. The high sensitivity and selectivity of this sensor can open a path for prompt toxic
monitoring and early detection of fatal diseases related to CO.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
The analysis of exhaled breath (EB) is a non-destructive tool that
can be used for monitoring human diseases. In fact, the hydrocarbons and simple gases such as CO2 , NO, and CO in EB are known to be
potential biomarkers of disease. The underlying principle for such
biomarkers is that the existence of the aforementioned compounds
in EB varies between healthy and diseased people [1]. CO gas is one
of the most important biomarkers [1]. The two sources of exhaled
carbon monoxide (eCO) are exogenous and endogenous sources.
The ﬁrst source originates principally from air pollution, and the latter one originates mainly from the dissociation of heme molecules
by the microsomal heme oxygenase enzymes. Diseases related to
CO include anemias (hemolytic, sideroblastic, sickle-cell), carboxy
hemoglobinemia, neonatal hyperbilirubinemia, oxidative stress
hematomas, hemoglobinuria, eclampsia, infections, thalassemia,
respiratory infection, and asthma [2]. Furthermore, eCO analysis
can be applied as a non-invasive monitoring tool to determine
smoking status.
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Similarly to the case of real-time analysis for CO2 , known as
capnography that is widely used in clinical breath test, which can
provide critical information about a patient, [3] the analysis of eCO
levels has promising potential in both research and practical applications due to inexpensive, fast, and non-invasive nature of the
method. However, the main problem is the difﬁculty in reliable and
precise analysis of eCO as a biomarker [4], and to date, the detection of very low concentrations of CO remains challenging. Thus,
simple, inexpensive, and portable sensors with high sensitivity and
selectivity are highly needed [5].
CO gas is a colorless and odorless substance [6], which is
very dangerous for human beings; over 50% of fatal poisonings in
advanced countries are due to CO gas [7]. The dangerous effects
of CO for the human body begin when its concentration is higher
than 15 ppm. Therefore, in Europe, the threshold limit value of CO
has been set to be 8.75 ppm [7–9]. At high concentrations, death is
unavoidable, and it has been reported that exposure to 0.5% of CO
for 600 s will lead to death in humans [10]. In addition, as one of the
main sources of CO gas is the partial combustion of hydrocarbons,
CO detection can be used for early ﬁre monitoring [10]. Thus, the
development of simple, inexpensive, and fast sensing sensors for
the detection of extremely low concentrations of CO gas has stimulated the interest of sensor researchers, and today, many efforts
have been devoted to the development of CO gas sensor materials
with high sensitivity and selectivity.
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For the monitoring of poisonous gases such as CO, metal-oxidesemiconductor gas sensors are known to be the leading devices
[6]. However, these devices suffer from poor selectivity, and their
response to ppb concentrations of gases is generally very low [11].
Doping with noble metals such as Au [12,13] and Pt [14,15]; the
realization of different morphologies such as nanowires (NWs)
[16], nanobelts [17], nanoﬁbers [18], and hierarchical structures
[19]; and the creation of n–n [20–22] and n–p [23,24] heterojunctions and special designs such as core–shell (C–S) structures [25]
are among the most popular strategies to overcome the restrictions of metal-oxide-semiconductor gas sensors. The combination
of some of these strategies appears to result in far superior sensing
performances to the use of single strategy.
In our earlier investigation, SnO2 –ZnO C–S NW sensors were
observed to be very efﬁcient in the detection of reducing gases,
[26] and at an optimized shell thickness, the C–S NWs exhibited
better sensing abilities to reducing gases. These sensing abilities
were greatly superior to those of pristine SnO2 NWs without a
shell. In the C–S NW sensor, the formed heterointerfaces between
the core and shell materials may lead to creation of band bending structure, which eventually enhances the sensing performances
compared with their single-material sensors. Furthermore, the NW
nature of the sensors with very high surface-to-volume ratio provides many adsorption sites, which is extremely beneﬁcial for gas
sensing applications [27]. In addition, we have observed that decoration of Au greatly enhances the CO detection capabilities [28] via
chemical and electronic sensitizations.
In this work, we report ultra-sensitive, selective detection of
ppb concentration CO by combining SnO2 –ZnO C–S NWs and Au
functionalization. Advanced synthesis methods were selected to
carefully fabricate the desired nanostructures. Extraordinary CO
gas sensing was achieved using this novel and advanced nanostructure, demonstrating its great potential for the fabrication of
ultra-sensitive, selective CO gas sensors.
2. Experimental
2.1. Synthesis of networked SnO2 NWs and ZnO NWs
Details of procedure for preparation of networked SnO2 NWs
can be found in our previous paper [26]. They were synthesized
using the vapor–liquid–solid growth method by evaporating metallic Sn as the source material. A horizontal quartz tube furnace was
used for the growth of the SnO2 NWs, and growth was performed at
900 ◦ C for 15 min. The as-grown SnO2 NWs formed the networked
junctions between the electrode digits. For comparison, networked
ZnO NWs were also grown, and ZnO NW sensors were fabricated.
The preparation procedure of the ZnO NW sensors, is reported in
our previous paper [29].

from chemical reductants is a great advantage [33]. The precursor solution consisted of 0.051 mM gold chloride (AuCl3 , Kojima
Chemicals Co.) dissolved in a solvent solution consisting of acetone
and 2-propanol (50/50 vol.%). The metal-oxide NWs were completely soaked in the Au solution and subsequently exposed to 60 Co
gamma-rays (10 kGy h−1 ) for 3 h. After this procedure, the synthesized Au NPs were decorated onto SnO2 , ZnO, and SnO2 –ZnO C–S
NWs. The gamma-ray radiolysis technique is explained in detail in
an earlier report [34]. Fig. 1 schematically illustrates the main steps
for the synthesis of Au-functionalized SnO2 –ZnO C–S NWs.
2.4. Sensing measurement
For the sensing measurements, a double layer electrode (200 nm
thick Ni and 50 nm thick Au) was sequentially deposited on the
specimens via sputtering using an interdigital electrode mask.
For measuring sensing performances, the gas sensor was electrically connected to an electrical measuring system (Keithley
2400) interfaced with a computer. The sensors were placed in a
horizontal-type tube furnace and the temperature was varied in
the range of 200–350 ◦ C. The gas concentration was controlled by
changing the mixing ratio of the target gas and the dry air through
mass ﬂow controllers. The total ﬂow rate was set to 500 sccm to
avoid any possible variation in sensing properties. The resistances
of the sensors in air (Ra ) and in the presence of the target gas (Rg )
were measured, and the sensor response was deﬁned as R = Ra /Rg
because all the test gases were reducing gases. The response and
recovery times were deﬁned as the time to reach 90% of the ﬁnal
resistance after exposure to the target gas and the time to recover
90% of the initial resistance of the sensor after removing the target
gas, respectively [35,36].
2.5. Materials characterization
The crystal structure of the synthesized C–S NWs was characterized using X-ray diffraction (XRD). A Philips X’Pert diffractometer
with CuK␣ radiation ( = 1.5418 Å) was used to obtain the XRD
patterns in the 2 range of 20◦ –80◦ . The morphology of the synthesized C–S NWs was examined using scanning electron microscopy
(SEM, Hitachi S-4200) and transmission electron microscopy (TEM,
Philips CM 200). Elemental analysis was performed using energydispersive X-ray spectroscopy coupled with TEM. Through Hall
effect measurement (HMS-3000-ECOPIA), the carrier concentration (ND ) of ZnO thin ﬁlm grown by ALD on Si substrate was
estimated at room temperature.
3. Results and discussion
3.1. Morphology and structure

