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a b s t r a c t
Embedding chemical sensors into mobile devices is an emerging demand in modern information converged technology. The unbearable power consumption to raise the temperature of chemoresitive-type
chemical sensors makes it impossible for them to be embedded regardless of their peculiar sensing properties such as low cost, miniaturization, high response, and excellent stability and robustness. In this
study, self-heated nanowire sensors were prepared by exploiting the synergic effect of the core–shell
structure and catalytic nanoparticles. As a prototype approach, Pt nanoparticle-functionalized SnO2 –ZnO
core–shell nanowires were synthesized, demonstrating extremely striking performance and characteristics. Thicker ZnO shell showed the larger self-heating and higher sensor response. The sensors exhibited
excellent selectivity for toluene gas, with negligible responses to other reducing gases. This one possessed a considerable sensing performance at room temperature, even without a signiﬁcant self-heating.
The self-heated sensing of the novel core–shell nanowires developed required only an extremely low
power consumption of 31 W, suggesting their potential in applications as sensors embedded into mobile
devices.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
In modern industrialized society, smart sensors that can provide
real-time information about gaseous chemical analytes are essential in a variety of areas. Potential applications include artiﬁcial
olfaction, disease diagnosis, environmental emission monitoring,
and terror defense. Chemoresistive-type metal oxide semiconductor chemical sensors are superior to other types of chemical
sensors, such as electrochemical, optical, and acoustic-based chemical sensors; these include their low-cost preparation, small size
and ease of miniaturization, ﬂexibility in mass production, and
simple operation [1–4]. Accordingly, metal oxide semiconductor gas sensors have been intensively studied [3,5–9]. However,
there is one critical drawback of semiconductor chemical sensors: their operating temperatures are typically between 100 and
400 ◦ C. These high temperatures are needed to ensure high sensitivity, as well as response and recovery times short enough to be
applied in actual sensor devices, because these times are largely
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dependent on the nature of interactions and their kinetics during
adsorption/desorption of analyte molecules onto/from surfaces of
semiconducting sensor materials [10,11]. This means that a certain
amount of external heating is inevitably needed for the activation of
chemoresistive-type semiconductor chemical sensors. In general,
a sensor device will include an integrated heating element having
power consumption as great as hundreds of milliwatts. The use of a
carefully designed, cavity-type micromachined Si platform for coupling a microheating element and a micro-sized sensor device is a
strategy that can cut the power consumption down to tens of milliwatts [12]. Also, the application of an electrothermal mechanism
in carbon nanotube (CNT) sensors can reduce power consumption [13]. Despite such improvements, the power consumption of
external heat sources can still be a big burden in battery-powered
portable devices such as mobile phones and tablets.
Self-heating of the sensor material is a promising strategy to
reduce energy consumption. Salehi et al. were ﬁrst to report on
this strategy; they applied an AC bias to self-heat a SnO2 carbon
monoxide sensor and demonstrated its operation without an external heat source [14]. Strelcov et al. reported evidence that applying
a higher bias voltage increased the gas sensitivity of metal oxide
nanowires by providing more Joule heating and thus enhancing
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the surface sensing reaction [15]. Furthermore, Lu et al. carried
out room-temperature methane sensing using suspended CNTs,
experimentally demonstrating that the power consumption can be
reduced by decreasing the sample size [16]. Fan et al. showed that
self-heating was more effective in one-dimensional nanolines than
in two-dimensional ﬁlms [17], and Strelcov et al. suggested that
power consumption in nanowire (NW) sensors was reduced not
only by decreasing the NW diameter but also by increasing the NW
length [18].
Although power on the order of a few hundred milliwatts is
required to heat the sensors by means of microheaters [11], the
sensor power consumption can be reduced to a few milliwatts by
using palladium (Pd) NWs [19], Pd-loaded single-walled CNTs [15],
or Pt-coated W18 O49 NW networks [20]. Furthermore, ultralow
power consumption on the order of a few tens of microwatts has
been achieved: for example, sensors based on individual NWs have
exhibited the power consumption of 27 W [21], a sensor based
on WO3 thin ﬁlm nanostructures consumes only 21.6 W [22], and
suspended CNT sensors have been operated at the unprecedentedly
low power of 2.9 W [23].
However, the low-power sensors just mentioned are typically
not easy to integrate into high-yield and low-cost mass production
processes, and selective detection has not yet been achieved with
self-heated nanomaterials. Moreover, the applied voltage needed
to induce self-heating has often been over 10 V, which is another
barrier for actual application. Note that the applied voltage is
not for an external heating source, but for the measurement of
sensor resistance. These obstacles need to be surmounted before
chemoresistive-type chemical sensors can be embedded into handheld portable devices. In our recent results [24], the utilization of
the core–shell (C-S) structure was particularly effective in detecting reducing gases. The amount of electron depletion in the shell
layer will be varied, becoming the dominant mechanism whereby
sensing of reducing gases by C-S NWs can be improved.
In addition, the addition of metal nanoparticles (NPs) onto the
surface of the shell layer functionalizes the C-S nanostructures, further enhancing their sensing capabilities. Noble metal NPs can be a
catalyst for a particular gas, and even further improves the sensing
abilities [25]. Noble metal NPs will provide a spillover effect, facilitating the adsorption, dissociation, and transfer (to the adjacent
nanowire surface) of target gases. Also, the metal/shell heterointerface will generate an energy barrier, contributing to the modulation
of resistance and thereby increasing the sensor response.
Toluene (C7 H8 ) is a volatile organic compound (VOC), which is
extensively used in the production of paints, lacquers, adhesives,
rubbers and many other industrial products. However, it is a toxic
compound and can affect the central nervous system, liver, kidneys, and skin [26,27]. Also, sick building syndrome, which refers
to health issues building occupants experience, such as headaches,
nausea, eye irritation and cough, is caused by VOCs, including
C7 H8 [28]. Furthermore, C7 H8 is a biomarker of lung cancer [29].
Therefore, there is an urgent need to detect C7 H8 accurately and
reliably. The key purpose of the present work was to realize highly
sensitive/selective detection of C7 H8 gas with ultralow power consumption by means of self-heating in a hybrid structure comprised
of core–shell NWs and metal functionalization without an external heating source. We expected that the C-S NW structure would
promote self-heating effects. The use of core–shell NWs provides
improved detection capability for reducing gases, and the metal
functionalization adds catalytic sensitization for a speciﬁc gas.
As a result of the synergic effect of these two components, the
present hybrid sensor exhibited selective detection of C7 H8 under
an applied voltage as low as a few volts for the measurement of sensor resistance, showing its promise for embedment into a portable
device.

