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ARTICLE INFO ABSTRACT

Keywords: We report the microwave-assisted synthesis of Au nanoparticles (NPs) anchored porous ZnO nanosheets (Au-ZnO

Chemical warfare agent NSs) and their application in the sensitive detection of 2-chloroethyl ethyl sulfide (2-CEES) vapors, which are a

é’CEES simulant of sulfur mustard chemical weapon. Upon microwave irradiation for < 1 min with an annealing, highly
as sensor

crystalline Au NPs with a narrow particle-size distribution (2.32 £ 0.40 nm) are densely formed on the surface of
porous ZnO NSs, which increases the density of oxygen vacancies in the ZnO. Under the optimal working
temperature (450 °C), the response of the Au-ZnO NS sensor was measured to be 787 for 10 ppm 2-CEES, which
is ~14 times higher than that observed for the bare porous ZnO NSs-based sensor. Moreover, Au-ZnO NSs can
detect 2-CEES gas even under high humidity (~80 %) benefiting from its high sensitivity. The highly repro-
ducible sensing performance was verified by repeated sensing test (20 times for 12 h). According to gas screening
data, the Au-ZnO NSs exhibited outstanding selectivity toward sulfide compounds due to the high Au-S affinity.
In summary, we have successfully demonstrated a simple and facile approach to form the Au-ZnO heterostructure

Metal oxide semiconductor
Heterogeneous catalyst

by microwave irradiation and enhanced the gas-sensing performance by inducing catalytic activity.

1. Introduction

Chemical warfare agents (CWAs) are poisonous chemical compounds
that are severely harmful to living organisms, causing incapacitation,
injury, and even death [1]. CWAs were mainly used in World War I and
II, but have still been exploited in recent years, for examples, the
terrorist attack on a Tokyo subway station in 1995 and the Syrian civil
war in 2015. To cope with those threats, various techniques have been
developed and utilized in the field for the precise sensing of CWAs, such
as ion mobility spectrometry, flame photometry, infrared spectroscopy,
photoionization detectors, Raman spectroscopy, and gas chromatog-
raphy [2]. However, even though these techniques have outstanding
sensing performance toward CWAs, human resources are required to
operate most of these techniques in the middle of contaminated region,
which may result in further victims. To avoid such risks, recently,

remote-controlled robotic systems (i.e., drones) integrated with minia-
turized sensing devices have attracted an increasing amount of interest
[3]. However, the integration of conventional equipment into these
systems is highly limited due to heavy weight, large size, and
high-power consumption of the systems. Some devices can be minia-
turized for facile integration, but their capability is limited, resulting in
false positives originating from interfering compounds. To address these
problems, a high-performing CWA-sensing device is required to be
developed, which simultaneously possess outstanding sensing capa-
bility, compact size, light weight, and low power consumption.

For dozens of years, metal oxide semiconductors (MOSs) with a wide
range of electron band gap energies have been used as electrochemical
sensing materials of chemiresistors to analyze gaseous compounds [4,5].
In particular, the adsorption of vapor molecules on the oxide surface
results in electron exchange via a series of chemical reactions. When
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compared to conventional analytical methods, MOS-based gas sensors
have advantages, such as compact size, low manufacturing cost, and low
power consumption, due to the simplicity of the measurement system.
Recently, the successful detection of dimethyl methylphosphonate
(DMMP), 2-chloroethyl ethyl sulfide (2-CEES), the simulants in nerve
agents (GB) and mustard gas (HD), has been reported using chemically
modified MOS materials obtained via doping [6], morphology control
[71, formation of heteroatomic junctions [8], and induction of catalytic
reactions [9]. These approaches exhibit outstanding sensing perfor-
mance toward the target gases, but production of undesired signals
originating from interfering compounds remains a huge challenge. In
another approach, a mixture of gases are passed through a gas separa-
tion system, such as a packed-bed column [10,11] or miniaturized gas
chromatography column, to filter specific compounds or provide the
retention time for gas transportation [12,13]. However, these tech-
niques not only required large and complicate gas sampling systems but
also applicable for compounds with different molecular weights, di-
poles, and hydrophilicity, which is inappropriate when dozens of similar
molecules are mixed.