2.2. Synthesis of networked SnO2 –ZnO C–S NWs
As the thickness of the ZnO shell can be adjusted by setting the
number of atomic layer deposition (ALD) cycles, this technique was
applied to form the ZnO shell over the networked SnO2 NWs. Details
of the ALD process are provided in our previous papers [30–32].
Note that in this study, the thickness of the ZnO shell was adjusted
to be ∼85 nm; this thickness was selected based on earlier results
regarding SnO2 –ZnO C–S NWs [27].
2.3. Decoration of pristine NWs and SnO2 –ZnO C–S NWs with Au
NPs
60 Co

␥-irradiation was used to synthesize the Au NPs because
the reduction is performed at room temperature and the yield is
high. Furthermore, the synthesis of Au NPs without contamination

Fig. 2a and b displays SEM micrographs of the synthesized Aufunctionalized SnO2 NWs and Au-functionalized SnO2 –ZnO C–S
NWs, respectively. Both images clearly show the NW nature, on
which Au NPs were synthesized using the ␥-ray radiolysis technique. Fig. 2a reveals that the synthesized SnO2 NWs are quite
separated from each other. This morphology can provide large
adsorption sites for gaseous species. The inset of Fig. 2a reveals
a portion of highly packed SnO2 NWs. The diameter of individual SnO2 NWs is approximately 50 nm. Fig. 2b shows an individual
SnO2 –ZnO C–S NW with Au NPs on its surface. The NW has a rough
surface because of the coated ZnO shell. The inset in Fig. 2b reveals
densely packed C–S NWs with a networked nature.
XRD was used to study the crystallinity and formation of
desired phases of the NW samples. Fig. 2c presents typical XRD
patterns obtained from the Au-functionalized SnO2 NWs and
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Fig. 1. Schematic illustrations of the fabrication of the Au NP-functionalized SnO2 –ZnO C–S NWs: (a) growth of highly networked SnO2 NWs via the vapor–liquid–solid
method, (b) deposition of ZnO shell layers using ALD, (c) functionalization of C–S NWs with Au NPs by ␥-ray radiolysis, and (d) resulting Au NP-functionalized SnO2 –ZnO
C–S NWs.

functionalized SnO2 –ZnO C–S NWs, the new peaks positioned at
2 = 31.66◦ , 33.85◦ , 36.31◦ , and 63.00◦ belong to the (100), (002),
(101), and (103) planes of the wurtzite phase of ZnO (JCPDS card
No. 89-0511) with lattice parameters of a = 3.24 Å and c = 5.205 Å.
The crystallite size (D) of the Au-functionalized SnO2 –ZnO C–S
NWs was calculated using Scherrer’s equation [37]:
x=

Fig. 2. SEM micrographs of (a) Au-functionalized SnO2 NWs and (b) Aufunctionalized SnO2 –ZnO C–S NWs. (c) XRD spectra of Au-functionalized SnO2 NWs
and Au-functionalized SnO2 –ZnO C–S NWs.

Au-functionalized SnO2 –ZnO C–S NWs, respectively. For the Aufunctionalized SnO2 , the observed peaks can be attributed to Au
and SnO2 with a tetragonal rutile phase, with lattice parameters
of a = 4.73 Å and c = 3.18 Å (JCPDS Card No. 88-0287). For the Au-

K
,
␤cos

(1)

where x is the crystal size (nm), K is a constant (0.90) [37],  is the
wavelength of X-rays used (1.5418 Å), ␤ is the full-width at halfmaximum in radian, and  is the diffraction angle in degree. The
crystal sizes were ∼25 nm for Au (from the (111) peak), ∼13 nm for
ZnO (from the (101) peak), and ∼43 nm for SnO2 (from the (310)
peak).
The results of TEM analysis are presented in Fig. 3. A highresolution TEM image of the Au-functionalized SnO2 NWs is
presented in Fig. 3a. The interplanar spacings of 0.236 and 0.335 nm
correspond to the (111) plane of Au and (110) plane of SnO2 , respectively, demonstrating that a Au NP is attached to the SnO2 NW.
According to the TEM image, the diameter of the Au NPs on the NW
surface is approximately 20 nm. An individual Au-functionalized
SnO2 –ZnO C–S NW, with a diameter of ∼220 nm and ZnO shell
thickness of ∼85 nm, is observed in Fig. 3b. Fig. 3c presents a highresolution TEM image, in which the interplanar spacings of 0.282
and 0.248 nm can be indexed as the (100) and (101) planes of the
wurtzite phase of ZnO, respectively. In the high-resolution TEM
micrograph presented in Fig. 3d, the presence of Au NPs and the
ZnO shell can be conﬁrmed by the interplanar spacings of 0.236
and 0.248 nm, which correspond to the (111) and (101) planes of
Au and ZnO, respectively. The presence of O, Sn, Zn, and Au in the
elemental mapping results (Fig. 3e) further conﬁrms the formation
of Au-functionalized SnO2 –ZnO C–S NWs. The Zn concentration
is higher than that of Sn because ZnO is coated on SnO2 . Fig. 3f
presents a selected-area electron diffraction (SAED) pattern of the
Au-functionalized SnO2 –ZnO C–S NWs.
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Fig. 3. TEM micrographs of (a) Au-functionalized SnO2 NWs and (b) Au-functionalized SnO2 –ZnO C–S NWs. High-resolution TEM micrographs of (c) Au-functionalized SnO2
NWs and (d) Au-functionalized SnO2 –ZnO C–S NWs. (e) Elemental line analysis of Au-functionalized SnO2 –ZnO C–S NWs. (f) Corresponding SAED pattern.

3.2. Gas sensing property
The ﬁrst step in gas sensing tests was to ﬁnd optimal sensing temperature. Fig. 4a shows the dynamic resistance change
of Au functionalized SnO2 -ZnO C-S NWs sensor towards different concentrations of CO gas at different temperatures and Fig. 4b
summarizes the response of Au functionalized SnO2 -ZnO C-S NWs
sensor toward different concentrations of CO gas as a function of
temperature. As it can be seen, the response increases almost linearly with increase of sensing temperature up to 300 ◦ C, where a
maximum response can be observed. Further increase in the sensing temperature results in signiﬁcant decreases of the response.
Therefore 300 ◦ C was selected as the optimal working temperature.
In fact, at the temperatures lower than optimal temperature, there
is not enough energy for activation of gases to pass over the adsorption energy. In contrast for the temperatures higher than 300 ◦ C, the

rate of desorption is higher than adsorption and consequently the
response will be signiﬁcantly decreased.
The second step was to ﬁnd the best sensor in terms of response
to CO gas; therefore, different sensors were exposed to various concentrations of CO at 300 ◦ C. Fig. 5a presents dynamic resistance
curves of ﬁve different types of NWs to various concentrations of
CO gas: (1) SnO2 NWs, (2) ZnO NWs, (3) Au-functionalized SnO2
NWs, (4) SnO2 –ZnO C–S NWs, and (5) Au-functionalized SnO2 –ZnO
C–S NWs. Certain common trends can be observed in the behavior
of all the sensors: (1) Upon exposure to various concentrations of
CO, the resistances of all the sensors decrease, exhibiting n-type
sensing behavior, which originates from the n-type semiconducting behavior of the ZnO or SnO2 oxides; (2) after the removal of
CO gas, the resistances of all the sensors returned to their original
values, indicating the reversibility of the sensors, which is critical
from a practical viewpoint; and (3) with increasing CO concentration, the value of the decrease in the resistances of the sensors is
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Table 1
Calculated values of m and k for the sensors.