2. Experimental
2.1. Preparation of networked SnO2 –ZnO C-S NWs
SnO2 –ZnO C-S NWs were synthesized by means of the following two steps. First, highly networked SnO2 NWs were grown by
means of a vapor–liquid–solid method, including the evaporation
of a Sn source. The experimental procedure for this fabrication
has been described previously [30] and is summarized brieﬂy as
follows. A patterned interdigital electrode (IDE) consisting of Au
(3 nm thick), Pt (200 nm thick), and Ti (50 nm thick) layers was fabricated by means of a conventional photolithographic process on a
SiO2 (200 nm thick)/Si (100) substrate. SnO2 NWs were selectively
grown on the IDE in a horizontal tube furnace at 900 ◦ C for 15 min
under N2 and O2 gases, producing networked junctions by means of
the entanglement of neighboring SnO2 NWs over the areas between
the electrode’s digits.
Following this, we coated the networked SnO2 NWs with ZnO
shells by means of an atomic layer deposition (ALD) technique [31].
Diethylzinc (Zn(C2 H5 )2 ) and H2 O were used as the precursors, and
the temperature and pressure were respectively set at 150 ◦ C and
0.3 Torr. Each cycle of the ALD process comprised of diethylzinc
dosing for 0.12 s, N2 purging for 3 s, H2 O dosing for 0.15 s, and N2
purging for 3 s. The thickness of the ZnO shells was controlled by
varying the number of ALD cycles; the shell thickness increased
linearly with increasing number of ALD cycles. This relationship
was described in detail in a previous report [27]. For the purpose
of this work, we prepared SnO2 –ZnO C-S NWs with various shell
thicknesses by varying the number of ALD cycles.
2.2. Functionalization of the NWs with Pt NPs via gamma-ray
radiolysis
We attached Pt NPs to the SnO2 –ZnO C-S NWs by means of a
gamma-ray radiolysis technique. The experimental procedure for
the gamma-ray radiolysis has been described in our previous paper
[32] and is brieﬂy summarized as follows. As a precursor solution, we used 1.0 mM hydrogen hexachloroplatinate (IV) hydrate
(H2 PtCl6 ·nH2 O, n = 5.8, Kojima Chemicals Co.), in a mixture of deionized water (94 vol.%) and 2-propanol (6 vol.%). The SnO2 –ZnO C-S
NWs were immersed in the precursor solution and then exposed
to 60 Co gamma rays in air under ambient conditions (Korea Atomic
Energy Research Institute). The samples were exposed to gamma
rays of the illumination intensity 10 kGy h−1 for 2 h.
2.3. Materials characterization
The microstructure of the synthesized samples was observed by
means of ﬁeld-emission scanning electron microscopy (FE-SEM).
The crystal structure, microstructure, and chemical composition
were examined in detail by means of X-ray diffraction (XRD), TEM,
and energy-dispersive X-ray spectroscopy (EDS). The Pt NPs were
synthesized and attached to the SnO2 –ZnO C-S NWs via gamma-ray
radiolysis. The Pt NPs, which were approximately 20 nm in diameter, were uniformly distributed on the C-S NWs, conﬁrming that
gamma-ray radiolysis is an effective technique for creating metal
NPs on metal oxide NWs.
2.4. Sensing measurements
We investigated the C7 H8 sensing performance of the Pt NPfunctionalized C-S NWs. The sensing temperature ranged from 25
to 200 ◦ C. The concentration of target gas was controlled by means
of controlling the mixing ratio of the target gas to dry air using accurate mass ﬂow controllers (MFCs). The total ﬂow rate was ﬁxed at
500 sccm. According to the manufacturer’s speciﬁcations, the con-
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Fig. 1. SEM micrographs of (a) pristine SnO2 nanowires and (b–d) ZnO-shelled nanowires fabricated using (b) 50, (c) 200, and (d) 500 ALD cycles (Insets: low-magniﬁcation
SEM micrographs showing overall distributions of the NWs). (e) Variation of the diameter of the core–shell NWs by varying the number of ALD cycles applied. (f) Variation
of the thickness of the ZnO shells by varying the number ALD cycles.

tent of water vapor in the C7 H8 container was less than 3 ppm; thus,
humidity can be considered to have a negligible effect in the results
reported herein. For comparison, we evaluated the sensors’ sensitivities to other gases, carbon monoxide (CO), ethanol (C2 H5 OH),
and benzene (C6 H6 ). To evaluate the sensors’ self-heating effects,
we varied the operating voltage and the analyte gas concentrations
within the ranges of 1–20 V and 0.5–50 ppm, respectively. We calculated the power consumption by averaging the current during
the sensing measurements at a certain applied voltage. For example, for non-functionalized C-S NWs with a ZnO shell thickness of
85 nm, we have the power consumption of 0.4 nW, 6 nW, 25 nW,
0.36 W, and 1.28 W at the applied voltages of 1, 3, 5, 10, and
20 V, respectively.
To evaluate the effect of the Pt NPs as well as that of the shell
layers, we compared the sensor responses of pristine SnO2 NWs,
Pt-functionalized SnO2 NWs, and Pt-functionalized SnO2 –ZnO CS NWs. The response (R) to the reducing gas was calculated by
using the formula Ra /Rg , where Ra and Rg are the resistances in
the absence and presence of the target gas, respectively. The procedure used for the sensing measurements is presented in detail in
one of our earlier papers [33]. In order to examine the stability in
humid environment, we kept the sensors in a humid environment
(RH 60% @ 25 ◦ C) for 12 months, comparing the sensing behaviors
of the preserved sample with the original one.

