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Functionalized SnO,—Zn0O Core—Shell Nanowires
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ABSTRACT: In this paper, we report the exceptional toluene-sensing properties of SnO,—ZnO
core—shell nanowires (C—S NWs) functionalized with Pt nanoparticles (NPs). A response of 279
was obtained for 100 ppb of toluene, and to the best of our knowledge, this is the highest toluene
response to be reported in the literature. The SnO,—ZnO C—S NWs were synthesized via a two-
step process: First, a networked core of SnO, nanowires was prepared via vapor—liquid—solid
growth on the patterned electrode layer. Second, the ZnO shell layers were created with atomic
layer deposition. The electron-depleted region of the shell layer was further expanded by attaching
Pt NPs, which were synthesized using y-ray radiolysis, to the shell layer. In addition to the
expansion of the electron-depleted region, the catalytic effect of Pt on toluene greatly improved the
toluene-sensing performance of the C—S NWs. The extraordinary toluene-sensing ability of the Pt-
functionalized C—S NWs means they have great potential as the sensing platform in exhaled breath

sensors to detect ppb-scale toluene.
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1. INTRODUCTION

Sensitive and reliable chemical sensors that can detect trace
amounts of hazardous chemical species are required to prevent
environmental pollution. A great number of materials have
been tested as sensing materials over the past decades. Despite
their poor selectivity, semiconducting metal oxides (SMOs) are
recognized as promising materials for chemical sensors because
of their excellent thermal stability, sensing reliability, low
processing costs, and relatively simple operating mechanism.
To maximize the sensing abilities of chemiresistive SMOs,
nanomaterials, such as nanowires (NWs), nanorods, and
nanofibers, have received much attention because of their
unique material properties, including providing larger numbers
of surface interaction sites, the faster diffusion of gas molecules,
and a larger modulation of electrical resistivity compared to that
of their bulk or thin-film counterparts.' ™

Highly networked oxide NWs have proven to be a reliable
sensor platform for the detection of chemical species.”””
Detailed investigations into the fabrication and sensing
properties of highly networked Sn0,*° CuO,'”'" and
ZnO'>"> NWs have been performed by the current authors.
In order to use chemiresistive SMO NWs in sensor devices, one
of the most important issues to solve is improving their sensing
performance so that extremely low concentrations of chemical
species can be detected. One route for such an improvement is
the application of core—shell (C—S) structures, in which the
heterointerface created between the core and the shell provides
an energy band structure that enhances the sensing capabilities
compared to their single-structured counterparts.”* "’ As
shown in the literature,”** the use of C—S structures is
particularly effective at enhancing the sensing performance
when the thickness of the shell is similar to the Debye length of
the shell material. Recently, sensing mechanisms using C—S
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nanofibers™ and C—S nanowires™ were thoroughly inves-

tigated. From these studies, it was found that the radial
modulation of the electron-depleted shell layer is the main
factor in the improved sensing performance of these systems.

One important application of chemiresistive sensors that has
recently emerged is the diagnosis of diseases by detecting
disease markers in the exhaled breath of humans, which
contains a number of volatile organic compounds (VOCs).
This noninvasive diagnosis technique has advantages over other
commonly used diagnosis methods, such as tomography or
endoscopy. The information needed to diagnose a specific
disease can be obtained from the detection of specific VOCs,
which are known as biomarkers and have strong correlations
with specific diseases.”>~>’ A number of biomarkers in exhaled
breath have been identified in previous studies; >~ hydrogen
sulfide,>”®' acetone,’*** toluene,>”*° ammonia,**™** and
carbon monoxide*”*° are recognized biomarkers for halitosis,
diabetes, lung cancer, kidney failure, and asthma, respectively.

However, the actual implementation of chemiresistive SMO
NW sensors to diagnose specific diseases is still challenging
because of their insufficient sensitivity to detect the extremely
small variations of disease markers that exist in exhaled breath.
In particular, despite the great improvement made to the
reducing gas-sensing properties of SnO,—ZnO C-S Nws**
that were recently developed by the current authors, the
sensitivity of the pristine C—S NWs is insufficient to be applied
to the diagnosis of specific diseases.