Formation of heterostructures between noble metals and oxide
sensing materials is an intrinsic approach to improve the selectivity
because specific molecular structures have high affinity to metal sur-
faces. For example, Au is known to have an inert surface on the bulk
scale, but it can be modified in nanoscale via ligand chemistry based on
thiol (R-S-H) functional groups, forming various metal-organic molecule
complexes, which result in self-assembled monolayers (SAM) [14,15].
Although the exact mechanisms of these interactions are still under
debate, the thiol group (R-S-H) is known to be transformed into a thiyl
radical (R-Se), which has a strong affinity toward Au (111) surface and is
chemically trapped [14,16]. This Au-S interaction facilitates a wide
range of applications, such as biosensing, molecular electronics, drug
delivery, and nanopatterning [17-19]. Xu et al. recently reported the
selective and sensitive detection of sulfide CWAs based on CuO/Au/Si
arrays using surface-enhanced Raman spectroscopy (SERS) [20]. These
results imply that the self-assembly of organic molecules on metal sur-
faces can also be applied in developing highly sensitive and selective
electrochemical sensing devices.

Herein, we have demonstrated chemiresistive gas sensors based on
the Au-ZnO heterostructure which enable outstanding sensing perfor-
mance to 2-CEES, taking advantages of the strong Au-S interaction. Au
NPs were synthesized and anchored on the surface of porous ZnO NSs
using microwave irradiation which is able to homogeneous heating,
uniform nucleation of precursors, and rapid crystal growth [21]. The
detection of 2-CEES was carried out by using a compact size of micro-
electromechanical system (MEMS) through monitoring an electrical
conductance during the chemical oxidation of 2-CEES in the presence of
adsorbed oxygen ions on oxygen vacancies. We confirmed that the
Au-ZnO NSs prepared via the microwave-assisted process not only
exhibit the superior sensing performance than hydrothermally synthe-
sized Au-ZnO NSs and bare porous ZnO NSs, but also maintain high
response under humid conditions and during long-term measurements.
Our study has experimentally demonstrated that the strong interactions
between organic molecules and the noble metal surface contribute to
enhance the sensitivity and selectivity simultaneously.

2. Experimental section
2.1. Starting materials

Zinc nitrate hexahydrate (Zn(NO3)-6 H20) and urea (CO(NH3)3)
were purchased from Sigma-Aldrich Co. Hydrogen tetrachloroaurate
(II1) hydrate (HAuCl4-4 Hy0, Dajung Co.) was used as Au precursor.
Ultrapure deionized (DI) water with a resistivity of 18 MQ cm from
Milli-Q was used for all solution preparations.
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2.2. Synthesis of the Au-ZnO NSs

The synthesis procedure of the porous ZnO NSs was performed as
described in our previous report [22]. Briefly, Zn(NO3)2-6 Hy0O was
dissolved in a mixture of ethanol and water (1:2 v/v), and CO(NH5), (1:1
stoichiometry) was added with vigorous stirring to obtain a homoge-
neous mixture. After heating (180 °C for 24 h), drying (80 °C for 6 h),
and annealing (550 °C for 5 h under an Ar atmosphere), porous ZnO NSs
were obtained. To prepare the Au-ZnO NSs via microwave synthesis, 1 at
% Au precursor (HAuCl4-4 H0) and 0.8 g of ZnO NSs were mixed in 40
mL of DI water—ethanol. The mixture was placed in an alumina crucible
and subsequently treated with microwave irradiation at a power of
1000 W for 1 min. A commercial microwave oven (Samsung, Model
MS32K3513AK) with a frequency of 2.45 GHz was used. The resulting
pink precipitate was collected and washed with DI water and absolute
ethanol several times via centrifugation. Finally, Au-ZnO NSs were ob-
tained after drying at 80 °C for 6 h followed by annealing at 300 °C for 3
h under an H; atmosphere.

As a control group to microwave-assisted synthesized samples, Au-
ZnO NSs were also synthesized via the hydrothermal method. Here, 1
at% Au precursor (HAuCly-4 H>0) and 0.8 g of ZnO NS were mixed in 40
mL of DI water—ethanol. The mixture was placed in the Teflon-lined
autoclave and heated at 100 °C for 3 h. After the reactions, the prod-
uct powder was collected by centrifugation and thorough washings with
deionized water and ethanol. Finally, the powder was annealed at
300 °C for 3 h under an Hy atmosphere.