3. Results and discussion
First, the morphology of the C-S NWs was observed by using
FE-SEM (Fig. 1). The diameter of pristine SnO2 NWs was ∼50 nm
(Fig. 1a). On these pristine SnO2 NWs, ZnO shell layers were prepared by means of ALD (Fig. 1b–d). The surface morphologies of
the C-S NWs appeared dense and uniform, and the NWs’ diameters varied proportionally with respect to the number of ALD cycles
applied (Fig. 1e). The diameters of C-S NWs coated using 50, 200,
and 500 ALD cycles were measured to be 70, 110, and 220 nm,
respectively. Because the average diameter of the core SnO2 NWs
was about 50 nm, the shell thicknesses of the C-S NWs coated using
50, 200, and 500 ALD cycles can be calculated to be about 10, 30, and
85 nm, respectively. Fig. 1f indicates not only that the shell thickness linearly increased, but also that the thickness can be precisely
controlled by varying the cycle number.
Schematics illustrating the sequential processing steps used to
prepare Pt-functionalized SnO2 –ZnO C-S NWs are shown in Fig. 2a.
Cross-sectional SEM analysis of the pristine SnO2 NWs showed that
the use of the deliberately designed IDE was successful in enabling
the growth of a highly networked volume of NWs (Fig. 2b). The
SnO2 –ZnO C-S NWs exhibited smooth surfaces (Fig. 2c). The use
of 500 ALD cycles yielded ZnO shells with a thickness of 85 nm.
Their smooth surfaces clearly demonstrated the capability of the
ALD process to conformally deposit shell material. Plane-view SEM
analysis clearly showed that the NWs selectively grew on the IDE
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Fig. 3. (a) Optical micrograph of the C-S NW sensor attached to the alumina plate.
(b) Thermograph of the sensor at 20 V. (c) Variation of temperature by changing
the operating voltages in the range of 0–20 V, measured from the Pt-functionalized
SnO2 –ZnO C-S NW sensor with various ZnO shell thicknesses.

Fig. 2. (a) Schematics illustrating the processing steps of fabricating Ptfunctionalized SnO2 –ZnO C-S NWs. (b) Cross-sectional SEM micrograph of pristine
SnO2 NWs (Inset: plane-view SEM micrograph). (c) SEM micrograph of a SnO2 –ZnO
C-S NW (Inset: plane-view SEM micrograph). (d) SEM micrograph of a Pt
NP-functionalized SnO2 –ZnO C-S NW (Inset: Plane-view SEM micrograph). (e) Lowmagniﬁcation TEM micrograph of a Pt NP-functionalized SnO2 –ZnO C-S NW. (f)
Lattice-resolved TEM micrograph of the surface of the SnO2 –ZnO C-S NW. (g) Latticeresolved TEM micrograph of the surface of the Pt NP-functionalized SnO2 –ZnO C-S
NW. (h) Line scans of Sn, Zn, O, and Pt elements across the cross-section of a typical
Pt NP-functionalized SnO2 –ZnO C-S NW. (i) XRD pattern of the Pt NP-functionalized
SnO2 –ZnO C-S NW.

surface, and that their networked morphology was invariant in
spite of formation of the ZnO shell layer (Fig. 2c inset). SEM analysis
of the Pt NP-functionalized SnO2 –ZnO C-S NWs showed that their
surfaces were somewhat roughened by the Pt functionalization
(Fig. 2d), compared to the very smooth pristine C-S NWs (Fig. 2c).
Not only that the NWs selectively grew on the IDE surface, but also
that they were entangled with each another to form electrical passages, and that their networked nature was maintained after their
decoration with Pt NPs (Fig. 2d inset). These SEM analyses revealed
the entangled nature of the C-S NWs, being expected to promote
the electrical transport. Low-magniﬁcation TEM analysis of Pt NPfunctionalized SnO2 –ZnO C-S NWs clearly revealed the presence

of the ZnO shell and Pt NPs (Fig. 2e), and high-magniﬁcation TEM
analysis allowed lattice resolution of the NW surface (Fig. 2f). The
interplanar distance is estimated to be 0.52 nm, corresponding to
the (101) plane of hexagonal ZnO (JCPDS Card No. 88-0511). Highmagniﬁcation TEM analysis was conducted to resolve the lattice of
the of the Pt-functionalized SnO2 –ZnO C-S NW surface (Fig. 2g); the
spacing distance between neighboring fringes was calculated to be
about 0.4 nm, coinciding with the (200) lattice spacing of a primitive cubic Pt lattice, with the lattice constant a = 3.9231 Å (JCPDS
Card No. 04-0802). Elemental line scans were conducted across the
cross-section of a Pt NP-functionalized SnO2 –ZnO C-S NW (Fig. 2h);
it is noteworthy that the Zn elemental line showed a valley-like
proﬁle, conﬁrming the presence of a ZnO shell. XRD analysis of the
Pt NP-functionalized SnO2 –ZnO C-S NW yielded clear peaks that
were attributed to tetrahedral SnO2 , hexagonal ZnO, and cubic Pt
phases (Fig. 2i). The low intensity of the ZnO peaks will correspond
to a small amount of ZnO phase in the C-S NWs. Furthermore, there
were weak peaks corresponding to the (111) and (200) planes of
the cubic Pt lattice (JCPDS Card No. 04-0802).
The self-heating effect of a fabricated Pt-functionalized C-S NW
sensor was demonstrated by means of temperature measurements
under various operating voltages. The sensor was based on CS NWs with shells 85 nm thick, had an area of 2 mm2 , and was
attached to an alumina plate bearing a screen-printed electrical
circuit (Fig. 3a). A thermograph obtained at 20 V is shown as an
example in Fig. 3b. The device temperature was measured under
various operating voltages in the range of 0–20 V, as summarized in
Fig. 3c; the measured temperatures at the operating voltages of 0, 1,
3, 5, 10, and 20 were 25.2, 25.2, 25.7, 28.5, 43.3, and 92.4 ◦ C, respectively, representing self-heating of 0, 0, 0.5, 3.3, 18.1, and 67.2 ◦ C,
respectively. The proportional increase of the sensor temperature
with increasing applied voltage demonstrated the presence of selfheating phenomenon in C-S NWs at low voltages in the range of
3–20 V. All the thermographs of C-S NWs are presented in Fig. 4,
demonstrating their different self-heating responses to changes in
operating voltage. Overall, the measured temperature increased
with increasing shell thickness in the range of 10–85 nm, regardless
of the operating voltage. Self-heating was negligible in the sensor
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Fig. 4. Thermographs of Pt-functionalized SnO2 –ZnO C-S NW sensors with varying shell thicknesses in the range of 10–85 nm, under operating voltages in the range of
0–20 V.