One approach to improve the sensing properties of C—S
structures even further is to expand the electron-depleted
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Figure 1. Schematic illustrations of the experimental procedures used to fabricate the Pt NP-functionalized SnO,—ZnO C—S NWs. (a) The growth
of highly networked SnO, NWs via the VLS method. (b) The deposition of ZnO shell layers with ALD. (c) The functionalization of the C—S NWs
with Pt NPs by y-ray radiolysis. (d) The resulting Pt NP-functionalized SnO,—ZnO C—S NWs.

region in the shell layer, which is expected to produce larger
resistance modulations during the gas adsorption and
desorption processes. The attachment of metal nanoparticles
(NPs) to the shell layer can cause electrons to flow from the
shell layer to the attached metal NPs when the Fermi level of
the metal NPs is lower than that of the shell layer. This flow of
electrons will decrease the shell layer’s electron density, which
will increase the resistance modulation. In addition, if the metal
used for the NPs can act as a catalyst for a specific gas, the
catalytic sensitization will improve the sensing properties even
further.

In this work, Pt NPs were attached to SnO,—ZnO C—S NWs
to increase the electron-depletion layer of the ZnO shell layer
and add catalytic sensitization to the NWs through the catalytic
effect of Pt on toluene (C,Hg). With this novel approach, we
realized the extraordinarily high sensitivity of 279 for 100 ppb
of C,Hg, which is the highest C,Hj sensitivity to be reported in
the literature. The comprehensive review' regarding a new
noninvasive and potentially inexpensive diagnosis of cancer
relying on the detection of volatile organic compounds (VOCs)
in exhaled breath provides a list of 115 validated cancer-related
VOCs published in the literature during the past decade. It also
classifies the cancer-related VOCs with respect to their “fat-to-
blood” and “blood-to-air” partition coeflicients. According to
the review, C,Hg is indicative of lung cancer, though it cannot
serve as a stand-alone biomarker of the disease. The Pt-
functionalized C—S NWs developed in this work have great
potential as the sensing platform in exhaled breath sensors that
can be used to detect ppb-scale C,Hg, which is one of the
cancer-related VOCs.

2. EXPERIMENTAL METHODS

Fabrication of Highly Networked SnO,—ZnO C—S NWs. The
highly networked SnO,—ZnO C—S NWs were synthesized in two
steps. For the first step, a network of SnO, NWs was grown on a
catalytic Au pad with the vapor—liquid—solid (VLS) method by

evaporating a source of Sn. To form the networked NWs, a patterned
interdigital electrode (PIE) was created with a conventional photo-
lithographic process on a SiO, layer (200 nm thick) grown on Si (100)
substrates. The trilayer PIE consisted of Au (3 nm thick), Pt (200 nm
thick), and Ti (50 nm thick) layers, which were sequentially deposited
with a sputtering method. The details of the fabricated PIEs were as
follows: The total number of electrode pads was 20, each electrode
pad was 1.0S mm long and 20 ym wider, and the gap between the
adjacent electrode pads was 10 gm. The growth of the SnO, NWs was
carried out in a horizontal quartz tube furnace at 900 °C for 15 min
with N, and O, gases flowing at rates of 300 and 10 sccm, respectively.
The SnO, NWs selectively grown on the PIE became entangled in the
areas between the electrode’s digits, which produced the networked
junctions. This feature is illustrated in Figure 1a, in which actual cross-
sectional and plane-view images are included. Both the experimental
procedure for fabricating the networked SnO, nanowires and the
effects of the length and diameter of the NWs on the gas-sensing
properties were described in detail in an earlier paper.*

For the second step, atomic layer deposition (ALD) was used to
coat the networked SnO, NWs with ZnO shells, which is a particularly
effective fabrication technique for making a uniform, conformal layer
on an irregularly shaped surface or object. For the ALD process,
diethylzinc (Zn(C,Hs),, DEZn) and H,O were used as the precursors.
For the ALD process, the temperature and pressure of the reactor were
set at 150 °C and 0.3 Torr, respectively. One cycle of the ALD process
had a DEZn dose time of 0.12 s, 3 s of purging with N,, a H,O dose
time of 0.15 s, and, finally, 3 s of purging with N,. By altering the
number of ALD cycles, the thickness of the ZnO shells was
successfully controlled to range from 5 to 80 nm. The experimental
procedure for the ALD process is described in more detail in the
literature.”* A schematic of the fabrication process and a representative
transmission electron microscopy (TEM) image of the SnO,—ZnO
C—S NWs are shown in Figure 1b. As can be seen, the uniform ZnO
shell coating the SnO,—ZnO C—S NWs has a thickness of 40 nm.