2.3. Characterization

Scanning electron microscopy (SEM; JEOL-7800F, JEOL Ltd.) and
transmission electron microscopy (TEM; JEM-F200, JEOL Ltd.) were
used for visual characterization. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and energy-
dispersive X-ray spectroscopy (EDS) mapping were used to analyze the
microstructure and elemental composition. The surface area was
calculated using Ny adsorption experiments and Brunauer-Emmett—
Teller analysis (BET, Autosorb-iQ 2ST/MP, Quantachrome). X-ray
diffraction (XRD; Smart Lab, Rigaku) was carried out to characterize the
phase and crystal structure using Cu-Ka irradiation (1 = 1.5418 A). The
chemical bonding states were investigated using X-ray photoelectron
spectroscopy (XPS; K-alpha, Thermo Fisher Scientific Co.). All XPS
profiles were calibrated using the C1s peak observed at 284.8 eV (C-C
bond). Photoluminescence (PL) and Raman spectroscopy were con-
ducted to study the lattice defects in the samples using excitation at 325
and 532 nm, respectively (LabRam Aramis and Horriba Jovin Yvon).
The electronic structures of the bare porous ZnO NS and Au-ZnO NS
were measured using ultraviolet photoelectron spectroscopy (UPS) and
UV-Vis-NIR spectroscopy (V-650, JASCO Co.).

2.4. Evaluation of the gas-sensing performance

A commercially available MEMS (1 mmz, RNS lab) consisting of a
Joule heating circuit and drain/source electrode was used as a chemir-
esistive gas-sensing device. The synthesized porous ZnO NSs and Au-
ZnO NSs were dispersed in ethanol to a concentration of 1 mg/mL via
ultrasonication, respectively. 1 pL of the resulting dispersion was drop-
casted several times onto the heated MEMS chip placed on a 100 °C
hotplate. Each electrode was connected to a ceramic package via Au
wire using a wire bonder (HB-05, TPT Wire Bonder GmbH & Co. KG).
The heating circuit of the MEMS was connected to a direct current (DC)
power supply (SDP30-5D, SMtechno), followed by heating to a specific
temperature (200-500 °C) by controlling the Joule heating voltage
(1.0-2.5 V). The resistance of the sensing materials was monitored using
a digital source meter/source measurement unit (SMU, Keithley 2450,
Keithley Instruments) under a constant voltage of 1 V. A standard gas
cylinder containing 20 ppm 2-CEES balanced with Ny was used as the
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target gas. The gas flow rate was automatically regulated using a
customized gas exposure system composed of mass flow controllers
(MFCs), a gas chamber, and LabView software. The total gas flow rate
was fixed at 1000 sccm during all measurements. At each measurement,
sensors were stabilized at synthetic air for 1500 s to stabilize baseline
resistance level, followed by being exposed to target gas for 300 s and
synthetic air again for 1800 s to recover the resistance level. The 20 ppm
2-CEES gas was diluted with synthetic air at the desired ratio to prepare
various concentrations of 2-CEES gas (1, 2, 5, 10, 15, and 20 ppm con-
centration). To measure the sensor response under humid conditions,
moisturized air was prepared upon bubbling through DI water and
mixing with dry synthetic air at a specific ratio (20, 40, 60, 80 % relative
humidity).

3. Results and discussion

The experimental scheme of the synthesis of Au-ZnO NSs is illus-
trated in Fig. 1a. Briefly, ZnO NSs were successfully synthesized by a
hydrothermal method in an autoclave chamber. To maximize the
effective surface area for gas adsorption, the ZnO NSs were annealed at
550 °C under the Ar atmosphere to produce highly porous morphology
(Fig. S1; see Supplementary material) [22]. As catalytic sites for gas
adsorption and electrochemical reactions, Au NPs are introduced by
irradiating microwave to homogeneous mixture of Au precursor and
porous ZnO NSs. Then, the product was further annealed at Hy atmo-
sphere to achieve complete reduction and anchoring of Au NPs on the
surface of porous ZnO NSs. The decorated Au NPs can be visualized in
the TEM image using surface elemental analysis, which showed the Au
NPs were densely distributed on the surface of a porous ZnO NS
(Fig. 1b). We investigated how the microwave irradiation affected the
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formation of Au NPs, by comparing to the product without microwave
treatment (Fig. S2; see Supplementary material). The result shows that
sub-1-nm scale Au NPs were formed on the surface of porous ZnO NSs
right after the microwave treatment due to the nucleation from Au
precursors by rapid and homogeneous energy transfer. These Au parti-
cles and remaining un-reacted Au precursors were aggregated and
tightly anchored on the surface of porous ZnO NSs when annealed at Hy
atmosphere for several hours. Further details were analyzed using
HR-TEM to observe the shape, crystallinity, and particle-size distribu-
tion of the Au NPs. Figs. 1c and 1d show that the hemispherical shape of
the Au NPs was clearly observed with a highly crystalline lattice struc-
ture. Fringe spacings of 0.26 and 0.239 nm correspond to the lattice
planes of ZnO (1010) and Au (111), respectively, indicating the
anchoring of the Au NPs onto the surface of porous ZnO NSs [23-25].
The Au NPs have a narrow particle-size distribution of 2.32 + 0.40 nm
(Fig. 1e). The well-organized Au NPs were attributed to the most ener-
getically stable interface formed between Au (111) and ZnO (1010),
which leads to the Au NPs being stably anchored onto the surface of
porous ZnO NSs [26]. While the hydrothermally produced Au NPs in an
autoclave chamber have a relatively large size (~50 nm) with
low-density, microwave-assisted Au NPs had advantages in terms of
simple experimental procedure, narrow particle-size distribution, and
high-density decoration (Fig. S3; see Supplementary material). The
studies on the heterostructure of Au-ZnO NS have been well established
based on various approaches. As shown in Table 1, our simple and
scalable procedure is a reducing-agent free process with fast reaction
rate and facilitates the generation of highly dense and uniform sized Au
NPs.

