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ABSTRACT: We have developed a novel fabrication method for ﬂexible gas sensors for toxic gases based on sequential wet
chemical reaction. In speciﬁc, zinc oxide (ZnO) nanowires were locally synthesized and directly integrated on a ﬂexible polymer
substrate using localized hydrothermal synthesis methods and their surfaces were selectively functionalized with palladium (Pd)
nanoparticles using a liquid phase deposition process. Because the entire process is conducted at a low temperature in a mild
precursor solution, it can be applied for ﬂexible substrates. Furthermore, the surface of ZnO nanowires was sulfurized by
hydrogen sulﬁde (H2S) gas to form zinc oxide/zinc sulﬁde (ZnO/ZnS) core−shell nanowires for stable sensing of H2S gas. The
locally synthesized ZnO/ZnS core−shell nanowires enable an ultracompact-sized device, and Pd nanoparticles improve the
sensing performance and reduce the operating temperature (200 °C). The device shows a high sensitivity [(Ggas − Gair)/Gair ×
100% = 4491% to 10 ppm], fast response (response/recovery time <100 s) to hydrogen sulﬁde, and outstanding selectivity
(>100 times) to other toxic gases (e.g., carbon monoxide, acetone, ethanol, and toluene). Moreover, vertically synthesized
nanowires provide a long bending path, which reduces the mechanical stresses on the structure. The devices showed stable gas
sensing performance under 9 mm positive radius of curvature and 5 mm negative radius of curvature. The mechanical
robustness of the device was also veriﬁed by numerical simulations which showed dramatic decrease of maximum stress and
strain to 4.2 and 5.0%, respectively.
KEYWORDS: local synthesis, surface functionalization, ﬂexible sensor, gas sensor, semiconductor nanowire

■

INTRODUCTION
As the market for the wearable electronic devices rapidly
grows, there have been technological advances on wearable
and ﬂexible physical/chemical sensors. Especially, ﬂexible gas
sensors detecting toxic gases (NOx, CO, H2S, VOCs, etc.) or
bio-markers (acetone, NH3, CH4S, etc.) from human breathing
© 2019 American Chemical Society

have great potential to improve the quality of human life.
Materials such as graphene, conductive polymers, carbon
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(H2S) sensing. The gas sensing performances (e.g., sensitivity,
response speed, and selectivity against other gases) of ZnO/
ZnS core−shell nanowires were greatly improved by the
catalytic eﬀect of Pd nanoparticles. Because the synthesis
process requires a low temperature below the boiling point of
water and mild liquid precursor solutions, it can be applied for
eco-friendly and low-cost fabrication on ﬂexible substrates. In
addition, this direct synthesis method achieves mechanical
robustness of the devices. It allowed for strong bonding
between nanostructures and substrate, and vertically oriented
nanostructures reduced stress by providing the long bending
path. These facts were theoretically and experimentally
analyzed by numerical simulation and experimental studies
such as tensile and bending tests.