Fig. 4. (a) Dynamic response of Au functionalized SnO2 -ZnO C-S NWs sensor
towards different concentrations of CO gas at different temperatures (b) Response of
Au functionalized SnO2 -ZnO C-S NWs sensor towards CO gas as a function of sensing
temperature.

higher. An empirical law usually describes the response of oxide
semiconductor gas sensors:
S=


 m
Ra
= 1 + k Cgas
.
Rg

(2)

Here, m and k are constants that depend on the sensor/target gas
and Cgas is the gas concentration in ppm [38,39]. According to the
above formula, with the increase of gas concentration, the response
value increases. The values of m and k were calculated using a plot
of natural logarithm of ((S = Ra /Rg ) − 1) versus natural logarithm of
concentration, and the results are summarized in Table 1. The values of m for the SnO2 NWs, ZnO NWs, Au-functionalized SnO2 NWs,
SnO2 –ZnO C–S NWs, and Au functionalized SnO2 –ZnO C–S NWs are
0.124, 0.132, 0.296, 0.230, and 0.227, respectively. Therefore, the
response values of the Au-functionalized SnO2 NW, SnO2 –ZnO C–S
NW, and Au-functionalized SnO2 –ZnO C–S NW sensors increased
more than that of the pristine SnO2 NW and ZnO NW sensors as the
CO gas concentration increased.
However, some differences were observed among the sensors:
(1) The responses of the sensors to CO gas differed widely and gen-

Sensor type

m

k

Equation

SnO2 NWs
ZnO NWs
Au-SnO2 NWs
SnO2 –ZnO C–S NWs
Au-SnO2 –ZnO C–S NWs

0.124
0.132
0.296
0.230
0.227

1.99
1.0086
17.99
20.28
49.40

ln(S−1) = 0.69 + 0.124lnC
ln(S−1) = 0.0086 + 0.132lnC
ln(S−1) = 2.89 + 0.296lnC
ln(S−1) = 3.01 + 0.230lnC
ln(S−1) = 3.90 + 0.227lnC

erally increased in the order of Au-functionalized SnO2 –ZnO C–S
NWs > SnO2 –ZnO C–S NWs > Au-functionalized SnO2 NWs > SnO2
NWs > ZnO NWs. The reasons for this trend will be discussed in the
sensing mechanism section; (2) the initial resistances of the sensors
were different, and the order of increase in the resistance in air of
the sensors was the reverse of the order of the response to CO. The
higher initial resistance of the SnO2 NW sensor compared with that
of the ZnO NW sensor can be attributed to the higher mobility of
electrons in ZnO (∼200 cm2 V−1 s−1 ) in comparison to that in SnO2
(∼160 cm2 V−1 s−1 ) [40]. For the Au-functionalized SnO2 NW sensor, as the work function of Au (Au > 5.35 eV) is larger than that of
SnO2 (SnO2 = 4.9 eV), the ﬂow of electrons is from SnO2 to Au. This
behavior results in more bending of the energy band at the interface between Au and SnO2 , which eventually leads to more transfer
of electrons. Therefore, in the presence of Au NPs, the resistance of
SnO2 NW sensors increases [41]. In the SnO2 –ZnO C–S NW sensor,
the creation of a heterointerface between SnO2 and ZnO results
in a higher resistance than that in the pristine ZnO NW and SnO2
NW sensors. Finally, the highest resistance was observed for the
Au-functionalized SnO2 –ZnO C–S NWs because of the synergetic
effects of the SnO2 /ZnO and Au/SnO2 heterointerfaces.
Fig. 5b shows the response of all of the sensors to 100 ppb CO
gas at 300 ◦ C. Note that because the ZnO NW and SnO2 NW sensors did not show a meaningful CO response to concentrations
below 1 ppm, the concentration of CO was set at 1 ppm. Fig. 4a
and b shows that the trend in the increase of response to CO
gas has a direct relationship with the resistance of the sensors. In
other words, the sensors with higher resistance exhibited better
responses to CO gas. Thus, the highest response was observed for
the Au-functionalized SnO2 –ZnO C–S NWs (the highest resistance),
and the lowest response was observed for the ZnO NWs (the lowest
resistance). Table 2 lists some recently published properties of CO
gas sensors based on SnO2 , ZnO, or Au. In particular, previously we
showed that Au functionalized SnO2 NWs sensor has a response
of 20.1 towards 1 ppm of CO gas [18]. However, the response of
present sensor is much higher. We discussed the reasons for high
response of present sensor to CO in the sensing mechanism part.
Overall, the response of the Au-functionalized SnO2 –ZnO C–S NW
sensor is much higher than those of the reported sensors. Also based
on sensitivity criterion (response/concentration), our sensor exhibited a value of 266 (1/ppm), which is 13.3 times higher than the best
sensitivity listed in Table 2.
The selective CO-sensing properties of the Au-functionalized
SnO2 –ZnO C–S NW sensor were investigated. In general, a
metal-oxide-semiconductor gas sensor cannot distinguish among
different gases, and most chemoresistive-type gas sensors have
to address this problem of low selectivity. The selectivity can be
quantitatively evaluated in terms of a selectivity factor as follows:
KA/B = R A /R B ,

(3)

where RA and RB are the responses of a sensor to a target (desired)
gas A and an interference gas B, respectively (for equivalent
concentrations) [42]. This equation is used because a gas sensor
is sensitive not only to the desired gas but also to other gases
present in the environment [43]. The selective sensing properties
of the Au-functionalized SnO2 –ZnO C–S NW sensor were evaluated
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Fig. 5. (a) Dynamic responses of ﬁve types of NWs to various concentrations of CO gas at 300 ◦ C: (1) ZnO NWs, (2) SnO2 NWs, (3) Au-functionalized SnO2 NWs, (4) SnO2 –ZnO
C–S NWs, and (5) Au-functionalized SnO2 –ZnO C–S NWs. (b) Histogram comparing the 100 ppb CO responses of the ﬁve types of NWs at 300 ◦ C. Note that for the ZnO and
SnO2 NWs, 1 ppm CO was used because they did not exhibit a meaningful CO response to concentrations below 1 ppm.

using various gases such as CO, toluene (C7 H8 ), benzene (C6 H6 ),
ethanol (C2 H5 OH), hydrogen (H2 ) and acetone (CH3 COCH3 ). The
normalized resistance curves for 100 ppb of the reducing gases
are presented in Fig. 6a, and the corresponding histogram is
presented in Fig. 6b. In addition, Fig. 6c presents the corresponding

calibration curves for all of the gases (Also Fig. S1 in supplementary
information shows dynamic response of Au functionalized sensor
towards different concentrations of CO, C6 H6 and H2 gases at
300 ◦ C). For all the measurements, the initial resistance of the
sensor was almost the same (∼12 M), indicating its very good
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Table 2
Comparison of CO sensing properties of metal oxides containing SnO2 , ZnO, or Au with those of the sensor prepared in the current work.
Material type

Synthesis route

Conc. (ppm)

Response (Ra /Rg )

Response to Conc. Ratio (1/ppm)

Temp. (◦ C)

Ref.