We further investigated the changes in the chemical states of the
porous ZnO NS in the presence of the anchored Au NPs because the

(b)

Dp,=2.32 +0.40 nm

NA
w
N

Diameter (nm)

Fig. 1. (a) Schematic of Au nanoparticles-anchored porous ZnO nanosheet (Au-ZnO NS) fabrication process. (b) Surface elemental analysis of the Au-ZnO NS by
using energy-dispersive X-ray spectroscopy (EDS). Images of phase contrast (upper left), zinc (upper right), gold (bottom left), and oxygen composition (bottom
right). Picture of (c) bare porous ZnO NS and (d) Au-ZnO NS obtained from high-resolution transmission electron microscopy (HR-TEM). (e) Size-distribution of Au

nanoparticles anchored onto the surface of porous ZnO NSs.
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Table 1

Previous studies on Au/ZnO heterostructures.
Morphology of ZnO Synthesis method Reagent Particle size Application Reference
ladder-like structure Annealing (Hy) HAuCl4.4 H,0 Au single atom Gas sensor [27]1
Nano-rod Chemical method HAuCl,-3 H,0, Na3CgHs0-2 H,0 ~15 nm UV photodetector [28]
Cylindrical structure Hydrothermal NaBHy4, HAuCl, ~4 nm Photocatalyst [29]

HAuCl
Nano-wire Deposition—precipitation method Na 12:%4 6.3 £ 3nm Catalytic oxidation [30]
2C03

Porous nano-sheet Microwave & annealing (Hy) HAuCl,.4 H,O 2.32 + 0.40 nm Gas sensor This study

interfacial junction between the noble metal and oxide support acts as
an ‘electron exchange window’, inducing structural defects in the oxide
lattice. To clarify the effect of the microwave irradiation, we also
gathered the XRD spectrum of microwave treated porous ZnO NSs
without Au precursors. Fig. 2a shows the XRD patterns obtained for the
bare porous ZnO NSs and Au-ZnO NSs, which clearly exhibit the single
phase of the hexagonal wurtzite ZnO phase (JCPDS No. 36-1451). Ac-
cording to the patterns, no impurity phase was detected, but the (100),
(002), and (101) diffraction peaks of microwave-treated porous ZnO NSs
and Au-ZnO NSs were shifted to a higher angle compared to those
observed for the bare porous ZnO NSs (Fig. 2b). The shift in the XRD
peaks can be attributed to the stress of the unit cell in the crystal

structure due to the presence of ions with abundant oxygen vacancy
defects at the porous ZnO NSs interface of oriented attachments [31]. In
other words, electromagnetic field of the microwave induces dipolar
polarization of ZnO lattice, so the energy transforms to heat producing
defect sites [32]. Moreover, full width at half maximum (FWHM) of
peaks appeared to be broaden after anchoring of Au NPs, which means
the Au NPs weaken the crystallinity of ZnO lattice structure by forming
Au-O-Zn heteroatomic junction interfaces [33]. The change in the ZnO
lattice structure was further studied by the analysis of chemical bonding
states using the XPS with respect to Zn, O, and Au (Fig. 2c-e). As shown
in Fig. 2¢, Zn 2p;,2 and 2p3/, states were clearly observed at 1044.22
and 1021.12 eV, respectively, which denote the Zn-O bonding state. The
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Fig. 2. (a) Crystallographic analysis of Au-ZnO NS and bare porous ZnO NS by using the X-ray diffraction (XRD). (b) Shift of ZnO lattice position after microwave
irradiation and peak broadening after anchoring Au NPs. (c-e) Analysis of chemical bonding states of bare porous ZnO NS and Au-ZnO NS obtained from high-
resolution X-ray photoelectron spectroscopy (XPS). (c) Binding energy of Zn before and after anchoring Au NPs. (d) Oxygen binding states on bare porous ZnO
NS and Au-ZnO NS. Oy, Oy, and O¢ denotes lattice oxygen, deficient oxygen, and chemisorbed oxygen, respectively. (e) Binding states of anchored Au NPs onto the