nanotubes, and so forth have been widely used as sensing
materials for ﬂexible gas sensors because of their high
sensitivity, mechanical robustness, optical transparency, and
low working temperature (i.e., room temperature).1−8
However, they suﬀer from slow response and incomplete
recovery to the initial state after a sensing event. Furthermore,
their sensing performances can be easily aﬀected by mechanical
deformation.2,3,6 Therefore, these sensors are not capable of
producing repeatable sensing signals at room temperature
under mechanical deformation.6,9
As another candidate sensing material, one-dimensional
(1D) metal oxide nanomaterials including nanowires, nanotubes, nanorods, and nanoﬁbers have shown great promises in
high-performance gas sensors with high sensitivity, low
detection limit (sub-ppm or ppb levels), and fast response
(90% response time less than a few seconds). 1D nanomaterials are not only able to be integrated into a small area but
also have a high surface-to-volume ratio, which provides large
reaction area. Because of these advantages, they can be easily
combined with integrated circuit devices and show excellent
gas sensing performance.10−18 In addition, the nanowires
combined with metal nanoparticles promote the reaction
between target gas and sensing material because of their
unique physical and chemical properties.19−26 1D metal oxide
nanomaterial-based gas sensors were usually fabricated by the
chemical synthesis of nanomaterials, followed by their
subsequent assembly on prefabricated electrodes via jet
printing, drop casting, and screen printing27−29 or by the
fabrication of electrodes on the pre-deposited ﬁlm of
nanomaterials.30,31 Although these methods are simple, it is
very diﬃcult to downscale the size of nanomaterial networks
toward highly integrated and ultracompact devices with low
power consumption for the high-temperature heating of
sensing materials. Furthermore, the robust contact between
ﬂexible substrate, electrodes, and integrated nanomaterials
cannot be guaranteed by the above-mentioned methods
because the bonding is based on the weak van der Waals
force or electrostatic force. The brittleness of metal oxide
nanomaterials can also be a barrier to their applications in
ﬂexible sensors with large deformation.
In order to overcome these technical issues, many
researchers studied to directly synthesize nanomaterials on
the ﬂexible substrate;32−35 we have developed a facile method
to directly grow 1D metal oxide nanomaterials in a microscale
area on a ﬂexible substrate by localized temperature control.36
First, a microheater and electrodes were fabricated on a
ﬂexible, high-temperature-resistant polyimide (PI) substrate.
The microheater generates a thermal energy ﬁeld through local
heating in the liquid precursor, resulting in the selective
synthesis of zinc oxide (ZnO) nanowires via hydrothermal
reaction. ZnO nanowires grown between electrodes formulate
networks through contact with each other, so that an electrical
path can be created. The microheater used for the nanowire
synthesis is also used to maintain an elevated temperature of
sensing nanomaterials during the gas sensor operation.
Moreover, we have developed a localized surface functionalization process to enhance the gas sensing performance of the
locally synthesized ZnO nanowires. In order to uniformly
decorate the surface of ZnO nanowires with palladium (Pd)
nanoparticles, we also used hydrothermal deposition of Pd
through the local thermal energy generated by the microheater.
Furthermore, the surface of sensing materials was sulfurized to
form a zinc sulﬁde (ZnS) layer for stable hydrogen sulﬁde

■

MATERIALS AND METHODS

Fabrication of a Flexible Microheater Device. The liquid PI
varnish (POLYZEN 150P, PICOMAX, South Korea) was spin-coated
on a clean Si substrate to make a 35 μm thick PI ﬁlm. It was then
cured in a convection oven by increasing the temperature from room
temperature to 300 °C for 2 h to form a solid ﬁlm, which was used as
a base substrate for the ﬂexible sensor device. A photoresist (PR;
AZ5214, MicroChemicals GmbH, Germany) was patterned on the
substrate by photolithography, and Ti (10 nm) and Pt (200 nm)
layers were deposited and patterned on the substrate by the e-beam
evaporation and lift-oﬀ process. Then, the liquid PI varnish was spincoated again on the substrate and cured to form a 1 μm thick PI layer
for the electrical insulation between the heater and sensing electrodes.
PR (AZ5214) was patterned again on the PI layer for interdigitated
electrodes by aligning with underlying microheaters. Cr (10 nm) and
Au (200 nm) layers were deposited on the substrate, and PR layer and
dummy Au ﬁlm were lifted-oﬀ in acetone. PR (AZ9260, MicroChemicals GmbH, Germany) was spin-coated and patterned to open
contact pads for the microheater, and the second PI layer on the
contact pads for the microheater was developed in the PI developer
(PI developer, picoMAX, South Korea). Finally, the edge of the PI
ﬁlm was slightly torn oﬀ and pulled apart to detach the ﬁlm from the
Si handling wafer. The same Si handling wafer was reused for the
fabrication of additional devices.
Synthesis of Pd-Coated ZnO Nanowires and ZnO/ZnS
Core−Shell Nanowires. The prefabricated substrate was coated
with a ZnO-textured seed solution [5 mM zinc acetate dehydrate
(Zn(O2CCH3)2·(H2O)2) in ethanol] and then heated at 350 °C for
20 min on a hotplate.37 Zinc nitrate hexahydrate (Zn(NO3)2·6H2O;
25 mM), hexamethylenetetramine (C 6H12N4; 25 mM), and
polyethyleneimine ((C2H5N)n; 6 mM) were mixed in deionized
(DI) water for the ZnO nanowire precursor solution.36−40 Sodium
citrate dihydrate (C6H5Na3O7·2H2O; 30 mM) and potassium
chloropalladite (K2PdCl4; 1 mM) were dissolved in DI water, and
pH of the solution was adjusted to 11 by adding 0.1 M sodium
hydroxide (NaOH) aqueous solution.41−43 (All chemicals were
purchased from Sigma-Aldrich.) A PDMS block with a punched
hole (diameter = 5 mm) was attached on the microheater device, and
10 μL of ZnO nanowire precursor solution was supplied. A dc bias of
0.42 V and a power of 67 mW were applied to the microheater for
12−15 min for Joule heating. After the synthesis of ZnO nanowires
and rinsing with DI water, the PDMS block was replaced and 10 μL of
the Pd nanoparticle precursor solution was supplied. A dc bias of 0.38
V and power of 44 mW were applied to the microheater for 6 min.
Afterward, the device was rinsed with DI water and blow dried with
N2 gas. The devices were exposed to 20 ppm H2S gas for 20 min to
form a ZnS layer for stable gas sensing.
Characterization of Synthesized Materials. The physical and
chemical characteristics of the devices for each fabrication step and
before and after the H2S exposure were analyzed using ﬁeld emission
scanning electron microscopy (SEM, Sirion, FEI, USA) and ﬁeld
emission transmission electron microscopy (TEM, Tecnai G2 F30
super twin, FEI, USA). The X-ray photoelectron spectroscopy (XPS,
24299
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Figure 1. Schematic illustrations of (a) pristine zinc oxide (ZnO) nanowire synthesis process on a PI substrate via local heating and (b) palladium
(Pd) nanoparticle coating process on the surface of ZnO nanowires via local heating.