Au/SnO2 –ZnO NWs
ZnO–In2 O3 C–S NWs
Au@Cu2 O
Au@SnO2
Au@Cu2 O
Cu–Zn@ZnO
Au@TiO2
Pd@SnO2
CuO/SnO2 –In2 O3
Mixed ZnO + In2 O3
SnO2 –In2 O3
MWCNT/SnO2
Au-functionalized SnO2 NWs
Pd-functionalized SnO2 NWs
Pt-functionalized SnO2 NWs
SnO2 NFs
Au functionalized SnO2 NFs
RGO loaded SnO2 NFs
Au functionalized RGO loaded SnO2 NFs

Solid–vapor + ALD + ␥-ray
Two-step growth process
Chemical reduction
Hydrothermal
Solution process
Precipitation
Microwave
Microemulsion
Chemical route
Commercial powders
Sol-gel
Two-step mixing
Solid-vapor + ␥-ray
Solid-vapor + ␥-ray
Solid-vapor + ␥-ray
Sol-gel + electrospinning
Sol-gel + electrospinning
Sol-gel + electrospinning
Sol-gel + electrospinning

0.1
100
200
5
1000
50
1000
150
1000
4600
50
50
1
1
1
2
2
2
2

26.6
2
2.61
9
5.76
3.3
1.15
50
130
24
4
16
20.1
2.5
3.6
5
17.9
14
20.3

266
0.02
0.0310
1.80
0.00567
0.066
0.0015
0.333
0.130
0.00521
0.08
0.32
20.1
2.5
3.6
2.5
8.95
7
10.15

300
400
200
210
200
240
500
200
135
460
250
250
300
300
300

Present Work
[17]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]
[44]
[44]
[44]
[28]
[28]
[28]
[28]

stability. Table 3 summarizes the results of the selectivity studies;
on average, the selectivity factor in the presence of C6 H6 gas
was 10.22, for C7 H8 gas was 24.84, for C2 H5 OH was 43.35, for H2
was 4.09 and for CH3 COCH3 was 11.15. In addition, according to
Fig. 7c, the selectivity factors for 100 ppb of the gases were as
follows: KCO/C7H8 = 26.6/1.94 = 13.71, KCO/C6H6 = 26.6/4.2 = 6.33,
KCO/C2H5OH = 26.6/1.1 = 24.45.
KCO/H2 = 26.6/8.9 = 2.98
and
KCO/CH3CHCH3 = 26.6/2.9 = 9.17.
In other words, the Au-functionalized SnO2 –ZnO C–S NWs
exhibited excellent CO selective detection. The special catalytic role
of Au toward CO detection was investigated in our recent work [44]
and it was observed that because of the low oxidation barrier for the
oxidation of CO on the surface of Au (1.20 eV), dissociation of C6 H6
in the form of biphenyl species from Au surfaces at 127 ◦ C (poor
adsorption of C6 H6 at higher temperatures), and the presence of
compression-strained Au NPs, Au NPs have high catalytic activities
toward CO gas.
In our previous work [27], we functionalized SnO2 -ZnO C-S
NWs by Pt NPs and tested their sensing properties. We obtained
a response of ∼130 to 100 ppb of CO that was higher that the value
obtained for the same concentration of CO in this study. However,
Pt functionalized sensor, showed a response of 279 to C7 H8 gas.
In other words, it did not show a selectivity towards CO at all. It
is well-known that, for practical applications in addition to a high
sensitivity, a gas sensor must also have a good selectivity. As one of
the main goals of this study was to achieve high selectivity exclusively towards CO gas, it seems that Au functionalization is more
rational to obtain high selectivity towards CO gas, than Pt functionalization. In the present study, even though the response to CO
gas is lower than Pt functionalized SnO2 -ZnO C-S NWs sensor, the
selectivity to CO gas is much higher. Therefore, in contrast with Pt
functionalized sensor, present sensor has quite high potential to
be used in practical applications. Kim et al. [44], comprehensively

Table 3
Selectivity factor K for different concentrations of C7 H8 and C6 H6 , C2 H5 OH, H2 and
CH3 COCH3 gases.
Gas concentration (ppm) KCO/C7H8 K CO/C6H6 K CO/C2H5OH K CO/H2 K CO/CH3COCH3
0.1
0.5
1
10
20
30
Average

13.71
15.995
30.57
34.75
26.75
27.27
24.84

6.33
7.27
9.72
12.08
12.67
13.28
10.22

24.45
53.5
52.125
–
–
–
43.35

2.98
5.05
4.25
–
–
–
4.09

9.17
17.83
6.46
–
–
–
11.15

studied high selectivity of Pt towards C7 H8 . They pointed out that
why Pt functionalized sensor had the highest selectivity to C7 H8
sensing was due to the relatively strong bonding of C7 H8 onto Pt
and the difﬁculties in the regeneration of C7 H8 on Pt. The easier
adsorption of C7 H8 on Pt relative to CO and other gases was related
to electronic effects with respect to the methyl group (−CH3 ) in
C7 H8 gas.
Fig. 7 shows response and recovery times of Au functionalized
SnO2-ZnO C-S NWs sensor towards 100 ppb of CO, C6 H6 , C7 H8 ,
CH3 COCH3 , C2 H2 OH, and H2 at 300 ◦ C. It can be seen that the
response time for 100 ppb CO gas is 75 s and the recovery time
is 275 s. Except for CH3 COCH3 the response time towards CO is
shorter than other gases. This is an advantage for practical applications, because the sensor can detect CO very fast among other
gases. In case of CH3 COCH3, although the response time is somewhat shorter however the response of sensor towards CO gas is
much higher. Also in all cases, the recovery times are longer than
the response times, which shows slower desorption rate of target
gases relative to the adsorption rate.
Fig. 8 shows the long-term stability of Au functionalized sensors towards different gases, which was preserved in the laboratory
(25 ◦ C) for 12 months (also Fig. S2 in supplementary information shows dynamic resistance curves of Au functionalized sensor
towards different gases at 300 ◦ C after 1 year). As it can be seen, the
response of the sensor after 1 year is exactly the same for C6 H6 and
C7 H8 gasses. Even though, the response towards CO gas is slightly
decreased from 26.6 to 24.2 after 1 year, it is still much larger than
the response to the other gases and the selectivity of sensor is not
affected and degraded.
3.3. Sensing mechanism
The sensing mechanism of metal-oxide gas sensors mainly
involves gas adsorption, reactions on surfaces, and desorption processes [45]. In air, oxygen molecules (O2 ) are adsorbed onto the
−
2−
surfaces of metal oxides, forming oxygen-related ions (O−
2,O ,O )
by capturing electrons from the conduction band of metal oxides.
This process causes a decrease in the carrier concentration, which
results in band bending and the formation of a depletion layer on
the surface of metal oxides. Because of the existence of this depletion layer, metal oxides exhibit a high-resistance state in air. Upon
exposure to target gases, such as reducing gases, the metal oxides
react with adsorbed oxygen species and generate electrons, which
return to the surface of the metal oxides, causing a decrease of
resistance; consequently, a response is observed.
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Fig. 7. Response and recovery times of Au functionalized SnO2 -ZnO C-S NWs sensor
towards 100 ppb of CO, C6 H6 , C7 H8 , CH3 COCH3 , C2 H2 OH, and H2 at 300 ◦ C.

Fig. 8. Long-term stability of the Au functionalized SnO2 -ZnO C-S NWs sensor. It
compares the response of the fresh sensor with that of one stored in the room
temperature for 1 year.

Fig. 6. (a) Normalized resistance curves of Au-functionalized SnO2 –ZnO C–S NWs
to CO, C6 H6 , C7 H8 , CO2 , CH3 COCH3 , C2 H2 OH, and H2 gases at 300 ◦ C. (b) Histogram
of selectivity to different gases at 300 ◦ C (c) Corresponding calibration curves (at
300 ◦ C).