surface of porous ZnO Ns.
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binding energy value of the Zn 2p state in Au-ZnO NSs was also slightly
downshifted by ~0.31 eV when compared to the bare porous ZnO NSs,
which was ascribed to an enhancement in the electron density around
the Zn atoms [34,35]. The effect of anchored Au NPs on Zn-O bonding
states was also confirmed based on the deconvoluted Ols spectra
(Fig. 2d); Zn-O lattice oxygen (O ~530eV), vacant oxygen (Oy
~531 eV), and chemisorbed oxygen (O¢ ~532 eV). The changes in the
oxygen states of the bare porous ZnO NSs and Au-ZnO NSs are sum-
marized in Table 2. Remarkably, the Oy ratio was higher after anchoring
the Au NPs. A previous density-functional theory (DFT) study has re-
ported that when a noble metal is in close contact with a metal oxide
surface, the metal not only significantly lowers the energy required to
produce oxygen vacancies, but also stabilizes the vacant sites because
noble metal clusters tend to capture more electron density [33]. In other
words, more oxygen vacancies are distributed at the peripheral sites of
noble metal clusters because an oxygen vacancy acts as an electron
donor. In our system, the hemispherical Au NPs are densely anchored on
the surface of porous ZnO NSs, which provides ideal conditions for the
formation of oxygen vacancies. Finally, the binding energies of Zn 3p
and Au 4f observed for the Au-ZnO NS were analyzed and deconvoluted
into several components corresponding to Zn 3p; /2 (90.51 eV), Zn 3p3/»
(87.77 eV), Au 4fs5,5 (86.99 eV), and Au 4f;/5 (83.02 eV) (Fig. 2e). The
Au 4f signals were also deconvoluted into ionic (Au™) and metallic phase
(Au®), which implied the existence of Au-O-Zn interfaces. Notably, the
binding energies of Au 4fs/5 and Au 4f; /5 were downshifted as much as
0.72 and 0.98 eV, respectively when compared to bulk Au (Au 4fs,,
= 87.71 and Au 4f;,5 = 84.00 eV) [23,24,36-38]. The shift of the Au
signals also verified the existence of a large electron density around the
Au atoms, originating from the oxygen vacancies formed in the ZnO
lattice. To sum up, the interfacial interaction between the Au NPs and
ZnO has a significant effect on the formation of oxygen vacancies due to
the charge exchange.

The generation of defects in Au-ZnO NSs was also confirmed using
Raman spectroscopy. The photoluminescence (PL) spectra obtained
from the bare porous ZnO NSs and Au-ZnO NSs were compared because
PL measurement is closely related to the degree of defects corresponding
to the Oy in the MOS (Fig. 3a) [39]. Both the signal intensity and
accumulated signal area appear to increase in the Au-ZnO NSs, which
indicates that the degree of defects was increased. We also measured the
Raman spectra of the bare porous ZnO NSs and Au-ZnO NSs at an
excitation laser wavelength of 532 nm. In case of the bare porous ZnO
NSs, the wurtzite phase vibrational mode of ZnO was mainly observed at
438 cm™! [Ea(high)]. The overall Raman shift in Au-ZnO NSs in the
range of 100-800 cm ™ exhibited a slight red-shift due to the weakened
Zn-O bonding, which matches the decrease in the lattice parameter
observed in our XRD analysis (Fig. S4, see Supplementary material). It
has been observed that the peak position shifts toward a lower wave-
number, indicating the occurrence of structural changes [40]. When
compared to the bare porous ZnO NSs, the broad and weak peak
observed at ~438 cm™ [Eo(high)] can also be assigned to the lower
crystal quality of the P63mc symmetry of the wurtzite structure due to
the higher density of defects and stress in the Au-ZnO NSs. In addition,
the E1(LO) phonon mode observed at ~581 em! represents the defects
in ZnO lattice, such as interstitial defects (Zn;) or Oy. This peak was
deconvoluted using Lorentz fitting with the A;(LO) peak at ~557 cm™!,

Table 2
Binding states of the oxygen species observed using XPS.
Sample O o o
%
eV %) eV, %) v, %)
Bare porous 529.92 531.32 532.17
ZnO NSs (73.32 %) (14.43 %) (12.25 %)
529.71 531.16 532.18
Au-ZnO N
u-Zn0 NSs (69.01 %) (21.02 %) (9.97 %)
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which was related to the Oy defects (Fig. 3b) [41,42]. In consequence,
Au NPs anchoring affects the ZnO lattice structure and produces a lot of
defect sites.