Figure 2. Fabrication results of zinc oxide (ZnO) nanowire sensor on a ﬂexible substrate and hydrogen sulﬁde (H2S) gas sensing result. (a)
Photograph of the ﬂexible sensor. (b,c) SEM images, (d,e) TEM images and (f) EDS data of locally synthesized ZnO nanowire device. (g) XPS
data of ZnO nanowires and zinc oxide/zinc sulﬁde (ZnO/ZnS) core−shell nanowires sulfurized for 15 and 30 min. (h) Dynamic gas sensing
response and (i) relationship of response-gas concentration, response, and recovery time of ZnO/ZnS core−shell nanowires under H2S gas.
K-Alpha+, Thermo Fisher Scientiﬁc, USA) spectra of bare ZnO
nanowires and ZnO/ZnS core−shell nanowires sulfurized for 15 and
30 min were measured.
H2S Gas Sensing. The devices were mounted in a gas sensing
chamber and connected to a power supply (E3642A, Agilent, USA)
and a source meter (2400, Keithley, USA) for Joule heating and
resistance measurement, respectively. H2S gas (500 sccm) was
supplied to the sensor device, and the concentration of H2S gas was
adjusted by controlling the ﬂow rates of air-balanced 20 ppm H2S gas
and dry air (0% relative humidity) with mass ﬂow controllers. A 0.65
V dc bias was applied to the microheater to heat the sensing materials
to operating temperature, and 0.1 V dc bias was applied to the sensing
materials to measure their resistance. Gas tests were conducted under
2−10 ppm H2S gas. In order to characterize the gas sensing
performance under bending condition, the sensors were mounted on
the inside and outside surfaces of a silicone tube with various

diameters. The gas tests were conducted under 9 and 10 mm positive
radii of curvature and under 5 and 8 mm negative radii of curvature.
Numerical Simulation of Nanomaterial Behavior under
Mechanical Deformation. The numerical simulation of nanomaterials under bending conditions was conducted using a ﬁnite element
method simulator (COMSOL Multiphysics 5.2, COMSOL, Inc.,
USA) with a solid mechanics model (steady state linear elasticity, ∇·σ
+ F = 0). The geometries of nanowires were constructed with
diﬀerent lengths, a ﬁxed width, and horizontally/vertically aligned
directions (length = 2 and 5 μm, width = 100 nm, tilting angle of
vertically aligned nanowires = 87°). Two percent tensile and
compressive strains were applied on the nanowires to describe the
mechanical bending of the substrate, and the stress and strain
distributions were calculated.
Tensile Test. The sensor device was mounted on the laboratorymade tensile loading setup. The device was stretched by ε = 1.2, 2.4,
24300
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5.5, and 7.5% tensile strains and released to zero tensile force. The
device mounted on the tensile loading setup was observed by using
SEM for each tensile loading and recovery step.