To compare sensing properties, sensors based on ZnO NWs were
also prepared. The experimental procedure for the synthesis and
fabrication of the ZnO NW sensors was similar to that used for the
SnO, NWs sensors. The experimental conditions for fabricating the
ZnO NWs are described in detail in one of our previous papers.*’

DOI: 10.1021/acsami.5b04066
ACS Appl. Mater. Interfaces 2015, 7, 17199—17208


http://dx.doi.org/10.1021/acsami.5b04066

ACS Applied Materials & Interfaces

Research Article

Zn0O (002)

0)

=50 (101)
01) ?

Figure 2. Typical plane-view FE-SEM images of the (a) pristine SnO, NWs, (b) pristine ZnO NWs, and (c) SnO,—ZnO C—S NWs. The insets are
the corresponding cross-sectional images. (d—h) Microstructures of the Pt NP-functionalized SnO,—ZnO C—S NWs with S, 10, 20, 50, and 80 nm
thick shells, respectively. (i) A representative XRD pattern of the Pt NP-functionalized SnO,—ZnO C—S NWs with a ZnO shell thickness of 80 nm.

Functionalization of the NWs with Pt NPs via y-ray
Radiolysis. The Pt NPs were synthesized and attached to the
Sn0,—ZnO C—S NWs with the y-ray radiolysis technique. The
precursor solution was 1.0 mM of hydrogen hexachloroplatinate (IV)
hydrate (H,PtCls-nH,O, n = 5.8, Kojima Chemicals Co.) dissolved in a
mixture of deionized water (94 vol %) and 2-propanol (6 vol %). As
illustrated in Figure 1c, the SnO,—Zn0O C—S NWs were immersed in
the precursor solution and then exposed to “Co y-rays in air under
ambient conditions. This was performed at the Korea Atomic Energy
Research Institute (KAERI). The y-ray exposure conditions were an
exposure time of 2 h and an illumination intensity of 10 kGy-h™". The
experimental procedure for the y-ray radiolysis technique is described
in detail in one of our previous papers.

In Figure 1d, a real image of the resulting Pt NP-functionalized
Sn0,—ZnO C—S NWs is shown, which demonstrates the uniform
distribution of NPs on the surface of the C—S NWs.

Materials Characterization and Measuring the Sensing
Performance. The microstructure of the synthesized samples was
observed with field-emission scanning electron microscopy (FE-SEM).
The detailed crystal structure, microstructure, and chemical
composition were examined with X-ray diffraction (XRD), TEM,
and energy-dispersive X-ray spectroscopy (EDS).

The C,Hg-sensing performance of the Pt NP-functionalized C—S
NWs was investigated as a function of the ZnO shell thickness. The
cross-sensitivity of the sensors was evaluated with various reducing
gases, such as carbon monoxide (CO), carbon dioxide (CO,), and
benzene (C4Hy). The sensing measurements were carried out at 300
°C with a sensing measurement system after preliminary experiments
were performed to determine the optimal operating temperature. The
experimental procedure for the sensing measurements is described in
detail in one of our earlier papers.*’ The response for the gases tested

was evaluated with the relationship R,/R,, where R, and R, are the

resistances in the absence and presence of an analyte gas, respectively.

3. RESULTS AND DISCUSSION

As demonstrated in Figure 2, a highly networked volume of
SnO, NWs can be attained by using a deliberately designed
PIE, which is further confirmed by the plane-view and cross-
sectional (inset) FE-SEM images shown in Figure 2a. These
images reveal the level of entanglement of the SnO, NWs,
which can aid the chemiresistive electrical transport. According
to our recent report,”” chemical gas-sensing properties of SnO,
networked NWs are likely to be associated with the nature of
networking, particularly with the density of junctions. As the
density of junctions increased, superior sensing properties were
shown. One approach to obtain a larger density of junctions is
to control the shape of nanowires; slender and long nanowires
are more favorable. The other approach is to control the
configuration of catalytic electrode layers, that is, PIEs. PIEs
with a narrow distance and large pad area are more favorable.
On the basis of these results, the SnO, NWs in this work were
grown on the optimized PIE geometry.