Finally, we analyzed the change of band structure after anchoring of
Au NPs. The work function (¢) and Fermi level (E) of the bare porous
ZnO NS and Au-ZnO NS were measured using the UPS (Fig. 4a-b). The
band gap energy (Eg) was calculated by measuring the edge of the ab-
sorption profile, Tauc-plot, using UV-vis NIR spectroscopy (Fig. 4c). The
Er of Au-ZnO NS (2.03 eV) was slightly higher than that of bare porous
ZnO NS (1.96 eV), implying the electron doping effect from by oxygen
vacancies and strong n-type transport characteristics [35,43]. The ¢
values were measured to be 3.22 and 3.01 eV for the bare porous ZnO NS
and Au-ZnO NS, respectively, which indicates that electrons can be
emitted easier from the Au-ZnO NS than bare porous ZnO NS. Further-
more, the Eg of the Au-ZnO NS (2.88 eV) also reduced compared to the
bare porous ZnO NS (3.00 eV), which is attributed to the high level of
oxygen vacancies creating an impurity energy level near the valence
band energy level [44]. An energy band diagram was expressed in
Fig. 4d based on these measurements. The modulated band structure of
the Au-ZnO NS clearly shows that the anchored Au NPs create
high-density surface electrons from the oxygen vacancy, which result in
a strong n-type configuration.

The gas-sensing properties of Au-ZnO NSs were investigated because
the degree of oxygen vacancies is one of the principal factors deter-
mining the sensing performance [45]. Many studies have reported that
the sensitivity is dramatically enhanced by increasing the number of
oxygen vacancies through modifying materials via doping [46], surface
chemistry [47], and size control [48]. In this study, we verified an in-
crease in the number of oxygen vacancies by forming noble metal/oxide
heterostructure, so we expected that Au-ZnO NSs exhibited superior
sensing properties than those of the bare porous ZnO NSs. We fabricated
a MEMS-based chemiresistive gas sensor and conducted gas exposure
experiments in a customized gas chamber system (Fig. S5; see Supple-
mentary material). Briefly, the bare porous ZnO NSs and Au-ZnO NSs
were dispersed in ethanol and drop-casted onto a heated MEMS until the
drain/source electrode was connected by the sensing materials enough.
The operating temperature of the gas sensor was controlled via Joule
heating upon applying a voltage to the heat-inducing circuit. The
generated heat was rapidly transferred to the sensing materials on the
measurement electrode within a few seconds. Because the baseline
resistance and signal amplitude are susceptible to the temperature, we
normalized the sensor response using Eq. (1):

R,—R, AR
R, R

8 8

(€8]

Response =

where R, and Ry are the 10 s average resistance measured in the baseline
air atmosphere and a minimum resistance value upon exposure to 2-
CEES, respectively. We calculated the changes in the electrical
conductance upon gas exposure.

The electronic properties of the deposited sensing materials were
characterized before performing the gas exposure experiments. We
found that bare porous ZnO NS and Au-ZnO NS exhibited different
baseline resistance trends depending on the Joule heating temperature
(Fig. S6; see Supplementary material). In general, when a MOS is heated
up, the electrons in the valence band are excited to the conduction band,
which increases the electrical conductivity. This phenomenon was
observed in the bare porous ZnO NSs-based sensor when the tempera-
ture was increased from 200° to 500 °C at 50 °C intervals. However, in
contrast, the resistance level of the Au-ZnO NSs-based sensor gradually
decreased in the lower temperature range (<250 °C) but increased at
temperatures range over 300 °C. This disparity can be interpreted as
difference in potential energy barrier on the conducting pathway, which
resulted from an electron depletion layer (EDL) [49]. Chemisorbed ox-
ygen molecules are known to be dissociated and ionized to O™ at 100 —
300 °C and begin to be further ionize to O at higher temperature by
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ultraviolet photoelectron spectroscopy (UPS). (c) Measurement of band gap energy calculated from Tauc-plot obtained by UV-vis-NIR spectroscopy. (d) Estimated

band structures of the bare porous ZnO NS and Au-ZnO NS.