conditions for a long time, stable ZnO/ZnS core−shell
nanostructures are formed. Thus, the sensors keep stable
composition under low concentration of H2S gas under 10
ppm, which is the 8 h exposure limit for workers by
Occupational Safety and Health Administration (Standards
29 CFR).52
Figure S3 shows high-resolution TEM (HRTEM) images of
ZnO nanowires and ZnO/ZnS core−shell nanowires sulfurized
for 15 and 30 min by exposure to H2S gas. ZnO nanowires
show clear edges (Figure S3a), whereas sulfurized ZnO/ZnS
core−shell nanowires show boundaries between ZnO and ZnS
(Figure S3b,c). The spaces between adjacent lattice planes are
0.253 nm at the surface of ZnS and 0.262 nm at the core of
ZnO (Figure S3b). They correspond to (002) and (108)
planes of the wurtzite structure of ZnO and ZnS,
respectively.53 The thicknesses of surface ZnS are both ∼10
nm for the samples sulfurized for 15 and 30 min. This reﬂects
that the sulfurization reached an equilibrium state after 15 min
of H2S exposure. Figure 2g shows the result of XPS of ZnO
nanowires (black line) and ZnO/ZnS core−shell nanowires
sulfurized for 15 (orange line) and 30 min (red line). The
sulfur peaks of ZnO/ZnS core−shell nanowires are clearly
observed in the XPS results. The sulfur peak intensities of
ZnO/ZnS core−shell nanowires sulfurized for 15 and 30 min
were quite similar. This result shows that the amounts of sulfur
in two samples are similar and correspond to the same ZnS
thickness as shown in the TEM images (Figure S3). These
results verify that 15 min is long enough to form chemically
stable ZnO/ZnS core−shell nanowires.
ZnS can be made as an n-type or p-type semiconductor
depending on its defects,54 but in this work, it shows n-type
characteristics because it has a core−shell structure with
ZnO.55,56 Therefore, its H2S sensing mechanism is basically the
same as that for ZnO, and the additional electronic transfer
process from ZnS to ZnO is added.56 Because the conduction
band of ZnS is located at higher potential than that of ZnO,
electrons transfer from the conduction band of ZnS to the
conduction band of ZnO until their Fermi levels equalize.56,57
This electron transfer generates an additional electron
depletion layer at the ZnO/ZnS interface. H2S molecules
react with adsorbed oxygen molecules on the surface of ZnS,
and they were transformed to H2O and SO2 molecules. During
this reaction, electrons are released from the oxygen ions and
transferred to the depletion layer on the surface of ZnS and at
the ZnO/ZnS interface.56

