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a b s t r a c t
We have realized an excellent selective sensing to benzene (C6 H6 ) by means of using SnO2 -ZnO coreshell nanowires functionalized with Pd nanoparticles. We obtained a response of 71 for 100 ppb of C6 H6 ,
which is the highest response reported thus far. The synergistic effects of variation of SnO2 /ZnO potential
barriers and chemical sensitization of Pd are responsible for the highest C6 H6 -sensing performance. These
results highlight the potential for using Pd functionalized nanowires as a sensing platform in detecting
trace concentrations of benzene, which is applicable in the future sensor, including the disease diagnosis
and the environmental monitoring.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Benzene (C6 H6 ) is a poisonous volatile organic compound,
which can be emitted from daily-life things, construction materials, and various chemical processes [1,2]. Since C6 H6 is extremely
detrimental to human health [3,4], the detection of C6 H6 accurately
in very low concentration is of great importance. In addition, an
emerging application of chemoresistive-type sensors is diagnosing
diseases via detecting a particular biomarker, which has a strong
correlation with a speciﬁc disease. It has been known that C6 H6 is
a recognized biomarker for leukemia [5,6]. To ensure the reliability of this application, biomarkers must be detected at ppb-level
concentrations.
The advantages of chemoresistive-type sensors based on semiconducting metal oxides over other types of chemical sensors,
include simplicity in operation, ﬂexibility in mass production,
potential for miniaturization and low cost [7–11]. Therefore, they
have long been applied in practical sensor devices in a wide range
of areas, such as environmental emission monitoring, health care,
homeland security, and artiﬁcial olfaction [12–16].
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Despite the recent advances regarding improvements in the
sensitivity of chemoresistive-type sensors [17–21], ppb-scale
detection still remains a challenge. Recently, multiply-networked
semiconducting oxide nanowires (NWs) have been recognized as
a reliable sensing platform for the detection of gaseous chemical species [22–24]. The use of the core-shell (C-S) structure is
particularly effective in the detection of reducing gases when
the shell has thickness similar to the Debye length of the shell
material [25]. Earlier studies have reported the fabrication and
sensing properties of networked SnO2 [22], CuO [23], and ZnO
[24] NWs grown on a deliberately-designed catalytic pad layer
using a vapor-phase growth technique. The improved reducing
gas-sensing performance of the C-S NWs was attributed to the
enhanced radial modulation of the electron-depleted region in the
shell layer.
In this study, we realized sensor materials with exceptional
C6 H6 -sensing properties, in which a ppb-scale C6 H6 detection was
achieved using the hybrid structure of the SnO2 -ZnO C-S NWs functionalized with Pd nanoparticles (NPs), demonstrating their use as a
sensor platform for the detection of trace levels of C6 H6 . We expect
that Pd NPs will act as a promoter for C6 H6 gas to interact with the
C-S NWs, in addition to the possible resistance due to the presence
of heterointerfaces.
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2. Experimental
2.1. Growth of networked SnO2 -ZnO C-S NWs
The following processes were used for the growth of the networked SnO2 -ZnO C-S NWs (Fig. S1). First, SnO2 NWs were grown
in a network on a catalytic Au pad layer using the vapor-growth
method by evaporating a source of Sn. To form the networked NWs,
a patterned interdigital electrode (IDE) was prepared using a conventional photolithographic process on a SiO2 layer (200-nm-thick)
grown on Si (100) substrates. The IDE consisted of Au (3-nm-thick),
Pt (200-nm-thick) and Ti (50-nm-thick) layers from the top. The
trilayer was deposited sequentially by sputtering. The Au pad layer
played the role of a catalyst for the selective growth of SnO2 NWs,
the Pt layer was an electrical circuit, and the Ti layer was used to
enhance the adhesion between the Pt layer and the substrate. The
growth of the core NWs of SnO2 was carried out in a horizontal
quartz tube furnace at 900 ◦ C for 15 min with N2 and O2 gases at
ﬂow rates of 300 and 10 sccm, respectively. With the IDE, SnO2
NWs were grown, forming the networked junctions between the
electrode digits. The detailed experimental procedure for the fabrication of networked SnO2 NWs is described in an earlier report
[22].
Second, the networked SnO2 NWs were coated with ZnO shells
by atomic layer deposition (ALD). This deposition technique is particularly effective for depositing a uniform, conformal layer on an
irregularly shaped object. Diethylzinc (Zn(C2 H5 )2 , DEZn) and H2 O
were used as precursors for the ALD process, in which the temperature and pressure of the reactor were set to 150 ◦ C and 0.3 Torr,
respectively. One cycle of the ALD process constituted the following
ALD process; a DEZn dose time of 0.12 s, a 3 s purge with N2 , an H2 O
dose time of 0.15 s, and a 3 s purge with N2 . The thickness of the ZnO
shells could be controlled on the nanometer scale by changing the
number of ALD cycles. In this study, the thickness of ZnO shells was
adjusted to 80 nm, which was selected according to earlier results
regarding SnO2 -ZnO C-S NWs [25]. The experimental procedure for
the ALD process is described in more detail elsewhere [26–28]. For
comparison, networked ZnO NWs were grown and fabricated as
sensors. The preparation procedure of the ZnO NW sensors, which
is described in detail in an earlier report [29], was similar to that
used for the networked SnO2 NW sensors.
2.2. Functionalization of pristine NWs and C-S NWs with Pd NPs
The Pd NPs were synthesized and attached to the pristine SnO2
NWs, pristine ZnO NWs and SnO2 -ZnO C-S NWs by using the ␥-ray
radiolysis technique. The precursor solution consisted of 0.051 mM
palladium chloride (PdCl2 , Kojima Chemicals Co.) dissolved in a
mixed solvent of acetone (50 vol.%) and 2-propanol (50 vol.%). The
NW samples were immersed in the precursor solution and then
exposed to 60 Co ␥-rays at the Korea Atomic Energy Research Institute (KAERI). For the␥␥-ray exposure, the exposure time and an
illumination intensity were set to 3 h and 10 kGy h−1 , respectively.
The experimental procedure for the ␥-ray radiolysis technique is
described in detail in an earlier report [30].
2.3. Sensing measurement and materials characterization
The C6 H6 -sensing characteristics of the Pd NP-functionalized
C-S NWs were investigated using a gas-sensing measurement system at 300 ◦ C; this temperature was optimized during preliminary
experiments (Fig. S2). Their selective sensing properties were evaluated with various reducing gases, such as carbon monoxide (CO),
carbon dioxide (CO2 ) and C7 H8 . The experimental procedure for
the sensing measurements is described in detail in our earlier
reports [31,32]. The sensor response for the gases tested in this
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study was evaluated using the relationship Ra /Rg , where Ra and
Rg are the resistances in the absence and presence of an analyte
gas, respectively. The microstructure and phase of the synthesized
NW samples were examined by ﬁeld-emission scanning electron
microscopy (FE-SEM) and X-ray diffraction (XRD), respectively.