getting electrons from oxygen vacancies [50,51]. During the process, the
EDL is formed at the surface of oxide because the electrons of the oxide is
transferred to the oxygen atoms [45]. In other words, the more oxygen
vacancies that exist in the metal oxide surface, the more electrons are
drawn from the conduction band of the oxide, which produces a thicker
depleted electron layer, producing a higher potential barrier. We pre-
viously confirmed that Au NPs induced a lot of oxygen vacancies on the
lattice of ZnO NS due to high electron charge density. We can deduce
that Au-ZnO NS has much thicker EDL than bare porous ZnO NS.
Especially, the resistance of Au-ZnO NS starts to increase from 300° to
400°C, which means the ionization of oxygen molecules is fostered by
the catalytic effect of anchored Au NPs under this temperature region. In
consequence, mobile charge carriers in a NS cannot be transported freely
into other NSs because of this energy barrier. Considering the decrement
of resistance level even at the high temperature, the energy barrier in the
bare ZnO NS seemed much weaker than that of Au-ZnO NS. This trend is
attributed to the low number of oxygen vacancies, which provided less
active sites for oxygen ionosorption.

We measured sensor response to 2-CEES, which is a simulant of the
sulfur-mustard CWA, to analyze how the Au NPs contribute to sensing
performance. Previous studies have reported the outstanding sensitive
and selective detection of sulfur compounds using the SERS effect of Au
NPs [20,52-54]. Heterogeneous catalysis studies have also reported that
oxidation reaction via the Mars-van-Krevelen mechanism occurs be-
tween the adsorbed molecules on noble metal species and peripheral
oxygen around the anchored metal cluster [55,56]. Therefore, we hy-
pothesized that the Au-ZnO NS also have sensitivity toward sulfide
compounds by high catalytic activity. To verify our hypothesis, we
conducted a gas-sensing experiment using sulfur compounds. Initially,

we performed temperature-dependent gas-sensing tests to determine the
optimal working temperature of the Au-ZnO NS for sensing 2-CEES
(Fig. 5a). The fabricated gas sensors were exposed to 10 ppm 2-CEES
using a customized gas exposure system after stabilizing the baseline
resistance. For n-type ZnO-based gas sensor, the detection of 2-CEES
appeared as an abrupt decrease in the resistivity. The measured sensor
response is shown in Fig. 5b. This result shows that both bare porous
ZnO NS and Au-ZnO NS cannot detect 2-CEES gas at 200 °C, but they
exhibit different response trends at higher temperatures. While the
response of the bare porous ZnO NS-based sensor was gradually
increased from 250° to 500 °C, whereas the response of Au-ZnO
NS-based gas sensor appeared to be a pyramidal profile with a
maximum response at 450 °C. The response of the bare porous ZnO
NS-based sensor was comparable to or slightly higher than that of the
Au-ZnO NS-based gas sensor in the low-temperature range (<300 °C).
However, the response of the Au-ZnO NS-based sensor begins to be
dramatically enhanced above 300 °C (1.168 ppm™/°C for 350-400 °C
and 0.232 ppm/°C for 400-450 °C), which exhibits a ~14 times higher
value (~787) than that observed for the bare porous ZnO NS-based
sensor (~56) at 450 °C. Here, the response and recovery time of
Au-ZnO NS were estimated as 27 s and 822 s, respectively, similar to
values obtained by the bare ZnO NS (36 s and 824 s). As the control
group of the microwave-assisted synthesized Au-ZnO NS, the hydro-
thermally prepared Au-ZnO NS were tested, but we could not observe
any sensing enhancement, presumably due to the low density, large size,
and non-anchored Au NPs on the metal oxide (Fig. S7; see Supplemen-
tary material). We further investigated the effect of Au contents on the
gas sensing performances by preparing different quantities (0.5 and 2 at
%) of Au-ZnO NS samples (Fig. S8; see Supplementary material). Among
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Fig. 5. Evaluation of gas sensing performances of bare ZnO NS and Au-ZnO NS. (a-b) Temperature-dependent normalized resistance curve upon exposure to 10 ppm
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concentration of 2-CEES gas, and calculated response (d). (e) Evaluating reproducibility of sensing performances by repeating gas exposure 20 times for 12 hr. (f)
Measurement of gas sensing performances of Au-ZnO NS and bare porous ZnO NS sensors under various humidity condition. (g) Sensing selectivity of Au-ZnO NS gas

sensors to various gaseous compounds.

those, the 1 at% Au content showed the highest response, which was
determined to be the optimized condition for gas sensing.