■

RESULTS AND DISCUSSION
For localized heating to induce selective synthesis of ZnO
nanowires, microheater-embedded devices were fabricated
using a conventional microelectro-mechanical-system microfabrication process. As shown in Figure S1, the device
consisting of a microheater and sensing electrodes was
fabricated on the PI ﬁlm. The ZnO nanowire precursor
solution was supplied, and a dc bias voltage was applied to the
microheater to generate a local hot spot via Joule heating. The
temperature of the microheater was adjusted around 95 °C by
supplying 5−10% less electrical power than that for the
precursor solution to reach the boiling point of water (100
°C). The precursor solution adjacent to the microheater was
locally heated, and ZnO nanowires were selectively synthesized
by the local endothermic reaction (Figure 1a).
Figure 2a−c shows a photo and SEM image of ZnO
nanowires, whose average diameter and length are around 100
nm and 5 μm, respectively. The nanowires were synthesized
from each microheater and formed a bridging structure
between the interdigitated sensing electrodes. Figure 2d−f
shows a TEM image and energy-dispersive X-ray spectroscopy
(EDS) spectrum of synthesized ZnO nanowires. A lattice
spacing of 0.52 nm shown in Figure 2e well corresponds to the
d-spacing (001) of ZnO nanowires,44 and the EDS data also
veriﬁed that ZnO nanowires were successfully synthesized.
As mentioned above, the ZnO nanowire is a widely used
material for gas sensors because of its large surface-to-volume
ratio and unique electron transport properties.45−48 Moreover,
the network structure synthesized in this work provides a large
surface-to-volume ratio and numerous nanowire−nanowire
junctions and metal−nanowire junctions that facilitate a high
sensitivity. Under ambient condition, oxygen molecules are
adsorbed on the surface of ZnO nanowires and take electrons
from ZnO nanowires, enlarging the electron depletion region
and increasing the electrical resistance. When exposed to
hydrogen sulﬁde (H2S) gas, its molecules react with adsorbed
oxygen molecules and donate the electrons and detach oxygen
molecules from ZnO nanowires. As a consequence, the
resistance of ZnO nanowires is decreased.49 In order to
enhance the gas sensing response and to reduce the inﬂuence
of humidity, the sensor should be heated at high temperature.50 In our device, the microheater used for the ZnO
nanowire synthesis can also be used to maintain high
temperature during the gas sensor operation. A dc bias of
0.65 V was applied to the microheater during the sensor
operation, and the temperature was estimated to be around
200 °C by measuring the resistance change of the Pt
microheater (Figure S2). However, pristine ZnO is not
suitable for the H2S sensor because ZnO reacts with H2S gas
and transforms to ZnS. H2S is decomposed to HS− and S2−
sequentially, and then S2− is combined with ZnO by the
following reaction51
ZnO(s) + H 2S(ads) → ZnS(s) + H 2O(g)

H 2S(g) + 3O(ads)− → H 2O(g) + SO2(g) + 3e−

(2)

In order to identify the sensing characteristics such as
sensitivity, response time, and recovery time, 10, 6.3, 4, and 2
ppm of H2S gas were supplied to the ZnO/ZnS core−shell
nanowire device for 250 s, followed by refreshing with a dry air
for 2500 s. As shown in Figure 2h, the conductance of the
ZnO/ZnS core−shell nanowire sensor was increased and the
responses [S = (Ggas − Gair)/Gair × 100%] were calculated as
631, 507, 377, and 256% to 10, 6.3, 4, and 2 ppm of H2S gas
for 250 s, respectively, where Ggas and Gair are the
conductances of the sensor in the H2S gas and air, respectively.
The response and recovery times (from 10 to 90% of
maximum sensor response at 250 s of H2S exposure) were
90, 88, 85, and 87 s and 229, 279, 333, and 364 s to 10, 6.3, 4,
and 2 ppm of H2S gas, respectively (Figure 2i).
Even though the shape and size of the synthesized ZnO
nanowire bundles were quite uniform in the same synthesis

(1)

This reaction is irreversible at low temperature because the
enthalpy change is negative. In order to avoid this unstable
sensing condition, ZnO nanowires were exposed to 20 ppm
H2S gas at 200 °C for 20 min. Because the devices have been
exposed to high temperature and high concentration of H2S
24301
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and sensing materials. As mentioned above, for a stable H2S
gas sensing, Pd nanoparticle-decorated ZnO nanowires were
also exposed to 20 ppm of H2S gas at 200 °C for 20 min in
order to form ZnO/ZnS core−shell nanowires.
The Pd nanoparticle-decorated ZnO/ZnS core−shell nanowires were exposed to 10, 6.3, 4, and 2 ppm of H2S gas,
whereas 0.65 V dc bias was applied to the microheater. As
shown in Figure 4a, the response of Pd-decorated ZnO/ZnS

condition, the shape of the individual nanowire and connection
forms were diﬀerent. In order to make more uniform device,
0.01 V dc bias was applied to the sensing electrodes and the
current through nanowires was measured during the synthesis
process (see Figure S4a in the Supporting Information). The
sensitivity is related to the junction of nanowires, and it can be
monitored by measuring the resistance of the nanowire bundle.
As shown in Figure S4b, the current through the ZnO
nanowire bundle was increased by increasing the synthesis
time. When the current reaches a certain value (0.2 μA), the
power supply was stopped. Figure S4c shows that the gas
sensing responses of three diﬀerent sensors fabricated by this
procedure were quite uniform under 10 ppm H2S gas.
In order to improve the gas sensing performance of ZnO
nanowires, Pd nanoparticles were coated on the surface of
ZnO nanowires. This reaction is also activated by local heating,
and the same setup for the local hydrothermal reaction was
utilized except for the precursor solution (Figure 1b). The
temperature of the microheater was locally elevated to ∼95 °C,
and the heat was eﬃciently propagated along ZnO nanowires
because of its thermal conductivity [6.5 W/(m·K) at 100 °C]58
that is 36 times higher than that of the substrate material [PI,
0.18 W/(m·K) at 300 K].59 The increased temperature
accelerated the reduction of the metal salt ions, and Pd
nanoparticles were synthesized on the surface of ZnO
nanowires. Figure 3a−d shows the SEM and TEM images of