It is noteworthy that impedance analysis [46,47] is another way
to track the presence of a target gas in the surfaces of the sensing layer. In particular, with impedance analysis, it is possible to
more precisely discuss the roles of grain boundaries and grains on
the total resistance of sensor at different temperatures. However
herein we discussed the sensing mechanism by measuring of the
resistance values, which is simpler than impedance analysis.
The amount of resistance modulation resulting from modulation
of the electron depletion layer in the shell in C–S sensors varies with
the shell thickness. From the resistance modulation viewpoint, a
thinner shell with a thickness of close to or smaller than the Debye
length (t ≤ D ) is more effective compared with a thicker shell, in
which partial electron depletion occurs. However, a thicker shell
is more effective when considering the volume contribution of the

shell layer in the resistance modulation. Because of these two competing effects, there is an optimized shell thickness that exhibits the
best resistance modulation of C–S NWs. This concept is described
in detail in an earlier study [22].
In Au-functionalized SnO2 –ZnO C–S NWs, ZnO is an n-type semiconductor with a band gap energy of 3.3 eV, electron afﬁnity of
4.3 eV, and work function of 5.2 eV at room temperature [48]. SnO2
is an n-type semiconductor with a band gap of 3.5 eV, electron afﬁnity of 4.5 eV, and work function of 4.9 eV [49]. Furthermore, the
work function of Au is >5.35 eV [50]. Because SnO2 < ZnO < Au ,
upon the generation of a junction, electrons will ﬂow from SnO2 to
ZnO and from ZnO to Au to equitize the Fermi levels, as illustrated
in Fig. 9a.
The formation of Au/ZnO interfaces and chemical effect of Au
are two consequences of the presence of Au NPs that must be considered in the analysis of gas sensing results. When the Au/ZnO
interfaces are formed, the ﬂow of electrons is from the ZnO shell
layer to the Au NPs (ZnO < Au ). Therefore, Au NPs, which are
randomly distributed along the length of the SnO2 –ZnO NWs, act
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Fig. 9. (a) The electronic band structures of SnO2 , ZnO, and Au in air before and after contact. (b) Change of the band structures of SnO2 –ZnO C–S NWs in the presence of CO
gas. (c) Electrical mechanism of Au on the SnO2 –ZnO C–S NWs. (d) Chemical mechanism of Au on the SnO2 –ZnO C–S NWs.

as electron acceptors on ZnO surfaces; this process results in an
increase of the width of the depletion layer in ZnO and contraction
of the conduction channels of the NWs (Fig. 9b) [50–52]. This effect
intensiﬁes the resistance change of the NWs when gas molecules
adsorb and desorb onto the oxide NWs [53] and explains the higher
resistance of the Au-functionalized SnO2 –ZnO NWs compared to
that of the pristine SnO2 –ZnO NWs.
In more detail, in the pristine SnO2 –ZnO NWs, as schematically
illustrated in Fig. 9c, the adsorption of negatively charged oxygens,
results in the formation of electron depletion layers on the surface
of the ZnO NWs and the decrease of the conduction path through
the ZnO. As reported in [27], for shell layers with a thickness equal
to or larger than the Debye length (t ≥ D ), electrical transport will
be mostly conﬁned to the shell layer, not smeared to the core region.

In this study, the thickness of the ZnO shell layer (∼85 nm) is
larger than the width of the electron depletion layer. The width of
the electron depletion layer can be expressed as follows [54]:


Wd =

2εZnO ˚
qNZnO

(4)

Here, Wd is the width of electron depletion layer and  is the
height of the potential barrier established by the oxygen adsorption, εZnO is the permittivity of ZnO, q is the electrical charge of
the carrier, and NZnO is the electron concentration in ZnO. By using
the values [55–59] of  = 0.5 eV, εZnO = 8.75 × 8.85 × 10−12 Fm−1 ,
q = 1.6 × 10−19 C, and NZnO = 3.11 × 1017 cm−3 (determined by Hall
measurement), the result of Wd = 39.44 nm was obtained. There-
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fore, it can be assumed that the electron conduction path is mainly
located in the ZnO shell.
In addition, upon the generation of Au/ZnO heterointerfaces,
because of the electron ﬂow, the width of the depletion layer in
ZnO can be further increased. The amount of the additional expansion of ZnO depletion layer (WZnO ) as a result of presence of Au can
be calculated as follows [59]:


WZnO =

2εZnO NAu V0
q2 NZnO (NZnO + NAu )

1/2
(5)

Here by using the values of [55–58,60] NAu = 5.9 × 1022 cm−3 ,
NZnO = 3.11 × 1017 cm−3 ,
q = 1.6 × 10−19 C,
V0 = 0.15 eV,
and
εZnO = 8.75 × 8.85 × 10−12 Fm−1 , WZnO was calculated to be
21.6 nm. Considering the inherent adsorbed oxygen species before
the formation of Au NPs, it can be estimated that the depletion
layer depth of ZnO under the Au NPs will be in the ∼61.04 nm.
Accordingly, we suppose that the electron conduction path is
mainly in the ZnO shell.
After oxidation of CO by the reaction with negatively charged
surface oxygen, released electrons transfer to the ZnO shell and
increase its conductivity. Because the original conduction volume
has been substantially reduced by the presence of Au/ZnO heterojunctions, the increase of the conduction volume by the adsorption
of CO will contribute to the enhancement of sensitivity. In other
words, the functionalization with Au NPs can increase the width
of the electron depletion layer inside the ZnO shells. Thus, a larger
portion of the ZnO NWs is transformed into the electron depletion
layer, and the resistance of the SnO2 –ZnO NW sensor is governed by
the narrow cross-sections inside the ZnO. After injection of CO gas,
the deep electron depletion layer created in the regions in contact
with the Au NPs becomes shallow, and a large response is observed
[61].
The second contribution of Au is chemical sensitization, which
facilitates the dissociation of O2 gas and increases interactions
between the CO and adsorbed oxygen species, as schematically
illustrated in Fig. 6d. In the presence of Au, CO molecules can be ﬁrst
adsorbed on the surface of Au clusters and later move to the surfaces
of metal oxides, which further affects the gas sensing properties
[62,63].
It is necessary to further understand why Au NPs preferentially
sense CO rather than C6 H6 and C7 H8 . We know that strong bonding
between the surface and gas molecules will decrease the catalytic
efﬁciency of metal NPs because the binding will be too strong to be
broken and form the transition state. Weak bonding, however, also
decreases the catalytic efﬁciency because the gas molecules may
not stick to the surface for the subsequent reaction. With moderate
bonding strength, the molecules stick to the surface but are ﬂexible
enough to move around and form transition states. Therefore, it is
necessary to ﬁrst analyze the binding strength of CO, C6 H6 , and
C6 H7 on the Au NPs. According to our previous analysis [44], the
adsorption energy of C6 H6 onto Au is very low (0.64 eV), and C6 H6
weakly interacts with Au. In addition, the Au catalytic activity for
C7 H8 was relatively low at high temperatures because C6 H6 and its
dissociated biphenyl species desorb from Au surfaces at >127 ◦ C.
Furthermore, the reaction energy barrier for complete oxidation
of CO in the presence of Au was 0.21 eV, which is very low. Good
catalytic activity of Au for the oxidation of CO was also reported by
Korotcenkov et al. [64]. Therefore, it is expected that the Au NPs
offer higher sensitivity to CO in the presence of C6 H6 and C7 H8 .
Our group also discussed the high response of Au-functionalized
metal oxides to CO gas from the d-band theory viewpoint [44].
A higher d-band center (relative to the Fermi level) corresponds
to an increase in energy and less ﬁlling of the antibonding (d-)*
state, which means that the metal–adsorbate system is more stable,
and stronger binding between the metal and adsorbate is expected.