On these networked SnO, NWs ZnO shell layers of various
thicknesses were then deposited via ALD. Figure 2b shows the
typical microstructure of the SnO,—ZnO C—S NWs with a
shell thickness of 20 nm. According to the plane-view image,
the networked nature is maintained after the formation of the
ZnO shell layer. The inset figure clearly shows that the ALD
process results in the formation of uniform and conformal ZnO
shell layers on the core SnO, NWs. For comparison purposes,
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Figure 3. TEM images of the Pt NP-functionalized SnO,—ZnO C—S NWs with a ZnO shell thickness of S0 nm. (a) A low-magnification TEM
image. (b, c) High-resolution lattice images. (d) EDS line profiles for O, Sn, Zn, and Pt.

the microstructure of pristine ZnO NWs is shown in Figure 2c.
The average diameter of the pristine ZnO NWs is
approximately 70 nm.

The Pt NPs were synthesized and attached to the SnO,—
ZnO C—S NWs with various shell thicknesses via y-ray
radiolysis, and the resulting microstructures for shell thick-
nesses of S, 10, 20, 50, and 80 nm are shown in Figure 2d—h,
respectively. As can be seen, the Pt NPs, which are
approximately 35 nm in diameter, are uniformly distributed
on the C—S NWs, confirming that y-ray radiolysis is an effective
technique for creating metal NPs on metal oxide NWs.

XRD was used to identify the phases of the Pt-functionalized
Sn0,—Zn0O C—S NWs. A typical XRD pattern for the sample
with a ZnO shell thickness of 50 nm is shown in Figure 2i. The
XRD pattern, which was recorded with Cu Ka (1.5418 A)
radiation, shows that the Pt-functionalized SnO,—ZnO C-S
NWs are composed of SnO,, ZnO, and Pt phases. The SnO,
tetragonal rutile phase has lattice parameters of a = 4.73 A and ¢
= 3.18 A (JCPDS card No. 88-0287), whereas the wurtzite
phase of ZnO has lattice parameters of a = 3.24 A and ¢ = 5.205
A (JCPDS card No. 89-0511). This XRD pattern is further
evidence of the successful synthesis of Pt-functionalized SnO,—
ZnO C—S NWs. We have also estimated the size of Pt NPs
using the Scherrer equation, D = 0.89{A/(f$ cos )}, where D is
the mean grain size, 4 is the wavelength of X-rays (1 = 0.154
nm for Cu Ka radiation), and S is the full width at half-
maximum of the diffraction peak at 26. The calculated value
was 15.9 nm. Although this is smaller than the size (35 nm)
estimated by the SEM image, the difference is acceptable

considering the error that can be incorporated in the process of
fitting the XRD peak.

The microstructure of the samples was further investigated
with TEM. Figure 3 shows TEM images of the sample with a
shell thickness of 50 nm. The low-magnification TEM image
(Figure 3a) reveals the rugged nanometer-scale surface of the
C—S NWs, with the Pt NPs strongly attached to the shell’s
surface. The high-resolution lattice images shown in Figure 3b,c
confirm the purity of the phases in the SnO,—ZnO C—S NWs
and Pt NPs. The elemental mapping results for O, Sn, Zn, and
Pt are displayed in Figure 3d. Although it is difficult to discuss
the spatial distribution of each element with these profiles, the
definite presence of each element supports the formation of Pt-
functionalized SnO,—Zn0O C—S NWs.