Figure 4. Hydrogen sulﬁde (H2S) gas sensing result of palladium
(Pd) nanoparticle-decorated zinc oxide/zinc sulﬁde (ZnO/ZnS)
core−shell nanowire device. (a) Response vs time graph of Pd
nanoparticle-decorated ZnO/ZnS core−shell nanowires and (b)
comparison of response, response time, and recovery time vs H2S
concentration between ZnO/ZnS core−shell nanowires and Pd
nanoparticle-decorated ZnO/ZnS core−shell nanowires.
Figure 3. Fabrication results of palladium (Pd) nanoparticles
synthesized on zinc oxide (ZnO) nanowires. (a,b) SEM images and
(c,d) TEM images of locally synthesized Pd nanoparticle-coated ZnO
nanowires.

core−shell nanowires was 4491, 2506, 1379, and 750% under
10, 6.3, 4, and 2 ppm of H2S gas, respectively. The response−
concentration graphs of ZnO/ZnS core−shell nanowires with
and without Pd coating indicate that the Pd nanoparticles
dramatically enhanced the sensitivity of the ZnO/ZnS core−
shell nanowire sensor (Figure 4b). Moreover, the response
times of Pd-decorated ZnO/ZnS core−shell nanowires (86 s at
2 ppm; 60 s at 4 ppm; 58 s at 6 ppm; and 61 s at 10 ppm) were
shorter than those of bare ZnO/ZnS core−shell nanowires (87
s at 2 ppm; 85 s at 4 ppm; 88 s at 6 ppm; and 90 s at 10 ppm).
More importantly, the recovery times of Pd-decorated ZnO/
ZnS core−shell nanowires (76 s at 2 ppm; 76 s at 4 ppm; 63 s
at 6 ppm; and 62 s at 10 ppm) were dramatically reduced
compared to those of bare ZnO/ZnS core−shell nanowires
(364 s at 2 ppm; 333 s at 4 ppm; 279 s at 6 ppm; and 229 s at
10 ppm). These enhancements are due to the surface catalytic
eﬀect of Pd nanoparticles. The Pd nanoparticles reduce the
activation energy for the adsorption and desorption; therefore,
the surface reaction coeﬃcient is increased.64 As a result, the

Pd nanoparticle-decorated ZnO nanowires. Pd nanoparticles
with an average diameter of 3 nm were uniformly coated,
whereas the shapes of ZnO nanowires were not changed
during the coating process of Pd nanoparticles. A space of
0.224 nm between adjacent lattice planes in the HRTEM
image (Figure 3d) is well matched to the (111) planes of the
face-centered cubic phase of Pd.60 EDS data in Figure S5 also
show that Pd elements are present on the surface of ZnO
nanowires. Therefore, we can conclude that Pd nanoparticles
were successfully synthesized.
The gas sensing performance of semiconductor materials can
be greatly improved by coating with noble metal nanoparticles.
The Pd nanoparticles act as a catalyst for the dissociation of
H2S molecules by the spill-over eﬀect.26,61−63 They release
electrons quickly from H2S to the surface of ZnO/ZnS core−
shell nanowires and increase the quantity of reacted H2S
molecules. This improves the reaction between gas molecules
24302
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Figure 5. Gas sensing characteristics of (a) zinc oxide/zinc sulﬁde (ZnO/ZnS) core−shell nanowire sensor and (b) palladium (Pd) nanoparticledecorated ZnO/ZnS core−shell nanowire sensor to 10 ppm hydrogen sulﬁde, carbon monoxide, acetone, ethanol, and toluene. (c) Summary of
responses to various toxic gases.