The increased ﬁlling of the unstable antibonding state will result in
the destabilization of the metal–adsorbate interaction, and thus, a
weaker bonding energy is expected. The d-band center of Au was
relatively low (−4.32), and by plotting the response to CO, C6 H6 ,
and C7 H8 gases as a function of the d-band center, it was apparent
that the sensitivity to CO in the presence of Au was higher than that
to other gases.
4. Conclusion
An exceptional CO gas sensor based on Au-functionalized
SnO2 –ZnO C–S NWs with an ultra-high response of 26.6 to a low
concentration (100 ppb) of CO gas was presented. XRD patterns
conﬁrmed the presence of Au, ZnO, and SnO2 in the synthesized
NWs, and SEM micrographs veriﬁed their NW nature. Furthermore,
TEM analyses conﬁrmed the formation of the ZnO shell over the
SnO2 core and presence of Au NPs. The gas sensing results indicated that the pristine ZnO and SnO2 NWs exhibited the lowest
response to CO gas and that their combination in the form of C–S
NWs and Au functionalization led to a great enhancement of the
CO response. In addition, Au was observed to be very effective for
the detection of CO gas among other gases. In brief, the effects of
the enlarged electron depletion layers in the ZnO shell layer, catalytic role of the functionalized Au NPs, and high surface area of
NWs were the main factors responsible for the excellent response
of the Au-functionalized SnO2 –ZnO C–S NWs to CO gas. This new
ternary composite exhibited a high response, high selectivity, and
reversible and stable sensing signal, demonstrating its potential for
use not only for the prompt monitoring of a negligible amount of
CO gas but also for the early detection of fatal diseases related to
CO.
Acknowledgement
This research was supported by Basic Science Research Program
through the National Research Foundation of Korea (NRF) funded
by the Ministry of Education (2016R1D1A1B03935228).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2017.04.090.
References
[1] S.W. Ryter, J.M. Sethi, Exhaled carbon monoxide as a biomarker of
inﬂammatory lung disease, J. Breath Res. 1 (2007) 026004.
[2] V.L. Vaks, E.G. Domracheva, E.A. Sobakinskaya, M.B. Chernyaeva, Exhaled
breath analysis: physical methods, instruments, and medical diagnostics,
Phys. -Usp. 57 (2014) 684–701.
[3] T.H. Risby, Critical issues for breath analysis, J. Breath Res. 2 (2008) 030302.
[4] B. Antus, I. Horvath, Exhaled nitric oxide and carbon monoxide in respiratory
diseases, J. Breath Res. 1 (2007) 024002.
[5] R. Gajdocsy, I. Horvath, Exhaled carbon monoxide in airway diseases: from
research ﬁndings to clinical relevance, J. Breath Res. 4 (2010) 047102.
[6] A. Mirzaei, S. Park, G.-J. Sun, H. Kheel, C. Lee, CO gas sensing properties of
In4 Sn3 O12 and TeO2 composite nanoparticle sensors, J. Hazard. Mater. 305
(2016) 130–138.
[7] G.F. Fine, L.M. Cavanagh, A. Afonja, R. Binions, Metal oxide semiconductor gas
sensors in environmental monitoring, Sensors 10 (2010) 5469–5502.
[8] T. Yanagimotoa, Y.T. Yu, K. Kaneko, Microstructure and CO gas sensing
property of Au/SnO2 core–shell structure nanoparticles synthesized by
precipitation method and microwave-assisted hydrothermal synthesis
method, Sens. Actuators B 166–167 (2012) 31–35.
[9] M.-R. Yu, R.-J. Wua, M. Chavali, Effect of ‘Pt’ loading in ZnO–CuO
hetero-junction material sensing carbon monoxide at room temperature,
Sens. Actuators B 153 (2011) 321–328.
[10] P. Patnaik, A Comprehensive Guide to the Hazardous Properties of Chemical
Substances, third ed., John Wiley & Sons, Inc., New York, 2007.
[11] B.T. Raut, P.R. Godse, S.G. Pawar, M.A. Chougule, D.K. Bandgar, V.B. Patil, Novel
method for fabrication of polyaniline–CdS sensor for H2 S gas detection,
Measurement 45 (2012) 94–100.