based on C-S NWs with a 10 nm-thick shell, but was quite evident
for a thickness of 85 nm.
We next tested the devices’ sensing properties in response to
50 ppm C7 H8 gas (Fig. 5). The devices were the same as those
described above, based on C-S NWs with the shell of 10–85 nm, and
all were tested under the applied voltage of 20 V, without external
heating. To our surprise, even the sensor with the ZnO shell thickness of 10 nm showed typical resistance curves in response to the
supply and stoppage of C7 H8 gas, with gas response reaching up
to 1.82. As noted above, this device (i.e. with 10 nm-shell) exhibited self-heating of 5.7 ◦ C under the operating voltage of 20 V. Since
the temperature increase of 5.7 ◦ C corresponds to the small selfheating, this device is regarded to possess a considerable sensing
performance at room temperature, even without a signiﬁcant selfheating. We are searching this issue further, based on the possibility
that the self-heating temperatures measured thermographically
and displayed in Fig. 4 were underestimated (Text S1).
The sensor response was signiﬁcantly increased by increasing
the shell thickness; at the same condition of 20 V operating voltage and 50 ppm C7 H8 gas, the response of the sensor based upon
C-S NWs of shell thickness 85 nm was measured to be 3.14 (Fig. 5a
and b). Because this sensor with a 85 nm-thick shell exhibited the
highest response to C7 H8 gas, hereinafter we report on the performance of only this sensor type, including its response to applied
voltage and its detection limit and sensitivity. Since there have
been few reports on the realization of self-heating in chemical
sensors based on heterostructures, there has been almost no investigation on the effect of the shell layer upon the self-activation of
core–shell nanostructures. In the present work, we reveal that the
self-activation would depend signiﬁcantly upon on the shell thickness of the core–shell NW sensors. With a further increase of ZnO

shell thickness up to 110 nm, the response decreases sharply and
almost no response is observed (Fig. 5a and b). When the ZnO shell
is too thick (110 nm), the ZnO ALD deposition process is longer and
thus more abundant ZnO material is provided. Therefore, some of
ZnO material is likely to be deposited even on the bottom part of
the sensor and there is a possibility that the electrodes of the sensor are connected to each other by the deposited ZnO, causing a
sharp decrease in resistance. Actually, a relatively low resistance of
42.3  was measured.
We investigated the C7 H8 sensing of the Pt-functionalized
SnO2 –ZnO C-S NW sensors under various operating voltages (Fig. 5c
and d). The shell thickness was 85 nm as noted above, and the C7 H8
concentration was held constant at 50 ppm. Dynamic resistance
curves and sensor responses were acquired under operation at various voltages in the range of 1–20 V. The sensor responses were
estimated to be about 1.00, 1.41, 1.48, 2.40, and 3.14 at the voltages
of 1, 3, 5, 10, and 20 V, respectively. At the operating voltage of 1 V,
the self-activation was about 0 ◦ C. Presumably due to the negligible
self-activation, the sensor response was still not noticeable, being
close to 1. By a comparison between the response of sensors under
the applied voltages of 1 and 20 V, the remarkable enhancement
in the response of sensor can be obtained by elevating the voltage
from 1 to 20 V. Accordingly, self-heating (about 67.2 ◦ C in Fig. 4) has
a prominent effect on the sensing characteristics of the sensor. On
the other hand, at the operating voltage of 5 V, the self-activation
was about 3.3 ◦ C. In this case, the sensor response was about 1.48,
being regarded as an acceptable sensitivity to C7 H8 gas. The power
consumption for operating the sensor in this condition (i.e. at 5 V)
was measured to be 31 W. This striking result is attributed not
only to the self-activation effects, but is also associated with the
highly selective sensing abilities of the Pt-functionalized SnO2 –ZnO
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Fig. 5. (a) Dynamic resistance curves of Pt-functionalized SnO2 –ZnO C-S NW sensors, with different shell thicknesses, measured at 20 V under 50 ppm of C7 H8 gas. (b)
Variation of sensor response to C7 H8 gas with varying the thickness of ZnO shell layer. (c) Dynamic resistance curves and (d) sensor response values of Pt-functionalized
SnO2 –ZnO C-S NW sensors with a ZnO shell thickness 85 nm under 50 ppm of C7 H8 gas, measured under various applied voltages.

Fig. 6. Variation of initial sensor resistance under different applied voltages for
Pt-functionalized SnO2 –ZnO C-S NW sensors with 85 nm thick ZnO shell. (Inset)
Variation of the initial sensor resistance with varying the ZnO shell thickness.

C-S NW sensors. It is noteworthy that the C7 H8 gas can be detected
at room temperature with very low self-heating and power consumption, by using the present Pt-functionalized SnO2 –ZnO C-S
NWs.
Fig. 6 shows the variation of the sensor resistance under different applied voltages. As it can be seen, with an increase of applied
voltage, the resistance decreases. This is due to the fact that higher
applied voltage will provide more energy to the sensor and thus
will play a role of increasing temperature. Accordingly, more electrons can jump to the conduction band of sensing materials and
a decrease in the resistance will be observed. Also, the inset of