The C,Hg-sensing performance of the Pt-functionalized
Sn0,—Zn0O C—S NW sensors with various shell thicknesses
was investigated, with the results shown in Figure 4. For
comparison purposes, the sensing performance of sensors
fabricated from pristine SnO, NWs, pristine ZnO NWs, and
Sn0,—Zn0O C—S NWs with various shell thicknesses was
measured and is shown in Figure 4a—c, respectively. All the
sensors clearly track the changing C,Hg concentration in the
environment. The resistance of the sensors decreases as the
C,Hg is supplied and then increases once the flow of C,Hg is
stopped. This behavior can be explained by the well-known n-
type semiconductor sensing mechanism, which is outlined in
the following sentences. In ambient air, the adsorption of
oxygen species onto the surface of the NWs results in the
capture of electrons in the conduction band of the NWs. This
creates an electron-depleted region underneath the surface of
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Figure 4. Dynamic resistance curves of the (a) SnO, NWs, (b) ZnO NWs, (c) SnO,—ZnO C—S NWs, and (d) Pt NP-functionalized SnO,—ZnO

C—S NWs for a varying concentration of C,Hg.

the NWs, which radially suppresses the charge-carrier
conduction channels along the NWs’ length. When the
reducing gas molecules are introduced, they usually interact
with the adsorbed oxygen species, forming chemical species
that desorb from the surface of the NWs, releasing the captured
electrons back into the conduction band. This decreases the
electron-depleted region, leading to a decrease in resistance,
which is the source of the resistance modulation observed in
the NW samples tested in this work. One important feature of
Figure 4 is that the sensor response is highly dependent on the
shell thickness.

To visualize the differences between the C,Hj responses
clearly, the responses of the samples to 100 ppb of C,Hg are
summarized in Figure 5. The responses of pristine SnO, and
ZnO NWs are 1.8 and 1.16 for 1 ppm of C,Hj, respectively;
they did not show any meaningful resistance modulation for
100 ppb of C,Hg By creating the ZnO shell layer on the
pristine SnO, NWs, the C,Hjg response greatly increases up to
73 as the shell thickness increases up to 50 nm. As the shell
thickness increases further, the C,Hg response decreases. This
bell-shaped response curve to a reducing gas as a function of
the shell thickness was explained in our previous paper.”* As
can be seen in Figure S, the C,Hj response is further improved
by the Pt functionalization. The response increases propor-
tionally with increasing shell thickness, with the Pt-function-
alized SnO,—Zn0O C—S NWs with a shell thickness 80 nm
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Figure S. Responses of the SnO,—ZnO C—S NWs with and without
Pt NPs as a function of the ZnO shell thickness for 100 ppb of C,Hs.
For comparison purposes, the responses of the pristine SnO, and ZnO
NWs for 1 ppm of C;Hy are included because they could not detect
100 ppb of C,Hg.

showing a response of 279 for 100 ppb of C;Hy. To the best of
our knowledge, this is the highest response to be reported in
the literature and is sufficient for use in exhaled breath sensors
for detecting ppb-scale C,Hjg. In Table 1, the C,Hjg responses of
the various NWs tested in this work are compared to those
reported in the literature. By considering the C,Hg concen-
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Table 1. Comparison of the C,Hg-Sensing Responses of the Pt-Functionalized SnO,—ZnO C—S NWs in This Work to That

Reported in the Literature

material type
ZnO C—S hollow microspheres

Au-functionalized ZnO nanowires

Co;0, nanorods

NiO—SnO, composite nanofibers

TiO,-doped flowerlike ZnO nanostructures

SnO, nanofibers

nanostructured films composed of TiO, nanotubes
Co;0, hollow nanospheres

ZnO—Sn0O, composite nanofibers

ZnO nanowires

SnO, nanowires

Sn0,—ZnO C—S nanowires (shell thickness = S0 nm)
Pt-functionalized SnO,—ZnO C—S nanowires (shell thickness = 80 nm)

C,H; concentration (ppm) response (R,/R;) temp (°C) ref

20 24.5 300 46
1 <2.5 340 47
200 35 200 48
S0 11 330 49
1 1.9 290 50
200 9 350 S1
S0 25 500 52
10 3 100 S3
100 9.8 360 54

1 1.16 300 this work

1 1.8 300 this work

0.1 73 300 this work

0.1 279 300 this work

tration and corresponding response, it is reasonable to claim
that the Pt-functionalized SnO,—ZnO C—S NWs have an
outstanding response to trace concentrations of C,Hg.