3. Results and discussion
First, the microstructure of the C-S NWs was examined. Fig. 1a
shows a plain-view image of the resulting Pd NP-functionalized
SnO2 -ZnO C-S NWs, revealing a highly networked volume of SnO2 ZnO C-S NWs, which was achieved by using the deliberately
designed IDE. The image reveals the entanglement of the C-S NWs,
which can aid in chemiresistive electrical transport. Fig. 1b presents
a representative FE-SEM image taken from an individual C-S NW
functionalized with Pd NPs. It was observed that Pd NPs with a
diameter of approximately 15 nm were uniformly distributed over
the surface of the ALD-created ZnO shell. This conﬁrms that ␥-ray
radiolysis is an effective technique for creating Pd NPs on metal
oxide NWs. For comparison, a typical microstructure of the SnO2
NWs functionalized with Pd NPs is shown in Fig. 1c. A schematic
diagram of the sensor structure based on the C-S NWs with Pd NPs
functionalized is illustrated in Fig. 1d. With this procedure, various
combinations of C-S NWs can be realized and various kinds of metal
NPs can be functionalized by changing the radiolysis solution.
X-ray diffraction was used to identify the phases of the Pd
NP-functionalized SnO2 -ZnO C-S NWs. Fig. 1e shows typical XRD
patterns of the samples; the upper and the lower XRD patterns were
taken from pure SnO2 NWs and SnO2 -ZnO C-S NWs, respectively,
which were both functionalized with Pd NPs. The lower XRD pattern, recorded with Cu-K␣ (1.5418 Å) radiation, showed that the Pd
NP-functionalized SnO2 -ZnO C-S NWs were composed of SnO2 , ZnO
and Pd phases. The SnO2 tetragonal rutile phase has lattice parameters of a = 4.73 Å and c = 3.18 Å (JCPDS Card No. 88-0287), whereas
the wurtzite phase of ZnO has lattice parameters of a = 3.24 Å and
c = 5.205 Å (JCPDS Card No. 89-0511). This XRD pattern is evidence
of the successful phase formation of Pd NP-functionalized SnO2 ZnO C-S NWs.
The dynamic resistance curves of the Pd NP-functionalized
SnO2 -ZnO C-S NWs for C6 H6 were measured, as shown in Supplementary information (Fig. 2). The results obtained from the sensors
fabricated from pristine SnO2 NWs, pristine ZnO NWs, SnO2 NWs
functionalized with Pd NPs, and pure SnO2 -ZnO C-S NWs were
included for comparison. All sensors tracked the changing C6 H6
concentration in the environment. The resistance of the sensors
decreased as C6 H6 was supplied and was restored once the C6 H6
ﬂow was stopped and air was introduced. This type of resistance
behavior can be explained based on a well-known n-type semiconductor sensing mechanism, which is outlined as follows. In ambient
air, oxygen species that are adsorbed onto the surface of the NWs
capture electrons in the conduction band of the NWs. This creates
a local, electron-depleted region beneath the surface of the NWs,
which radially suppresses the charge-carrier conduction channel
along the NWs’ length. When C6 H6 gas molecules are supplied,
they interact with the adsorbed oxygen species, forming volatile
compounds that will desorb from the surface of the NWs. This will
release the captured electrons back into the conduction band, leading to a thinning of the electron-depletion region and thereby a
corresponding decrease in resistance. This is the source of the resistance variation observed in the NW samples tested in this study.
In Fig. 2, the sensor responses were strongly dependent on the
type of sensors, and the Pd functionalization greatly improved the
C6 H6 -sensing response of the pure C-S NWs.
Fig. 3 summarizes the responses of the sensors to 100 ppb C6 H6
to show the difference between the C6 H6 responses with respect
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Fig. 1. Typical FE-SEM images; (a) Pd NPs-functionalized SnO2 -ZnO C-S NWs, (b) a single one, and (c) core SnO2 NWs with Pd NPs functionalized. (d) Schematic of the sensor
conﬁguration used in this work. (e) Representative XRD patterns; the upper is for SnO2 NWs with Pd NPs functionalized and the lower is SnO2 -ZnO C-S NWs with Pd NPs
functionalized.
Table 1
Comparison of the C6 H6 -sensing response of the Pd NPs-functionalized SnO2 -ZnO C-S NWs in this work to those reported in the literatures.
Material type