Fig. 6 shows the variation of the sensor resistance with ZnO shell
thickness. By increasing the ZnO shell thickness, sensor resistance
decreases. In fact, when the shell thickness is ∼10 nm, it is comparable to the Debye length of ZnO, and thus a high resistance
is observed. For thicker ZnO shell (∼30 nm), most of ZnO shell
(but not all) is depleted from electrons and a lower resistance is
observed. However, for 85 nm-thick ZnO shell, the ratio of depletion layer width to the conduction channel within the ZnO is further
decreased, and resistance is more decreased.
We next investigated the sensor responses with various C7 H8
concentrations of 0.1–50 ppm, at operating voltages of 5 and 20 V,
and prepared corresponding dynamic resistance curves (Fig. 7).
Fig. 8a shows the sensor response of Pt-functionalized SnO2 –ZnO CS NWs with a ZnO shell thickness 85 nm, measured at 5 and 20 V for
various C7 H8 concentrations in the range of 0.1–50 ppm. The sensing temperature was set to 25 ◦ C. At 5 V, the sensor responses were
estimated to be about 1, 1.18, 1.38, and 1.48 at the C7 H8 concentrations of 0.1, 1, 10, and 50 ppm, respectively. At 20 V, the sensor
responses were estimated to be about 1, 1.36, 1.91, and 3.14 at the
C7 H8 concentrations of 0.1, 1, 10, and 50 ppm, respectively. It is
noteworthy that even at the lowest concentration studied (1 ppm),
the sensor responses of 1.18 and 1.36 were obtained at the operating voltages of 5 and 20 V, respectively. Then, we investigated
the sensor responses under various sensing temperatures in the
range of 25–200 ◦ C, at the operating voltages of 5 and 20 V, and
prepared corresponding dynamic resistance curves (Fig. 8b). The
concentration of C7 H8 gas was held constant at 50 ppm. At 5 V,
the sensor responses were estimated to be about 1.48, 2.34, 4.59,
and 15.41 at the sensing temperatures of 25, 50, 100, and 200 ◦ C,
respectively. At 20 V, the sensor responses were estimated to be
about 3.14, 5.36, 8.95, and 22.03 at the sensing temperatures of 25,
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Fig. 7. (a, b) Dynamic resistance curves of Pt-functionalized SnO2 –ZnO C-S NWs with a ZnO shell thickness 85 nm, measured at (a) 5 V and (b) 20 V for various C7 H8
concentrations in the range of 0.1–50 ppm. (c, d) Dynamic resistance curves of Pt-functionalized SnO2 –ZnO C-S NWs with a ZnO shell thickness 85 nm, measured at (c) 5 V
and (d) 20 V for various sensing temperatures in the range of 25–200 ◦ C at 50 ppm C7 H8 .

50, 100, and 200 ◦ C, respectively. The sensor response increased
almost linearly with increasing sensing temperature from 25 to
200 ◦ C. It is noteworthy that the sensor responses of 1.48 and 3.14
were obtained at the operating voltages of 5 and 20 V, respectively,
even at the low sensing temperature of 25 ◦ C. As noted previously,
the self-heating at 5 V was 3.3 ◦ C, yielding the response of 1.48
without an external heating (Fig. 4). The sharp enhancement of the
C7 H8 response observed under modest external heating indirectly
evidenced that the structural factor of the hybrid nanostructured
sensor materials, namely the Pt-functionalized SnO2 –ZnO C-S NWs,
contributed substantially to the enhancement of sensing behavior.
As stated previously, at 5 V, the sensor responses were estimated to
be about 1.48, 2.34, and 4.59, at the sensing temperatures of 25, 50,
and 100 ◦ C, respectively. The increase of 25 ◦ C increased the sensor
response by 58.1%, whereas the increase of 75 ◦ C increased the sensor response by 210.1%. By the way, at 25 ◦ C, the sensor responses
were estimated to be about 1, 1.48, and 3.14, at the applied voltages of 1, 5, and 20 V, respectively. The increase of 4 V increased the
sensor response by 48%, whereas the increase of 19 V increased the
sensor response by 214%. Accordingly, it can be estimated that the
self-heating generated by increasing the applied voltage by 4 V corresponds to the increase of temperature of about 20 ◦ C. As shown
in Fig. 8b, in conjunction with Fig. S1 in Supplementary Information, with an increase of temperature under the applied voltage of

5 V, the response is increased up to 300 ◦ C, and then decreases at
350 ◦ C. Reduction of the response at 350 ◦ C can be attributed to the
fact that desorption rate is much higher than adsorption rate and
most of gas molecules cannot react efﬁciently prior to desorption,
on the surfaces of sensors.
Selectivity is an important requirement for the practical implementation of a sensor. To evaluate the selectivity for C7 H8 gas,
we compared the dynamic response curves of Pt-functionalized
SnO2 –ZnO C-S NWs for C7 H8 , CO, C6 H6 , and C2 H5 OH gases (Fig. 8c
and d). The operating voltages were set to 5 and 20 V, respectively,
and the gas concentration was ﬁxed at 50 ppm for all gases. In this
self-heating regime, the sensor responses to CO, C6 H6 , and C2 H5 OH
gases were almost negligible relative to the responses to C7 H8 gas.
In our previous work with a similar structure of Ptfunctionalized SnO2 –ZnO C-S NWs, we reported the realization of
exceptionally high sensor response to C7 H8 gas at the conventional
sensing temperature of 300 ◦ C, which was obtained by means of an
external heating source [34]. At 300 ◦ C, the structure also exhibited signiﬁcantly high sensor responses to other reducing gases,
including CO, CO2 , and C6 H6 , although these responses were less
than half of that to C7 H8 gas. In contrast, in the present work, the
response to other reducing gases was negligible, whereas C7 H8 gas
was still detectable due to the speciﬁc sensitization effect toward
C7 H8 by the Pt NPs (Fig. 8c and d). Accordingly, the sensing selectiv-
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Fig. 8. (a) Sensor response of Pt-functionalized SnO2 –ZnO C-S NWs with a ZnO shell thickness 85 nm, measured at 5 and 20 V for various C7 H8 concentrations in the range
of 0.1–50 ppm. Insets show real dynamic resistance curves measured at 50 ppm C7 H8 . The sensing temperature was set to 25 ◦ C. (b) Sensor response of Pt-functionalized
SnO2 –ZnO C-S NWs with a ZnO shell thickness 85 nm, measured at 5 and 20 V for various sensing temperatures in the range of 25–200 ◦ C at 50 ppm C7 H8 . Insets show the
enlarged dynamic resistance curves. (c, d) Dynamic resistance curves of sensors based on Pt-functionalized SnO2 –ZnO C-S NWs with a ZnO shell thickness 85 nm, measured
at (c) 5 V and (d) 20 V, for C6 H6 , CO, C2 H5 OH, and C7 H8 gases.