Selectivity is an important parameter that must be fulfilled for
the practical implementation of sensors. In principle, selectivity
of a specific analyte can be claimed only when one has a
mixture that includes the targeted analyte, and from there, one
can make the required detection of the targeted analyte. In this
work, for a qualitative evaluation to C,Hg-selective sensing
properties of the Pt-functionalized SnO,—ZnO C—S NWs, the
C—S NWs with a shell thickness 80 nm were tested with
common reducing gases, such as CO, CO,, and C4H, Note
that they are not a mixture gas but a separate gas diluted in air.
Figure 6a shows the dynamic resistance curves for various
concentrations of the tested reducing gases, and the sensor
responses are summarized in Figure 6b. As can be seen, the
response to C,Hy is approximately 2.5 times higher than those
to the other reducing gases, which demonstrates that the Pt-
functionalized SnO,—ZnO C—S NWs are likely to have a good
selective detection for sub-ppm concentrations of C,Hg. The
exact selectivity of the samples needs to perform with a mixture
gas in the next stage work.

The improved C,Hg-sensing abilities of the SnO,—ZnO C-S§
NWs without the Pt NPs compared to the pristine SnO, NWs
are attributed to the intensified radial modulation of the
electron-depleted region in the shell layer. The modulation of
the resistance appears to be maximized at a specific thickness
(Figure S). As Figure 7 illustrates, in ambient air, an electron-
depleted shell layer is established because of the adsorption of
oxygen species onto the n-type ZnO shell and the C-S
heterojunction formation. The energy band diagrams included
in Figure 7 explain the electron flow at the heterointerface
between the ZnO and SnO,. When C,Hjg gas is present, the
captured electrons return to the conduction band of ZnO,
reducing the level of electron depletion in the shell layer. The
degree of resistance modulation originating from this radial
modulation of the electron-depleted shell layer varies according
to the shell thickness; a thinner shell exhibits a more
pronounced resistance modulation, while a thicker shell exhibits
less resistance modulation because the shell is only partially
depleted. As illustrated in the lower part of Figure 7, in addition
to this radial modulation, we need to consider another
contribution: the fraction of the total volume of the C—§
NWs corresponding to the shell layers. This fraction is
proportional to the shell thickness, and therefore, the combined
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Figure 6. (a) Dynamic resistance curves of the Pt NP-functionalized
Sn0,—Zn0O C—S NWs with a ZnO shell thickness of 80 nm for C,Hg,
CO, CO,, and C¢Hy. (b) A summary of the gas responses.

total response to a reducing gas can be depicted as a bell-
shaped curve with respect to the shell thickness. This is in good
agreement with the C,Hg-sensing behavior observed for the
Sn0O,—ZnO C—S NWs, with the results showing that a 50 nm
thick shell has the best C,Hg-sensing ability. Note that the
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Figure 7. Schematics illustrating the C,Hjg-sensing mechanisms of the pristine SnO,—ZnO C—S NWs. (a) The resistance modulation due to the
radial modulation of the electron-depleted region in the shell layer. (b) The resistance modulation contributed by the fraction of the total volume of
the C—S NWs corresponding to the shell layers, which is proportional to the shell thickness, resulting in the bell-shaped curve.

electric field smearing effect mentioned in the earlier work™*
may still exist in the thin shell of C—S NWs after its
functionalization with Pt NPs, but cannot be deconvoluted
from other contributions.

The functionalization with Pt NPs introduces two additional
contributions to the sensing properties of the SnO,—ZnO C-S§
NWs. One contribution is the electronic sensitization (ES) that
originates from the flow of electrons from the ZnO shell layer
to the Pt NPs, leading to the additional suppression of the
conduction channels created inside the ZnO shell layer. The
energy band diagrams are shown in the lower part of Figure 7.
The expansion of the electron-depleted region in the shell layer
consequently intensifies the resistance modulation of the
Sn0,—ZnO C—S NWs when C,Hg molecules interact with
the adsorbed oxygen species. The other contribution is the
chemical sensitization (CS) from the catalytic effect of the Pt
NPs, which facilitates more interactions between the C;Hg and
adsorbed oxygen species, increasing the resistance modulation
of the SnO,—Zn0O C—S NWs. These ES and CS effects are
described in Figure 8a. The size of the ES contribution is likely
to be solely dependent on the metal used for the NPs, and
therefore, the CS contribution is mainly responsible for the
selective detection because of the different degrees of catalytic
interaction between the metal NPs and a specific gas. As
illustrated in Figure 8b, because of the ES and CS contributions
of the Pt NPs, the response of the Pt-functionalized SnO,—
ZnO C—S NWs is further increased and the maximum
response shifts toward a thicker shell. As shown in Figure §,
in contrast to the SnO,—ZnO C—S NWs without the Pt NPs,
the response of the Pt-functionalized SnO,—ZnO C—S NWs