C6 H6 concentration (ppm)

Response (Ra /Rg )

Temp. (◦ C)

Reference

Porous SnO2 microcubes
Partially broken WO3 nanotubes
Pd-loaded SnO2 yolk-shell nanostructures
Au/Porous ZnO microsheets
Au-ZnO NWs
Zn-W-O nanocomposite ceramic
TiO2 thin ﬁlms
Ce-doped ZnO thin ﬁlm
Titanium dioxide ﬁlms dispersed in poly(vinylidenﬂuoride)
Pd-functionalized SnO2 -ZnO C-S NWs (shell thickness 80 nm)

100
300
5
20
10
100
10
100
350
0.1

7
4
6
1.7
4
4.1
1.00
3.4
1.1
71

280
340
450
240
340
370
RT
370
RT
300

[33]
[34]
[35]
[36]
[3]
[1]
[2]
[37]
[38]
This work

to the type of NWs. The sensing temperature was set to 300 ◦ C for
a variety of sensors, with the preliminary understanding that the
maximum sensing responses have been observed for those sensors in the present work (Text S1 in Supplementary information).
The responses of pristine SnO2 and pristine ZnO NWs to 1 ppm of
C6 H6 were 1.85 and 2.08, respectively, because they did not show
any meaningful resistance variation for 100 ppb C6 H6 . By creating
the ZnO shell layer on the pristine SnO2 NWs, the C6 H6 response
increased greatly up to 11.2. The Pd functionalization on the SnO2
NWs also improved the sensing response up to 30 for 100 ppb C6 H6 ,
which highlights the favorable role of Pd in the detection of C6 H6
gas molecules. With the SnO2 -ZnO C-S NWs functionalized with Pd
NPs, a response of 71.0 was obtained for 100 ppb C6 H6 . Taking both
the C6 H6 concentration and corresponding response into account,
this is the highest C6 H6 response reported so far in the literature