ity to C7 H8 gas was enormous. This is attributed to the realization
of the actual sensing for C7 H8 gas, during the present sensing
tests conducted at room temperature without external heating
(Figs. 8b and 7c and d).
As noted previously, the resistance of the sensors decreased
with the introduction of C7 H8 gas and then increased with
the stoppage of C7 H8 gas (Fig. 5a and b), demonstrating the n-type sensing behavior. The C7 H8 gas molecules
react with the adsorbed oxygen to form COx and H2 O,
releasing the electrons [35]. The relevant reactions can be
expressed as follows: (C6 H5 CH3 )ads + (Oads )2− → COx + H2 O(g) + xe−
[35] or C6 H5 CH3 + 18O− → 7CO2 + 4H2 O + 18e− [36]. This reaction
decreases the thickness of the electron depletion region on the ZnO
surface, decreasing its resistance and thus modulating the resistance observed in this work.
The attachment of Pt NPs will affect the sensing of the SnO2 –ZnO
C-S NWs. Up through the present, there have been many studies
over the application of transition metals for enhancement of the
gas-sensing properties [37,38]. Recently, we explained the mechanisms for the highly selective sensing of CO, C6 H6 , and C7 H8 gases
occurring under catalytic functionalization with metal nanoparticles [39]. It has been observed that Pt NPs are particularly efﬁcient
in promoting the sensing by SnO2 NWs of C7 H8 gas selectively over
other reducing gases. The d-band theory also predicts that Pt is a
metal close to the peak of the volcano plot, supporting the selective
sensing by Pt of C7 H8 gas. Accordingly, the Pt NPs will more effectively dissociate the C7 H8 than the others, namely CO, C6 H6 , and
C2 H5 OH. Another possibility is that the methyl group of C7 H8 , by