J.-H. Kim et al. / Sensors and Actuators B 249 (2017) 177–188
[12] G. Neri, A. Bonavita, G. Rizzo, S. Galvagno, N. Donato, L.S.A. Caputi, Study of
water inﬂuence on CO response on gold-doped iron oxide sensors, Sens.
Actuators B 101 (2004) 90–96.
[13] G. Neri, A. Bonavita, S. Galvagno, P. Siciliano, S. Capone, CO and NO2 sensing
properties of doped-Fe2 O3 thin ﬁlms prepared by LPD, Sens. Actuators B 82
(2002) 40–47.
[14] G. Neri, A. Bonavita, G. Micali, N. Donato, F.A. Deorsola, P. Mossino, I. Amato,
B.D. Benedetti, Ethanol sensors based on Pt-doped tin oxide nanopowders
synthesised by gel-combustion, Sens. Actuators B 117 (2006) 196–204.
[15] G. Neri, A. Bonavita, G. Micali, G. Rizzo, N. Pinna, M. Niederberger, In2 O3 and
Pt-In2 O3 nanopowders for low temperature oxygen sensors, Sens. Actuators B
127 (2007) 455–462.
[16] N. Singh, A. Ponzoni, R.K. Gupta, P.S. Lee, E. Comini, Synthesis of In2 O3 –ZnO
core–shell nanowires and their application in gas sensing, Sens. Actuators B
160 (2011) 1346–1351.
[17] H. Kim, S. An, C. Jin, C. Lee, Structure and NO2 gas sensing properties of
SnO2 -core/In2 O3 -shell nanobelts, Curr. Appl. Phys. 12 (2012) 1125–1130.
[18] J. Moon, J.-A. Park, S.-J. Lee, T. Zyung, I.-D. Kim, Pd-doped TiO2 nanoﬁber
networks for gas sensor applications, Sens. Actuators B 149 (2010) 301–305.
[19] N.D. Khoang, D.D. Trung, V.N. Duy, N.D. Hoa, V.N. Hieu, Design of SnO2 /ZnO
hierarchical nanostructures for enhanced ethanol gas-sensing performance,
Sens. Actuators B 174 (2012) 594–601.
[20] D.T.T. Le, D.D. Trung, N.D. Chinh, T.B.T. Binh, H.S. Hong, V.N. Duy, N.D. Hoa,
V.N. Hieu, Facile synthesis of SnO2 –ZnO core–shell nanowires for enhanced
ethanol-sensing performance, Curr. Appl. Phys. 13 (2013) 1637–1642.
[21] S. Park, H. Ko, S. Kim, C. Lee, Gas sensing properties of multiple networked
GaN/WO3 core-shell nanowire sensors, Ceram. Int. 40 (2014) 8305–8310.
[22] S. Park, S. Park, S. Lee, H.W. Kim, C. Lee, Hydrogen sensing properties of
multiple networked Nb2 O5 /ZnO core–shell nanorod sensors, Sens. Actuators
B 202 (2014) 840–845.
[23] S. Park, H. Ko, S. Lee, H.W. Kim, C. Lee, Light-activated gas sensing of
Bi2 O3 -core/ZnO-shell nanobelt gas sensors, Thin Solid Films 570 (2014)
298–302.
[24] H. Ko, S. Park, S. An, C. Lee, Enhanced ethanol sensing properties of
TeO2 /In2 O3 core–shell nanorod sensors, Curr. Appl. Phys. 13 (2013) 919–924.
[25] A. Mirzaei, K. Janghorban, B. Hashemi, A. Bonavita, M. Bonyani, S.G. Leonardi,
G. Neri, Synthesis, characterization and gas sensing properties of Ag@␣-Fe2 O3
core–shell nanocomposites, Nanomaterials 5 (2015) 737–749.
[26] S.-W. Choi, A. Katoch, G.-J. Sun, J.-H. Kim, S.-H. Kim, S.S. Kim, Dual functional
sensing mechanism in SnO2 -ZnO core-shell nanowires, ACS Appl. Mater.
Interfaces 6 (2014) 8281–8287.
[27] J.-H. Kim, S.S. Kim, Realization of ppb-scale toluene-sensing abilities with
Pt-functionalized SnO2 -ZnO core-shell nanowires, ACS Appl. Mater. Interfaces
7 (2015) 17199–17208.
[28] J.-H. Kim, A. Katoch, H.W. Kim, S.S. Kim, Realization of ppm-level CO detection
with exceptionally high sensitivity using reduced graphene oxide-loaded
SnO2 nanoﬁbers with simultaneous Au functionalization, Chem. Commun. 52
(2016) 3832–3835.
[29] J.Y. Park, S.-W. Choi, S.S. Kim, Tailoring the number of junctions per electrode
pair in networked ZnO nanowire sensors, J. Am. Ceram. Soc. 94 (2011)
3922–3926.
[30] A. Katoch, J.-H. Kim, S.S. Kim, TiO2 /ZnO inner/outer double-layer hollow ﬁbers
for improved detection of reducing gases, ACS Appl. Mater. Interfaces 6
(2014) 21494–21499.
[31] J.Y. Park, S.-W. Choi, S.S. Kim, A synthesis and sensing application of hollow
ZnO nanoﬁbers with uniform wall thicknesses grown using polymer
templates, Nanotechnology 21 (2010) 475601–475610.
[32] S.W. Choi, J.Y. Park, C. Lee, J.G. Lee, S.S. Kim, Synthesis of highly crystalline
hollow TiO2 ﬁbers using atomic layer deposition on polymer templates, J. Am.
Ceram. Soc. 94 (2011) 1974–1977.
[33] N.N. Duy, D.X. Du, D.V. Phu, L.A. Quoc, B.D. Duc, N.Q. Hien, Synthesis of gold
nanoparticles with seed enlargement size by ␥-irradiation and investigation
of antioxidant activity, Colloids Surf. A 436 (2013) 633–638.
[34] S.-W. Choi, S.H. Jung, S.S. Kim, Functionalization of selectively grown
networked SnO2 nanowires with Pd nanodots by ␥ ray radiolysis,
Nanotechnology 22 (2011) 225501.
[35] S.-W. Choi, J. Zhang, A. Katoch, S.S. Kim, H2 S sensing performance of
electrospun CuO-loaded SnO2 nanoﬁbers, Sens. Actuators B 169 (2012) 54–60.
[36] S.-W. Choi, J. Zhang, A. Katoch, S.S. Kim, Signiﬁcant enhancement of the
sensing characteristics of In2 O3 nanowires by functionalization with Pt
nanoparticles, Nanotechnology 21 (2010) 415502.
[37] G. Srinet, R. Kumar, V. Sajal, Effects of aluminium doping on structural and
photoluminescence properties of ZnO nanoparticles, Ceram. Int. 40 (2014)
4025–4031.
[38] L. Chambon, A. Pauly, J.P. Germain, C. Maleysson, V. Demarne, A. Grisel, A
model for the responses of Nb2 O5 sensors to CO and NH3 gases, Sens.
Actuators B 43 (1997) 60–64.
[39] D. Liu, T. Liu, H. Zhang, C. Lv, W. Zeng, J. Zhang, Gas sensing mechanism and
properties of Ce-doped SnO2 sensors for volatile organic compounds, Mater.
Sci. Semicond. Process. 15 (2012) 438–444.
[40] A.S. Zoolfakar, M.Z. Ahmad, R.A. Rani, J.Z. Ou, S. Balendhran, S. Zhuiykov, K.
Latham, W. Wlodarski, K. Kalantar-Zadeh, Nanostructured copper oxides as
ethanol vapour sensors, Sens. Actuators B 185 (2013) 620–627.
[41] Y.T. Yu, P. Dutta, Examination of Au/SnO2 core-shell architecture nanoparticle
for low temperature gas sensing applications, Sens. Actuators B 157 (2011)
444–449.