(Table 1) [1–3,33–38], and it is sufﬁcient for use in exhaled breath
sensors that usually require ppb-scale detection. The C6 H6 response
of the Pd NP-functionalized SnO2 -ZnO C-S NWs was compared with
those reported in the literature in Table 1.
It is noteworthy that the amount of Pd NPs inﬂuences greatly
the sensing properties of SnO2 -ZnO C-S NWs. Functionalization (or
decoration) with metal NPs has been used to further improve the
sensing abilities of metal oxide NWs. Both electronic and chemical sensitizations are known to be responsible for the sensing
improvement. A generally observed trend in the sensitivity of metal
NPs-functionalized NWs corresponds to a bell-shaped curve as a
function of the NP amount [39,40], indicating the need of optimizing the amount of functionalized Pd NPs.
Selective detection is one of the primary parameters that must
be met prior to the actual implementation of the sensors. In that
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Fig. 2. Dynamic resistance curves of various NWs; pristine SnO2 NWs, pristine ZnO NWs, Pd NPs-functionalized SnO2 NWs, SnO2 -ZnO C-S NWs, and Pd NPs-functionalized
SnO2 -ZnO C-S NWs for various C6 H6 concentrations.

sense, the selectivity of the Pd NP-functionalized SnO2 -ZnO C-S
NWs was evaluated by testing the sensing properties for other
common reducing gases, such as CO, CO2 and C7 H8 . Fig. 4a shows
the dynamic resistance curves for the tested reducing gases at
100 ppb, and the corresponding sensor responses are summarized
in Fig. 4b. The Pd NP-functionalized SnO2 -ZnO C-S NWs showed
exceptional responses to C6 H6 , namely an approximately 8 times
higher response compared to those of the other reducing gases. This
shows that the approach based on the combination of SnO2 -ZnO CS NWs and Pd NPs can provide a promising sensing platform for the
selective detection of a trace amount of C6 H6 gas.
The exceptionally high C6 H6 -sensing response realized in the
SnO2 -ZnO C-S NWs functionalized with Pd NPs can be explained
by the following mechanisms. First, the C-S NWs revealed superior
sensing properties for reducing gases in the case of the optimized
shell thickness compared to pristine core NWs [25]. In the hetero-

junctions, the Fermi level of ZnO is supposed to be lower than that
of SnO2 , with the work functions of ZnO and SnO2 being about 5.2
and 4.9, respectively (Fig. 5a). The work function of bulk or ﬁlms Pd
can be set to 5.12 eV (Text S2 and Table S1 in Supplementary information). In our case, the work function of Pd nanoparticles will be
smaller than 5.12 eV, because the work function of Pd nanoparticles
is known to decrease with decreasing the diameter [41]. In order
to equate to the Fermi level, electrons will be transferred not only
from SnO2 to ZnO, but also from Pd to ZnO. As a result of the charge
transfer, a potential barrier will be generated at the heterointerfaces, along with the bending of the vacuum energy level and the
energy band (Fig. 5a).
It is possible that the electrical current across the ZnO/SnO2 heterointerfaces will provide an additional modulation of resistance
(Fig. 5b). First, the sensor response can be explained by the variation of the potential barriers. The C6 H6 , which is a reducing gas,
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Fig. 3. Response of the Pd NPs-functionalized SnO2 -ZnO C-S NWs for 100 ppb of C6 H6 . For comparison purpose, the responses of the pristine SnO2 NWs, pristine ZnO NWs,
Pd NPs-functionalized SnO2 NWs, and SnO2 -ZnO C-S NWs are included. Note that for the pristine SnO2 NWs and pristine ZnO NWs, the responses for 1 ppm of C6 H6 are
included because they could not detect 100 ppb of C6 H6 .