which it adsorbs onto the surface, contributes to the enhancement
of the sensing behavior [36]. Electronic effects are known to lower
the barrier to C7 H8 adsorption onto the Pt surface [37].
In the present ZnO–SnO2 C-S system, it was observed that the
shell layer completely covered the SnO2 core nanowires. Because
the electrodes make direct contact with the ZnO shell without
touching the SnO2 core, it is probable that electric currents will ﬂow
through the ZnO shell layers [24]. By the way, under the assumption
that the electrical currents mainly ﬂow through the shell layer, by
means of decreasing the shell thickness, the electrical resistance
likely increases due to the reduced cross-section of current ﬂow
[6]. However, since the experimental data in the present work indicated that decreasing the thickness of ZnO shell layer suppressed
the self-heating, this size effect is apparently dominated by other
effects. Accordingly, it is surmised that not only ZnO shell but also
SnO2 core will contribute to the electrical currents in the sensor
devices.
Herein, we will explain why the decrease in shell thickness does
not necessarily bring about the increase in the resistance and thus
the amount of self-heating. We will explain several factors, including variation of conduction volume, electrical contact between
NWs, and effects of Pt catalysts. As a ﬁrst possibility, on the surface of ZnO shell, the depletion region generated by chemisorbed
oxygen can be estimated by the Debye length. In the present ALD
process condition, the Debye length will be estimated to be ∼17 nm,
under the reasonable assumption that nc = 5.1 × 1016 nm−3 (Text
S2) [24]. On the other hand, ZnO/SnO2 heterostructures are not
expected to signiﬁcantly change the conduction volume in ZnO
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shell; the Fermi level of ZnO is expected to be lower than that of
SnO2 , in which the work functions of ZnO and SnO2 are approximately 5.2 and 4.9, respectively (Fig. 5a). Accordingly, upon the
generation of ZnO/SnO2 heterostructures, electrons will ﬂow from
SnO2 to ZnO, resulting in the alignment of the Fermi level. At equilibrium, the electron-depletion and electron-accumulation regions
are generated on the sides of n-SnO2 and n-ZnO, respectively. The
depth of depletion and accumulation layers cannot be precisely
estimated. The depth of SnO2 depletion layer in the n–n junction
cannot be calculated at this moment, however, if we assume that
this is an n–p heterojunction, the depth of SnO2 depletion layer was
estimated to be less than 2 nm (Text S3).
In regard to the modulation of electron depletion in core–shell
NWs [31], when the shell thickness becomes thinner than the
Debye length, there is a possibility that electrical transport occurs
not only in the shell layer but also near the core at the core–shell
interface, owing to the electric ﬁeld smearing effect. In the case of
SnO2 –ZnO C-S NWs with a thinner ZnO layer (10 nm), it is likely
that the entire region of the ZnO layer will be electron-depleted,
with a further possibility of generating SnO2 depletion region near
the heterointerfaces. Furthermore, by the adsorption of C7 H8 gas
molecules, the free electrons introduced by C7 H8 gas are expected
to drift through the depleted region of ZnO without carriers, cross
the ZnO/SnO2 heterojunction, and move into the electron-depleted
region of SnO2 core. It is noteworthy that there is no barrier for
electrons from ZnO to SnO2 (Fig. 9a). Since electric currents will
mainly ﬂow through the SnO2 core with a diameter less than 50 nm,
the change of resistance and thus the sensor response turns out
to be Ra /Rg . Herein, Ra and Rg are deﬁned as resistance of SnO2
core nanowires, in air ambient and in the ﬂow of C7 H8 gas, respectively. On the other hand, in the case of core–shell nanowires with
a thicker ZnO layer (85 nm), in spite of the depletion region generated by chemisorbed oxygen, there exists a signiﬁcant depth of
non-depleted region in ZnO shell. Accordingly, by the adsorption
of C7 H8 gas molecules, free electrons introduced by C7 H8 gas are
expected to drift to the ZnO shell layer and thus reduce the thickness or increase the electron concentration. Since electric currents
will mainly ﬂow through the ZnO shell layer with a thickness of
several tenths nm, the change of resistance and thus the sensor
response turns out to be Ra /Rg . Herein, Ra and Rg are deﬁned as
resistance of ZnO shell layer, in air ambient and in the ﬂow of C7 H8
gas, respectively. Since it is likely that main conduction volume
will change from ZnO shell to SnO2 core with increasing the shell
thickness, it is not necessary that the reduction of ZnO shell thickness will reduce the initial resistance by decreasing the conduction
volume and thus increase the sensor response. The precise determination of sensor response cannot be carried out in the present case,
which will depend on a variety of factor, including the amount of
depletion region generated by chemisorbed oxygen and ZnO/SnO2
heterojunction.
As a second possibility, increasing the shell thickness increases
the diameter of the core–shell NWs, thereby increasing the
probability of contact between wires. Accordingly, there will be
additional electrical current through the ZnO–ZnO homojunctions.
Since the measured temperature increased with increasing shell
thickness, this factor is apparently dominant among the Joule heating sources that give rise to the self-heating phenomenon. It is
possible that the Joule heating produced at the ZnO–ZnO homojunctions is signiﬁcant.
As a third possibility, the Pt nanoparticles will signiﬁcantly promote the sensing of core–shell nanowires with a thicker shell. The
work function of Pt has been reported to be about 5.7–7.0 eV [40].
With the work function of ZnO being about 5.2 eV, electrons will
be transferred from ZnO to Pt, forming the potential barrier at
heterojunctions (Fig. 9a). With the work function of the Pt being
larger than that of the ZnO, a non-rectifying barrier is established,
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affecting the sensing behavior. The introduction of C7 H8 gas will
provide electrons to the ZnO, increasing the surface electron density, which is a main carrier of core–shell nanowires. In addition,
the Pt nanoparticles will play a catalytic role by the spillover effect,
facilitating the adsorption of C7 H8 gas molecules and the transfer of
gas molecules to the neighboring ZnO surface (Fig. 9b). For thickershell nanowires, main currents will ﬂow through the ZnO shell,
which is close to the surface and the Pt nanoparticles. Accordingly,
the Pt catalysts, which dominantly affect the neighboring ZnO surface, will considerably enhance the sensing performances. On the
other hand, for thinner-shell nanowires, main currents will ﬂow
through the SnO2 core, which is far from the surface and the Pt
nanoparticles. Accordingly, the Pt catalysts will not signiﬁcantly
enhance the sensing behavior.
In case of core–shell nanowires with a thicker ZnO layer (85 nm),
it can be assumed that main currents will ﬂow through the ZnO shell
layer (as described above). There are three possible sources of Joule
heating related to the resistances in the core–shell nanowires with
the shell thickness of 85 nm. First, because electronic current ﬂows
though the ZnO shell layer, inside the ZnO grains, Joule heating will
occur inside these grains (Fig. 10a). Second, the ZnO grain boundaries also present electrical resistance, serving as another source of
Joule heating (Fig. 10b). Third, a considerable number of the ZnO
NWs will touch one another directly in the entangled NW structure, and thus Joule heating will arise from the electrical currents
through the resulting ZnO–ZnO homojunctions (Fig. 10c). With the
results of impedance analysis, we can separate Rgb (grain boundary
resistance), Rg (grain resistance), Cgb (grain boundary capacitance),
and Cg (grain capacitance). Rgb and Rg can be derived from the lowand high-frequency resistance values, respectively, and the capacitance can be obtained from the maximum value of the reactance.
By analysis of impedance curves, it will be possible to more precisely discuss the roles of grain boundaries and grains on the total
resistance of sensor at different temperatures. This investigation
will give us substantial information in regard to fully understand
the roles of grain boundaries and grains in the sensing mechanism,
which will be performed at a later stage of this study.
There have been a few reports of extremely low power consumption by chemoresistive-type gas sensors, namely in the range
of tens of microwatts (Table 1). Individual SnO2 nanowires sensors
have demonstrated a power consumption of 27 W, although they
yielded a poor NO2 sensor response of only 1.01 [21]. Similarly,
individual Si nanowires have demonstrated a power consumption of 2.82 W while yielding a NO2 sensor response of only 1.02
[42]. Chikkadi et al. reported that suspended CNTs sensors can
be operated at the unprecedentedly low power of 2.9 W, and
yielded a sensor response of 1.8 [23]. However, single-nanowire
or single-CNT sensor devices require careful photolithography and
their measured current values are inconsistent [25]. In addition,
a complicated measuring system is needed because the change of
current in a single nanowire in response to adsorption or desorption of gas species is very small. Accordingly, the application of
single-nanowire sensors is unlikely to be realized in the near future.
Moon et al. prepared nanocolumnar WO3 thin ﬁlms with power
consumption as low as 21.6 W [22]. However, this was obtained
by minimizing the area of the sensing ﬁlms to 100 m × 170 m.
In the present work, we demonstrated that Pt-functionalized
SnO2 –ZnO core–shell nanowires can be operated with the power
consumption of 31 W, attaining a sensor response of 3.14 to C7 H8
gas without external heating. The selectivity to C7 H8 gas was enormous in comparison to the other gases tested, namely CO, C6 H6 ,
and C2 H5 OH, for which almost no sensor response was observed.
By means of using the present Pt NP-functionalized SnO2 –ZnO CS NWs, the sensing temperature can be reduced to 25 ◦ C with a
detection limit of 0.5 ppm. Furthermore, the power consumption
can signiﬁcantly be reduced. Very recently, Very recently, Tan et al.
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Fig. 9. (a) Schematic diagrams illustrating the C6 H6 -sensing mechanisms of the Pt NPs-functionalized SnO2 –ZnO C-S NWs: Energy-band diagrams resulting from the
generation of heterojunctions. (b) Schematic diagrams for explaining the effects of Pt catalysts on the sensing behavior of C-S NWs with thin or thick shell layer.

Table 1
Gas sensing abilities of various nanomaterials without an external heating source.
Nanostructure type

Gas

Power consumption

Voltage (V)

Response (Ra /Rg or Rg /Ra )

Reference

SnO2 thin ﬁlms
SnO2 individual nanowires (r < 45 nm)
SnO2 nanowires/nanobelts
Palladium-loaded SWCNTs
Ti nanoparticles-decorated (suspended) MWCNTs
Palladium nanowires
Polycrystalline ZnO nanolines
Pt-coated W18 O49 nanowire networks
Suspended SWCNTs
Nanocolumnar WO3 thin ﬁlms
Silicon
nanowires
Networked SnO2
nanowires
Pt-coated SnO2 –ZnO core–shell nanoﬁbers