linearly increases with increasing shell thickness. This is because
the maximum response shifts toward a thicker shell and we did
not test a shell thick enough to reach the maximum response.
In the literature, there are some studies regarding the
application of Pt to enhance the gas-sensing properties of
SMOs.>>*® However, it is currently not clear why the Pt NPs
are more effective at enhancing the sensing behavior of the
Sn0,—Zn0O C—S NWs with respect to C,Hg gas than the other
reducing gases tested. Therefore, we surmise that the Pt NPs
may dissociate the C,Hg gas more effectively than the other
gases tested (i.e., CO, CO,, and C4Hg.). C;Hj, among the gases
tested, is unique since it has an additional methyl group
(—CH,). This group plays a crucial role in enhancing the
sensitivity of sensors.”” The adsorption of C,Hg onto the Pt
surface is significantly affected by electronic effects,”® which
lower the barrier for adsorption of C,Hg by making the
donation of electrons from the 7y, level to the Fermi level

easier and by the making back-donation from the Fermi level to
the ey level more facile. The effect of Pt on the NWs’

performance can be revealed by Kelvin probe measurements,*”
which will be a future research work.

The performance of gated Si NW gas sensors, emerging as
promising devices for chemical and biological sensing
applications, is usually accompanied by a “hysteresis”
phenomenon, which limits their performance under real
world conditions.”” The hysteresis in the Si NW field effect
transistor (FET) is caused by surface trap sites. In contrast, the
Pt-functionalized C—S NWs of the current study are not the
sensor device operating in the frame of FET, but chemir-
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Figure 8. Schematics illustrating the C,Hg-sensing mechanisms of the Pt NP-functionalized SnO,—ZnO C—S NWs. (a) The ES and CS effects of the
Pt NPs. (b) The increased C,Hj response and shift of the maximum response toward a thicker shell because of the effects of the Pt NPs.

esistive-type sensors. Moreover, they operate at a higher
temperature, 300 °C, meaning that the influence of surface trap
sites that are a major origin of the hysteresis can be excluded. In
this sense, there is no need of considering the hysteresis in the
Pt-functionalized C—S NWs.

One of the major issues of chemiresist-type sensors is the
effect of humidity on the sensing performance. The sensitivity
of sensors is dependent on the relative humidity in the
atmosphere.””"®” In general, the adsorption of water vapor to
the metal oxide surface will lower the sensitivity of metal oxide
sensors because it may not only induce a decrease in baseline
resistance of the gas sensor but also lead to less chemisorption
of oxygen species in air.”" Furthermore, prolonged exposure to
humid environments may lead to the gradual formation of
stable chemisorbed OH™ on the surface,”’ causing a progressive
deterioration of the sensitivity of gas sensors. Further
investigation on the effect of humidity is required for a more

17206

precise evaluation for the sensing values obtained from the Pt-
functionalized C—S NWs.

4. CONCLUSIONS

Exceptionally high C,Hg-sensing properties were realized with
networked Sn0,—ZnO C—S NWs functionalized with Pt NPs.
This sensing platform achieved a sensitivity of 279 for 100 ppb
of C;Hg, which is the highest toluene sensitivity to be reported
in the literature. The combined effects of the expanded
electron-depleted region in the shell layer and the catalytic role
of the functionalized Pt NPs are responsible for the outstanding
C,Hg sensitivity and selectivity. This novel approach of using
networked C—S NWs functionalized with noble metal NPs may
pave the way for the development of extremely sensitive and
selective chemiresistive chemical gas sensors that can be applied
to exhaled breath sensors used for the diagnosis of diseases.
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