Fig. 4. (a) Dynamic resistance curves of the Pd NPs-functionalized SnO2 -ZnO C-S
NWs for C6 H6 , C7 H8 , CO, and CO2 . (b) Summary of the responses for the gases tested.

will react with the adsorbed oxygen and release electrons by means
of the following reaction: C6 H6 + 3O− (ad) → N2 + 3H2 O + 3e− [42].
In this case, electrons will be transferred to the ZnO surface, elevating the Fermi level of ZnO. Accordingly, the reducing gas will
decrease the height of the potential barriers (ZnO/SnO2 ) to electrons. Therefore, the electrons in SnO2 will more easily cross over to
ZnO compared to the case in which the oxygen has been adsorbed.
Since the introduction of C6 H6 gas will decrease the resistance of
ZnO, the reduction of the barrier layer will further decrease the
resistance of ZnO, enhancing the sensitivity (i.e. Rg will be further reduced, increasing Ra /Rg , which is a deﬁnition of the sensor
response). Second, the sensor response can be explained by the
electron accumulation/depletion phenomenon. By the formation
of a ZnO-SnO2 heterojunction, the electron accumulation layer will
be developed on the ZnO-side. However, upon the adsorption of
oxygen ions, the electrons will be considerably drained form the
ZnO surface, generating surface depletion regions (Fig. 5b). Furthermore, the introduction of the ZnO-SnO2 heterointerface will
increase the original conduction volume (or region) with a smaller
initial resistance. Since the sensor response is deﬁned as Ra /Rg ,
where Ra and Rg are the resistances in the absence and presence of
the C6 H6 gas, respectively, this mechanism will not contribute to
the enhancement of the sensitivity; hence, this mechanism should
be discarded. Accordingly, the generation of the ZnO-SnO2 heterointerface is supposed to contribute to the sensor enhancement,
in which the reducing gas will decrease the height of the potential
barriers to electrons.
In addition, we expect that the functionalization with Pd NPs
will introduce additional contributions to the sensing properties
of the C-S NWs. One possibility will be related to the generation
of a ZnO/Pd heterointerface (Fig. 6). Since electrons will ﬂow from
Pd to ZnO, electron accumulation will occur in the ZnO-side. The
presence of Pd will decrease the initial resistance of ZnO. Accordingly, the donation of the same amount of the electrons by the
introduction of C6 H6 gas will slightly decrease the value of Ra /Rg ,
contributing to the decrease of the sensor response, discarding
the mechanism in regard to the variation of ZnO/Pd heterointerface. The other contribution is chemical sensitization (CS) by the
catalytic effect of the Pd NPs, shown in Fig. 5c, which facilitates
more interactions between C6 H6 and the adsorbed oxygen species,
increasing the resistance modulation of the SnO2 -ZnO C-S NWs.
According to previous reports [21,30], Pd was used to enhance the
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Fig. 5. Schematic diagrams illustrating the C6 H6 -sensing mechanisms of the Pd NPs-functionalized SnO2 -ZnO C-S NWs. (c) Energy-band diagrams resulting from the
generation of heterojunctions. (b) Modiﬁcation of the conduction channel in the shell layer and (c) the CS effect by the Pd NPs.

gas-sensing properties of semiconducting metal oxides. However,
the precise reason why the Pd NPs are particularly effective with
regards to C6 H6 molecules has not been clariﬁed yet. It is likely
that the Pd NPs may dissociate the C6 H6 gas more effectively than
other reducing gases. Accordingly, with regard to ZnO-Pd heterointerfaces, chemical sensitization by the Pd NPs will play a role in
enhancing the sensing behavior.
Table S2 in Supplementary information summarizes the
response/recovery times of the various sensors studied in the
present work. The C6 H6 gas concentration was varied in the range
of 0.1–30 ppm. For both SnO2 and ZnO nanowires, we reveal that
recovery times are longer than response times for all concentrations. By decorating with Pd nanoparticles, the response times
of pristine SnO2 nanowires were 93.7 and 93.3%-decreased, at 1
and 10 ppm, respectively. Also, the recovery times of pristine SnO2
nanowires were 98.9 and 98.5%-decreased, at 1 and 10 ppm, respectively. By adding the ZnO shell with a thickness of 80 nm, the