187

[42] B.T. Raut, M.A. Chougule, S.R. Nalage, S. Dalavi, P.S. Patil, V.B. Patil, CSA doped
polyaniline/CdS organic–inorganic nanohybrid: physical and gas sensing
properties, Ceram. Int. 38 (2012) 5501–5506.
[43] A. D’amicoa, C.D. Natalea, P.M. Sarroda, Ingredients for sensors science, Sens.
Actuators B 207 (2015) 1060–1068.
[44] J.-H. Kim, P. Wu, H.W. Kim, S.S. Kim, Highly selective sensing of CO, C6 H6 , and
C7 H8 gases by catalytic functionalization with metal nanoparticles, ACS Appl.
Mater. Interfaces 8 (2016) 7173–7183.
[45] X. Li, J. Liu, H. Guo, X. Zhou, C. Wang, P. Sun, X. Hu, G. Lu, Au@In2 O3 core-shell
composites: a metal-semiconductor heterostructure for gas sensing
applications, RSC Adv. 5 (2015) 545–551.
[46] K. Schneider, M. Lubecka, A. Czapla, V2 O5 thin ﬁlms for gas sensor
applications, Sens. Actuators B 236 (2016) 970–977.
[47] M.A. Ponce, R. Parra, R. Savu, E. Joanni, P.R. Bueno, M. Cilense, J.A. Varela, M.S.
Castro, Impedance spectroscopy analysis of TiO2 thin ﬁlm gas sensors
obtained from water-based anatase colloids, Sens. Actuators B 139 (2) (2009)
447–452.
[48] J. Kim, K. Yong, mechanism study of ZnO nanorod bundle sensors for H2 S gas
sensing, J. Phys. Chem. C 115 (2011) 7218–7224.
[49] T. Tharsika, A.S.M.A. Haseeb, S.A. Akbar, M.F.M. Sabri, Y.H. Wong, Enhanced
ethanol gas sensing properties of SnO2 -core/ZnO-shell nanostructures,
Sensors 14 (2014) 14586–14600.
[50] V.D. Renzi, R. Rousseau, D. Marchetto, R. Biagi, S. Scandolo, U.D. Pennino,
Metal work-function changes induced by organic adsorbates: a combined
experimental and theoretical study, Phys. Rev. Lett. 95 (2005) 046804.
[51] J.-H. Kim, H.W. Kim, S.S. Kim, Ultra-sensitive benzene detection by a novel
approach: core-shell nanowires combined with the Pd-functionalization,
Sens. Actuators B 239 (2017) 578–585.
[52] N.S. Ramgir, M. Kaur, P.K. Sharma, N. Datta, S. Kailasaganapathi, S.
Bhattacharya, A.K. Debnath, D.K. Aswal, S.K. Gupta, Ethanol sensing properties
of pure and Au modiﬁed ZnO nanowires, Sens. Actuators B 187 (2013)
313–318.
[53] Z.U. Abideen, J.-H. Kim, S.S. Kim, Optimization of metal nanoparticle amount
on SnO2 nanowires toachieve superior gas sensing properties, Sens. Actuators
B 238 (2017) 374–380.
[54] K. Vanheusden, W.L. Warren, C.H. Seager, D.R. Tallant, J.A. Voigt, B.E. Gnade,
Mechanisms behind green photoluminescence in ZnO phosphor powders, J.
Appl. Phys. 79 (1996) 7983–7990.
[55] P.-X. Gao, Y. Ding, Z.L. Wang, Electronic transport in superlattice-structured
ZnO nanohelix, Nano Lett. 9 (2009) 137–143.
[56] S.C. Tjong, G.D. Liang, Electrical properties of low-density polyethylene/ZnO
nanocomposites, Mater. Chem. Phys. 100 (2006) 1–5.
[57] S. Cho, J. Ma, Y. Kim, Y. Sun, G.K.L. Wong, J.B. Ketterson, Photoluminescence
and ultraviolet lasing of polycrystalline ZnO thin ﬁlms prepared by the
oxidation of the metallic Zn, Appl. Phys. Lett. 75 (1999) 2761–2763.
[58] C. Jin, S. Park, H. Kim, C. Lee, Ultrasensitive multiple networked
Ga2O3-core/ZnO-shell nanorod gas sensors, Sens. Actuators B 161 (2012)
223–228.
[59] S.-W. Choi, A. Katoch, J.-H. Kim, S.S. Kim, Prominent reducing gas-sensing
performances of n-SnO2 nanowires by local creation of p-n heterojunctions
by functionalization with p-Cr2 O3 nanoparticles, ACS Appl. Mater. Interfaces 6
(2014) 17723–17729.
[60] J. Chun, J.W. Kim, W.-S. Jung, C.-Y. Kang, S.-W. Kim, Z.L. Wang, J.M. Baik,
Mesoporous pores impregnated with Au nanoparticles as effective dielectrics
for enhancing triboelectric nanogenerator performance in harsh
environments, Energy Environ. Sci. 8 (2015) 3006–3012.
[61] I.S. Hwang, J.K. Choi, H.S. Woo, S.J. Kim, S.Y. Jung, T.Y. Seong, I.D. Kim, J.H. Lee,
Facile control of C2 H5 OH sensing characteristics by decorating discrete Ag
nanoclusters on SnO2 nanowire networks, ACS Appl. Mater. Interfaces 3
(2011) 3140–3145.
[62] P. Rai, Y.S. Kim, H.M. Song, M.K. Song, Y.T. Yu, The role of gold catalyst on the
sensing behavior of ZnO nanorods for CO and NO2 gases, Sens. Actuators B
165 (2012) 133–142.
[63] A. Cabot, J. Arbiol, J.R. Morante, U. Weimar, N. Bârsan, W. Göpel, Analysis of
the noble metal catalytic additives introduced by impregnation of as obtained
SnO2 sol–gel nanocrystals for gas sensors, Sens. Actuators B 70 (2000) 87–100.
[64] G. Korotcenkov, B.K. Cho, L. Gulinac, V. Tolstoy, SnO2 thin ﬁlms modiﬁed by
the SnO2 -Au nanocomposites: response to reducing gases, Sens. Actuators B
141 (2009) 610–616.
[65] Y.K. Lin, Y.J. Chiang, Y.J. Hsu, Metal–Cu2 O core–shell nanocrystals for gas
sensing applications: effect of metal composition, Sens. Actuators B 204
(2014) 190–196.
[66] L. Wang, H. Dou, Z. Lou, T. Zhang, Encapsuled nanoreactors (Au@SnO2 ): a new
sensing material for chemical sensors, Nanoscale 5 (2013) 2686–2691.
[67] P. Rai, R. Khan, S. Raj, S.M. Majhi, K.K. Park, Y.T. Yu, I.H. Lee, P.K. Sekhar,
Au@Cu2 O core-shell nanoparticles as chemiresistors for gas sensor
applications: effect of potential barrier modulation on the sensing
performance, Nanoscale 6 (2014) 581–588.
[68] Y. Zeng, T. Zhang, H. Yang, L. Qiao, Q. Qi, F. Cao, Y. Zhang, R. Wang, Preparation
of Cu–Zn/ZnO core-shell nanocomposite by wire electrical explosion and
precipitation process in aqueous solution and CO sensing properties, Appl.
Surf. Sci. 255 (2009) 4045–4049.
[69] Y.S. Kim, P. Rai, Y.T. Yu, Microwave assisted hydrothermal synthesis of
Au@TiO2 core–shell nanoparticles for high temperature CO sensing
applications, Sens. Actuators B 186 (2013) 633–639.

188

J.-H. Kim et al. / Sensors and Actuators B 249 (2017) 177–188

[70] F. Gyger, A. Sackmann, M. Hübner, P. Bockstaller, D. Gerthsen, H. Lichtenberg,
J.D. Grunwaldt, N. Barsan, U. Weimar, C. Feldmann, Pd@SnO2 and SnO2 @Pd
core@shell nanocomposite sensors, Part. Part. Syst. Char. 31 (2014) 591–596.
[71] H. Yamaura, Y. Iwasaki, S.H.H. Yahiro, CuO/SnO2 –In2 O3 sensor for monitoring
CO concentration in a reducing atmosphere, Sens. Actuators B 153 (2011)
465–467.
[72] L.I. Trakhtenberg, G.N. Gerasimov, V.F. Gromov, T.V. Belysheva, O.J. Ilegbusic,
Conductivity and sensing properties of In2 O3 + ZnO mixed nanostructured
ﬁlms: effect of composition and temperature, Sens. Actuators B 187 (2013)
514–521.
[73] G. Neri, A. Bonavita, G. Micali, G. Rizzo, E. Callone, G. Carturan, Resistive CO
gas sensors based on In2 O3 and InSnOx nanopowders synthesized via
starch-aided sol–gel process for automotive applications, Sens. Actuators B
132 (2008) 224–233.
[74] N. Kazemi, B. Hashemi, A. Mirzaei, Promotional effect of nitric acid treatment
on CO sensing properties of SnO2 /MWCNT nanocomposites, Process. Appl.
Ceram. 10 (2016) 97–105.

Biographies
Jae-Hun Kim received his B.S. degree from Gyeongsang National University, Republic of Korea in 2013. In February 2015, he received M.S. degree from Inha University,
Republic of Korea. He is now working as a Ph.D. candidate at Inha University, Republic of Korea. He has been working on oxide nanowire gas sensors.

Ali Mirzaei received his Ph.D. degree in Materials Science and Engineering from
Shiraz University in 2016. He was visiting student at Messina University, Italy in
2015. Since 2016 he is postdoctoral fellow at Hanyang University in Seoul. He is
interested in the synthesis and characterization of nanocomposites for gas sensing
applications.
Hyoun Woo Kim joined the Division of Materials Science and Engineering
atHanyang University as a full professor in 2011. He received his B.S. and M. S.
degreesfrom Seoul National University and his Ph.D. degree from Massachusetts
Instituteof Technology (MIT) in electronic materials in 1986, 1988, and 1994, respectively. He was a senior researcher in the Samsung Electronics Co., Ltd. from 1994
to 2000. He has been a professor of materials science and engineering at Inha
Universityfrom 2000 to 2010. He was a visiting professor at the Department of
Chemistryof the Michigan State University, in 2009. His research interests include
the one-dimensional nanostructures, nanosheets, and gas sensors.
Sang Sub Kim joined the Department of Materials Science and Engineering, Inha
University, in 2007 as a full professor. He received his B.S. degree from Seoul National
University and his M.S and Ph.D. degrees from Pohang University of Science and
Technology (POSTECH) in Material Science and Engineering in 1987, 1990, and 1994,
respectively. He was a visiting researcher at the National Research in Inorganic Materials (currently NIMS), Japan for 2 years each in 1995 and in 2000. In 2006, he was
a visiting professor at Department of Chemistry, University of Alberta, Canada. In
2010, he also served as a cooperative professor at Nagaoka University of Technology,
Japan. His research interests include the synthesis and applications of nanomaterials
such as nanowires and nanoﬁbers, functional thin ﬁlms, and surface and interfacial
characterizations.