CO
NO2
H2
Methane
O2
H2
H2
H2
NO2
NO2
H2
NO2

0.1 W
∼27 W
Few microwatts
∼Few mW
10–100 W
4 mW (dissipated)
–
30–60 mW
2.9 W
21.6 W
2.82 W
25 mW

10 (ac)
–
1–14
–
0.5
5.6
–
6
–
1–5
−
1

1.01 (10 V/1000 ppm)
1.01 (100 pA/0.5 ppm)
–
1.02 (6 ppm/RT)
∼1.1 (10 mTorr/RT)
–
∼6 (100 ppm, RT)
∼1.1 (50 ppm, 6 V)
∼1.8 (1 ppm/RT)
∼130 (1 ppm/5 V)
∼1.02
25.6
(2.5 ppm/RT)

[13]
[21]
[14]
[15]
[41]
[19]
[17]
[20]
[23]
[22]
[42]
[43]

C7 H8

31 W

3
20

1.41 (50 ppm/RT)
3.14 (50 ppm/RT)

Present work
Present work

reported the preparation of self-heated gas sensors using on-chip
networked SnO2 NWs [43]. Being similar to the present work, the
sensor exhibited the excellent selectivity to NO2 gas, in comparison to reducing gases like H2 , NH3 , H2 S and C2 H5 OH. While Tan
et al.’s work studies on the networked SnO2 NWs, the present
work is related to the Pt nanoparticle-functionalized SnO2 –ZnO
core–shell NWs. Although Tan et al.’s work exhibited a very high
sensor response of 25.6 at 2.5 ppm, the power load was 25 mW. In
Tan et al.’s work, the power loads in the range of 16–60 mW were
applied for self-heating. On the other hand, in the present work, an
extremely small power consumption has been achieved. For example, for non-functionalized C-S NWs with a ZnO shell thickness of

85 nm, we have the power consumption of 0.4 nW, 6 nW, 25 nW,
0.36 W, and 1.28 W, at the applied voltages of 1, 3, 5, 10, and
20 V, respectively. Also, the power consumption for operating the
Pt-functionalized SnO2 –ZnO C-S NW sensor at 5 V was measured
to be 31 W.
Gas sensors should provide a long-term performance, exhibiting a stable and reproducible signal for the period of at least 2–3
years. This means that stability of gas sensors is one of the most
important factors determining the practical uses of gas sensors [44].
However, one of the most serious problems of metal oxide-based
gas sensors is their low stability, including the drift phenomena.
This problem can lead to uncertain results and false alarms [45].
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Fig. 10. Schematic diagrams for the generation of resistances in the core–shell nanowires: (a) resistance to electrical current through the ZnO shell layer, (b) resistance to
electrical current crossing the ZnO grain boundaries, and (c) resistance to electrical current crossing the ZnO–ZnO homojunctions.

Table 2
Variation of response times/recovery times by varying the applied voltage in the range of 1–20 V for both fresh and aged states. Pt-functionalized SnO2 –ZnO C-S NWs with
the shell thickness of 85 nm were used for detecting 50 ppm C7 H8 gas and the aged state corresponded to the keeping of samples in a humid environment (RH 60% @ 25 ◦ C)
for 1 year.
Voltage (V)

1 (RT)
3
5
10
20

Response time (s)

Recovery time (s)

Fresh sensor

1 year aged sensor

Fresh sensor

1 year aged sensor

–
194
144
67
80

–
187
127
69
54

–
181
166
189
108

–
162
174
156
131

Fig. 11a–e shows responses of fresh and aged sensors in a humid
environment (RH 60% @ 25 ◦ C; 1 year), with a ZnO shell thickness
of 85 nm toward 50 ppm C7 H8 under different applied voltages. As
it can be seen, there is almost no difference between the sensor

responses, demonstrating a good stability of sensors. Fig. 11f compares the responses of both fresh and aged sensors. Interestingly,
the responses were not degraded even after 1 year. This shows
a potential applicability of this sensor for long-term applications.
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Fig. 11. (a–e) Long-term stability curves of Pt-functionalized SnO2 –ZnO C-S NW sensors with ZnO shell thickness of 85 nm under different applied voltages of (a) 1 V, (b) 3 V,
(c) 5 V, (d) 10 V, and (e) 20 V, in a humid environment (RH 60% @ 25 ◦ C). (e) Comparison between the response of sensors in fresh and aged (1 year) states under different
applied voltages.

Table 2 shows response times/recovery times of fresh and aged sensors with a ZnO shell thickness of 85 nm toward 50 ppm C7 H8 under
different applied voltages. After keeping the sample in a humid
environment for 1 year, no signiﬁcant degradation (i.e. increase)
was observed in response times and recovery times, demonstrating
a good stability of sensors. In both cases, with an increase of applied
voltage from 1 to 20 V, recovery times as well as response times
tended to decrease. This is due to the fact that higher applied voltage brings about the increase of sensing temperature. As we know,
adsorption and desorption are thermally activated processes and
increase of temperature will cause better diffusion of target gas and
consequently shorter response and recovery times are observed.
4. Conclusions
By means of using networked Pt-functionalized SnO2 –ZnO
core–shell nanowires, we have realized chemiresistive sensors

with a selective response to C7 H8 gas, with an extremely low
power consumption. Both the Pt nanoparticles and the ZnO shell
contributed to the enhanced sensing of C7 H8 gas. Thermographs
revealed that the NWs’ self-activation, and thus their temperature, was increased by increasing the operating voltage, which
explained the enhancement of sensing behavior observed under
higher applied voltages. We observed increases in the sensor
response with increasing ZnO shell thickness in the range tested
of 10–85 nm. We considered the possible self-heating mechanisms
of the ZnO shell, concluding that the increase of ZnO–ZnO homojunctions with increasing shell thickness plays a dominant role in
realizing self-heating effects. The sensor responses were increased
by increasing the gas concentration and sensing temperature in
the ranges of 0.1–50 ppm and 25–200 ◦ C, respectively. The C-S
NWs with the thicker shell exhibited the larger amount of selfheating and thus bring about the higher response; this observation
was explained by several factors, including variation of conduction
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volume, electrical contact between NWs, and effects of Pt catalysts. The sensors exhibited excellent sensitivity to C7 H8 gas, as
well as excellent selectivity, with negligible responses to the other
gases studied. An excellent sensing behavior with an extremely
low power consumption of 31 W, even without a signiﬁcant selfheating, was obtained by the room-temperature operation.
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