response times of pristine SnO2 nanowires were 39.7 and 47.0%decreased, at 1 and 10 ppm, respectively. Also, the recovery times
of pristine SnO2 nanowires were 61.9 and 56.9%-decreased, at 1
and 10 ppm, respectively. Furthermore, Pd-decoration obviously
reduced the response/recovery times of the C-S NWs: By decorating with Pd nanoparticles, the response times of C-S NWs were
58.2, 80.3, and 80.3%-decreased, at 0.1, 1, and 10 ppm, respectively.
Also, the recovery times of C-S NWs were 38.0, 3.5, and 12.6%decreased, at 0.1, 1, and 10 ppm, respectively. Also, the recovery
times of C-S NWs were 38.0, 3.5, and 12.6%-decreased, at 0.1, 1,
and 10 ppm, respectively. For both pristine SnO2 NWs and SnO2 ZnO C-S NWs, Pd-functionalization decreased the recovery times as
well as the response times. The catalytic effects of Pd will facilitate
the adsorption of C6 H6 gas molecules to Pd NPs. By the spillover
effects, the adsorbed C6 H6 gas molecules will be transferred to the
neighboring SnO2 (SnO2 NWs) or ZnO surface (SnO2 -ZnO C-S NWs),
providing more changes for sensing reactions. From Table S2, we
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4. Conclusions
In summary, with the hybrid structure of networked SnO2 ZnO C-S NWs functionalized with Pd NPs, exceptionally high
C6 H6 -sensing properties were achieved in a selective manner. The
achieved response of 71 for 100 ppb is the highest C6 H6 response
reported thus far. The synergic effect via the additional expansion
of the electron-depletion region in the shell layer and the catalytic
role of the Pd NPs attached onto the shell surface is attributed
to the selective, sensitive C6 H6 -sensing capability of the hybrid
structure. The use of networked C-S NWs as a sensor platform
and their functionalization with noble metal NPs was conﬁrmed
as a novel approach to the development of extremely sensitive,
selective chemoresistive gas sensors potentially for the diagnosis
of diseases. Also, Pd-functionalization decreased the recovery times
as well as the response times. The generation of the ZnO-SnO2 heterointerface will contribute to sensor enhancement, in which the
reducing gas will decrease the height of the potential barriers of
the electrons. In addition, the C-S will play a role in enhancing the
sensing behavior because of the catalytic effect of the Pd NPs.
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Text S1.

In our previous work, we prepared the networked SnO2 nanowires and carried out the
sensing tests in regard to NO2 gas [1]. The sensitivity for the sensor has been
investigated as a function of temperature under various NO2 concentrations and the
results are summarized in Figure 7b of Ref. 1. At a given NO2 concentration, the sensor
response increases as the temperature increases until 300qC, and then it tends to decrease
with further temperature increase until 400ଇ. The temperature showing the best
sensitivity (sensor response) for each concentration is around 300ଇ. At the NO2
concentration of 70 ppm, however, the temperature showing the best sensitivity (sensor
response) is around 350ଇ. The same processing parameters were used for growth of
SnO2 nanowires in the present work, indicating that the optimum operating temperature
of the SnO2 nanowires can be considered to be around 300ଇ. In our previous work, we
prepared the networked ZnO nanowires and carried out the sensing tests in regard to
NO2 gas [2]. Sensing properties of the networked nanowire sensors to NO2 were
investigated. The sensor response was measured as a function of temperature under
various NO2 concentration, and the results are summarized in Figure 4(a) of Ref. 2. The
concentration was varied in the range of 1-70 ppm. At NO2 concentration of 1-10 ppm
and 60-70 ppm, the sensor response increases as the temperature increases until 350ଇ,
and then it tends to decrease with further temperature increase until 400ଇ. The
temperature showing the best sensitivity for each concentration is around 350ଇ. On the
other hand, at NO2 concentration of 20-50 ppm, the sensor response increases as the
S-2

temperature increases until 300ଇ, and then it tends to decrease with further temperature
increase until 400ଇ. The temperature showing the best sensitivity for each
concentration is around 300ଇ. To summarize, at NO2 concentration of 1-70 ppm, the
temperature showing the best sensitivity for each concentration is around 300-350ଇ.
Therefore, it is reasonable to compare the sensing responses of ZnO nanowires to other
types of nanowires sensors including SnO2 nanowires, core-shell nanowires, and etc. In
addition, according to our other investigations [3], in which SnO2 nanowires,
synthesized by using the same conditions as the ones in the present work, were
decorated with metal nanoparticles such as Pt, Pd, and Au. Their sensing performances
were investigated for various gases (C6H6, C7H8, CO, C2H5OH, and H2S), and the
optimum operating temperature of the fabricated sensors was around 300 °C. Also, by
the examination of the thermodynamics of the Pd-decorated SnO2 nanowires system (i.e.
commercial software package, FactSage), we reveal that there is no obvious change in
the gas phase chemistry in the tested temperature range of 35-400°C. It implies that the
Pd-functionalization does not significantly change the gas-phase chemistry at
temperature in the range of 35-400°C. Although the optimum operating temperature
may be slightly different with regards to the kind of gases for other sensing materials
and systems, all of the sensors in the present work showed it around 300°C. With the
preliminary information on the sensing behaviour of SnO2 and ZnO networked
nanowires as a functional of the operating temperature, we carried out the sensing tests,
to reveal the effect of temperature on the sensing behaviour of Pd NPs-functionalized
SnO2-ZnO C-S NWs (Fig. S2). The C6H6 concentration was set to 0.1 ppm and the
S-3