Figure 6. Hydrogen sulﬁde (H2S) gas sensing performance of palladium (Pd) nanoparticle-decorated zinc oxide/zinc sulﬁde (ZnO/ZnS) core−
shell nanowires under bending conditions. Comparison of the sensing performances between (a) ﬂat and positively bent surfaces (curvature radii: 9
and 10 mm) and (b) ﬂat and negatively bent surfaces (curvature radii: −5 and −8 mm); schematic illustrations of deformation of horizontally
integrated and vertically synthesized ZnO nanowires (c) in ﬂat and (d) under the same bending conditions; stress proﬁle at the edge of the
horizontally integrated nanowire with (e) 2 and (f) 5 μm length and vertically synthesized nanowire with (g) 2 and (h) 5 μm length under 2%
tensile loading.

and 412.4 against CO, acetone, ethanol, and toluene,
respectively). The responses of Pd-decorated ZnO/ZnS
core−shell nanowires show enhanced sensing performance
for almost all gas species (4444% for H2S, 12.37% for CO,
39.68% for acetone, 4.7% for ethanol, 4.3% for toluene, and 10
ppm for all gases). However, the selectivity to H2S against
other gases became much better for all gas species (359.3 for
CO, 112 for acetone, 945.5 for ethanol, and 1033.5 for
toluene). These results show that the Pd nanoparticles
contribute not only to the enhancement of sensitivity but
also to the dramatic improvement of the selectivity for H2S.
Metal oxide-based ﬂexible H2S sensors have been rarely
researched; thus, this work provides novel methods for

Pd-decorated ZnO/ZnS core−shell nanowire sensor shows fast
response and recovery.
Figure 5a,b shows the response of ZnO/ZnS core−shell
nanowires and Pd-decorated ZnO/ZnS core−shell nanowires
to 10 ppm of several reducing gases [i.e., H2S, carbon
monoxide (CO), acetone (C3H6O), ethanol (C2H5OH), and
toluene (C6H5CH3)]. In the case of the ZnO/ZnS core−shell
nanowire sensor, the response to 10 ppm H2S (631%) was
higher than those to the same concentration of carbon
monoxide (35%), acetone (5.7%), ethanol (2%), and toluene
(1.53%) (Figure 5c). The selectivity for target gas can be
summarized as the ratio between the response to the target gas
(H2S) and the response to the other gases (18, 110.7, 315.5,
24303
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developing ﬂexible H2S gas sensors. As summarized in Table
S2 in the Supporting Information, our sensors show good
performances as compared to those of the state-of-the-art
ﬂexible gas sensors.
As explained above, we have integrated Pd nanoparticledecorated ZnO/ZnS core−shell nanowire sensors on the PI
ﬁlm and conﬁrmed an outstanding H2S gas sensing performance. Moreover, mechanical reliability of the sensor device is
crucially important for practical applications such as wearable
devices. Therefore, it is essential to conﬁrm a stable sensing
response under mechanical stresses. The most common
mechanical loading for ﬂexible devices is bending. In order
to characterize the mechanical reliability under bending
condition, the sensor was attached on curved surfaces,
positively bent with curvature radii of 9 and 10 mm and
negatively bent with curvature radii of 5.0 and 8.0 mm. The
responses of bent sensors to 2−10 ppm of H2S gas were
measured, and no signiﬁcant diﬀerence of response was
observed between ﬂat, positively bent, and negatively bent
conditions (Figure 6a,b). This is because the direct synthesis of
ZnO nanowires on the substrate via localized Joule heating of
the microheater provided strong bonding between substrate
and nanowires. Figure 6c,d shows schematic illustrations of
deformation of horizontally integrated and vertically synthesized ZnO nanowires under the same bending conditions.
Vertically synthesized ZnO nanowires provide long bending
path, which reduces the mechanical stresses on the structure.
In order to verify it, we have conducted a numerical simulation
of deformation and stress in horizontally integrated nanowire
and vertically synthesized nanowire with lengths of 2 and 5 μm
under 2% tensile and compressive strain conditions using
COMSOL Multiphysics. Figures S6 and S7 show the stress
proﬁles of these four structures under tensile and compressive
stresses, respectively. In all of these four cases, the large stresses
were observed at the edge of the nanowires (see vertex at 2dimensional ﬁgures in Figure S6 and Table S1a). In the
magniﬁed image of stress at the edge (Figure 6e−h), black
lines indicate the location where the fracture occurs [stress >
ultimate strength of ZnO nanowire (6 GPa)].65 The fracture
occurs on the relatively large area at the horizontally integrated
nanowires (Figure 6e,f), whereas the fracture occurs on the
tiny portion of the edge at the vertically synthesized nanowires
(Figure 6g,h). Therefore, even if any tiny fractures occur at the
stress-concentrated edge of vertically synthesized nanowires,
the bond between the electrode and the nanowires in the most
area is robust. Thus, the fractures at the edge rarely aﬀect the
electrical connection between nanowires and electrode. The
stress applied at the nanowires is a more suitable parameter to
evaluate the mechanical strength of the device. As shown in
Table S1b, the maximum stress applied to horizontally
integrated nanowire samples was 5.180 and 5.175 GPa with
2 and 5 μm length under 2% tensile stress, respectively. The
maximum stress applied to 5 μm long, vertically synthesized
nanowire was 0.215 GPa, which is only 4.2% of that applied to
the horizontally integrated nanowire sample. Moreover, even if
the substrate was stretched by 2% because of the bending, the
maximum strain on the 5 μm long nanowire sample was only
0.114% because long nanowire that was vertically oriented,
could spread out and diminish the tensile stress. Under
compressive loading, compressive stresses were applied to the
samples and the magnitudes of compressive stresses were the
same as those under tensile loading (Figure S7a−d). In order
to visually observe the mechanical robustness of the nanowires