temperature was varied in the range of 200-400ଇ. At C6H6 concentration of 0.1 ppm,
the sensor response increases as the temperature increases until 300ଇ, and then it tends
to decrease with further temperature increase until 400ଇ. The temperature showing the
best sensitivity for each concentration is around 300ଇ. From our previous works and
complementary experiments, it is reasonable to compare the sensing properties of a
variety of materials, including SnO2 NWs, ZnO MWs, Pd-functionalized SnO2 NWs,
C-S NW, and Pd-functionalized C-S NWs at the same temperature of 300°C (Fig. 3 in
the main text).
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Text S2.

Actually, many literatures reported the values of the work function of Pd. In Table S1,
we summarize the work function values of Pd [4-15]. The work function value is known
to depend on a variety of factors, including surface condition and morphology. An
exceptionally high value of 5.83 eV was reported for Pd (110), which had been
measured by ultraviolet photoemission spectroscopy (UPS). The UPS spectra were
obtained from oxygen-covered Pd(110). However, most calculated or measured work
functions of Pd are smaller than 5.2 eV. By the way, many literatures have cited the
value of 5.12 eV, which is originated from the Sze’s book [13]. In addition, the work
function of Pd nanoparticles is known to decrease with decreasing the diameter in the
range of 4.8-5.0 eV [11]. Similarly, the work function of Au nanoparticles is
size-dependent, being significantly smaller than that of bulk Au [16]. Since the average
diameter of Pd nanoparticles in the present work is about 15 nm, it is probable that the
actual work function will be smaller than 5.12 eV.
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Figure S1. Schematic illustration of the fabrication for Pd Nanoparticle-functionalized
core-shell nanowires.
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Figure S2. Variation of normailzed resistance and sensor responses of Pd
Nanoparticle-functionalized

core-shell

nanowires

with

varying

the

operating

temperature in the range of 200-400qC. The C6H6 concentration was set to 0.1 ppm.
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Table S1. Summary of the work function values of Pd, which were reported in the
previous literatures.
Material type

Value of work function (eV)

Reference

Pd plate

4.99

[4]

Pd nanoparticle

5.0

[5]

Pd thin films (vacuum)

5.12

[6]

Pd thin films (measured)

4.79

[6]

Bulk Pd

5.12

[7]

Slab-Pd (111) (cal.)

5.25

[8]

Slab-Pd (100) (cal.)

5.11

[8]

Slab-Pd (110) (cal.)

4.87

[8]

Bulk-Pd (110)

5.83

[9]

Pd thin film (273K) (vacuum)

5.11

[10]

Pd thin film (573K) (vacuum)
Pd NPs (average diameter 98±38
nm)
Pd NPs (average diameter 3.1±0.7
nm)
Pd NPs (average diameter 2.4±0.5
nm)
Pd NPs (average diameter 1.6±0.4
nm)
Pd thin films

5.22

[10]

5.0

[11]

4.88

[11]

4.85

[11]

4.77

[11]

5.12

[12],[13]

4.8

[14],[15]

Metallic Pd
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Table S2. Summary of the response/recovery times of the various sensors studied in the
present work. The C6H6 gas concentration was varied in the range of 0.1-30 ppm.

Material type

Response time (s)

Recovery time (s)

0.1

1

5

10

20

30

0.1

1

5

10

20

30

SnO2 NWs

-

126

101

134

-

-

-

449

415

406

-

-

ZnO NWs

-

499

461

406

-

-

-

654

617

588

-

-

27

8

-

9

8

6

13

5

-

6

5

5

SnO2-ZnO C-S NWs
(shell thickness 80 nm)

79

76

-

71

-

-

184

171

-

175

-

-

Pd-functionalized
SnO2-ZnO C-S NWs
(shell thickness 80 nm)

33

15

-

14

10

9

114

165

-

153

147

128

Pd-functionalized
NWs

SnO2
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