under bending or tensile loading conditions, the devices were
stretched up to a tensile strain of 7.5% and recovered. As
shown in Figure 7, the nanowires were gradually bent by

Figure 7. SEM images during tensile condition with various strains [ε
= 0 (w/o strain), ε = 1.2%, ε = 2.4%, ε = 5.5%, ε = 7.5%, and ε = 1.4%
(recovered, w/o tensile force)].

increasing strain. After releasing the device to a zero tensile
force, the substrate had a permanent deformation of 1.4%, but
the nanowires were not deformed. Even though the substrate
was stretched by 7.5%, the bending of vertically grown
nanowires was much smaller. This corresponds to the
numerical simulation results and veriﬁes the mechanical
robustness of vertically grown nanowires under bending
condition. In summary, vertically grown nanowires provide
longer junction length and bending stress is decreased
throughout the nanowires. Therefore, the vertically oriented
nanostructure allows the avoidance of the fracture and
signiﬁcant change of electrical characteristics of the nanowire
network. Our ﬂexible H2S gas sensors showed not only good
mechanical robustness under mechanical stress but also
comparable H2S gas sensing performance to other rigid type
gas sensors (Table S3).

■

CONCLUSIONS
In summary, Pd nanoparticle-decorated ZnO/ZnS core−shell
nanowires were synthesized by using sequential combination of
localized hydrothermal synthesis, liquid phase deposition
process, and surface sulfurization. This method enables facile
synthesis and direct integration of sensing nanomaterials
within 1002 μm2 area as well as their surface functionalization
with the Pd catalyst. Moreover, the nanomaterials were
synthesized on a ﬂexible polymer substrate due to the reaction
at low temperature (<95 °C) in a mild precursor solution. The
devices were treated with H2S gas for stable sensing
characteristics and showed outstanding H2S gas sensing
performance because of the catalytic eﬀect of Pd nanoparticles
[(Ggas − Gair)/Gair × 100% = 4491% to 10 ppm] as well as
stable sensing performance under both positive (ρ = 9 mm)
and negative (ρ = −5 mm) bending conditions because of
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Phys. Lett. 2008, 93, 053109.
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robust bonding between the sensing material and electrodes
and long bending path. This method enables the facile
fabrication of ﬂexible, highly sensitive, and mechanically robust
gas sensors for toxic gases via an eco-friendly manufacturing
process. The ﬂexible gas sensor developed in this work can be
widely used for practical applications in wearable sensing and
internet of things systems because of their high performance,
simple fabrication, small size, and mechanical ﬂexibility.
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