Through the measurement, we could observe the correlation be-
tween the baseline resistance level and the sensor response. As previ-
ously described, anchored Au NPs promote the formation of oxygen
vacancies, producing a thicker electron depletion layer and decreased
the electrical conductivity. Under these conditions, 2-CEES has a greater
chance of reacting with ionized oxygen on oxygen vacancies, facilitating
the electron exchange between 2-CEES and the metal oxide, which result
in a dramatic change in resistance. This mechanism seemed like to be
applicable at temperatures > 300 °C when the resistance of the Au-ZnO
NS started to increase. On the other hand, the gas detection mechanism
of the Au-ZnO NS will be similar to the bare porous ZnO NS in the low
working temperature range (<300 °C), where the catalytic effect was
insignificant. Our BET results verified that the pore volume was reduced
after anchoring of Au NPs onto the surface of porous ZnO NS, which

means that some of the active sites of the porous ZnO NS were covered
with Au NPs (Fig. S9; see Supplementary material). These reduced active
sites cause the low response of the Au-ZnO NS in the low-temperature
range (<300 °C). Meanwhile, when the temperature is > 450 °C, the
response is significantly reduced (—1.358 ppm™!/°C), presumably due to
the low thermal stability of the Au NPs [57,58], sublimation of the
porous ZnO NS structure [59], and excess ionization of oxygen atoms,
which affect the stoichiometry of chemical oxidation [51].

After determining the optimal temperature, we further performed a
quantitative analysis depending on gas concentration. For the experi-
ment, various concentrations of the 2-CEES gas (1, 2, 5, 10, 15, and
20 ppm) were prepared by diluting a 20 ppm 2-CEES standard gas with
synthetic air using MFCs. The sensor was exposed to target gas from a
low to high concentration one sequentially, and the sensor resistance
was measured (Fig. 5c). The amplitude of the sensor signal gradually
increases under the higher concentration of 2-CEES gas. Since the
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balancing gas of 2-CEES gas was N gas, sensor response could be
affected by the difference in the O ratio in the balancing gas. To clarify
the effect of the Oy portion, we investigated resistance level shifts at
various Oy contents in the carrier gas (Fig. S10; see Supplementary
material). According to the results, we confirmed that the impact of the
O, contents was almost negligible except for the case of the absence of
03 (0%) in the balancing gas. In other words, the sensor response to the
20 ppm 2-CEES seemed to slightly overestimated. We plotted the sensor
response obtained for each concentration and found that the least-
squares regression of linear fitting was highly matched with the data
(R2 = 0.9797) (Fig. 5d). Based on the fitting curve, the sensitivity of the
Au-ZnO NS-based gas sensor was calculated to be ~68.81 ppm ™. The
limit of detection (LOD) of the Au-ZnO NS sensor was estimated to be
0.96 ppb calculated by three times of standard deviation extracted from
baseline resistance. We randomly tested sensitivity of 16 sensors toward
1 ppm 2-CEES gas to figure out the yield of the high-performance sen-
sors. According to the interquartile range (IQR) results, 15 of 16 sensors
(1 outlier) showed a high response (85.31 + 37.20 ppm'l) to 2-CEES
gas, which was a comparable value to our fitting curve (Fig. S11, see
Supplementary material). Then, the reproducibility of the sensing
capability was estimated by exposing the sensor to 1 ppm 2-CEES gas 20
times for 12 h (Fig. 5e and S12; see Supplementary material). Although
the sensor was exposed to the harsh condition (450 °C) for 12 hr, the
baseline resistance was almost constant, showing stable sensing re-
sponses. When each response was normalized to the initial response, the
linear regression fitting curve shows a slope of 5 x 107, implying that
the sensor was highly reproducible despite of repeating measurements
for a long-term. Table 3 summarizes the reported sensing properties
related to 2-CEES detection. Although our previous study on quantum
dot (QD) materials exhibit a higher sensing response than this work, QD
materials suffered from poor stability after exposure to high-
temperature conditions [48]. Our sensors have proven outstanding
sensing performances in terms of maintaining their high sensitivity for a
long-term measurement.

To confirm the validity of Au-ZnO NS for detecting CWA gas sensor,
the humidity-dependent capability should be verified because CWAs are
usually utilized in an outdoor environment. One of the challenging is-
sues in MOS-based gas sensors is the poisoning of the sensing materials
by atmospheric moisture due to the competitive adsorption of water
molecules on the metal oxide surface [65]. Many approaches have been
developed to minimize water poisoning, such as the integration of hy-
drophilic packed-bed columns [10], hydrophobic layer deposition [66],
surface functionalization of oxides with humidity-resistant hydrophobic
polymers [67], and coating metal-organic frameworks [68]. Although
these methods are effective against moisture poisoning, the coated
functional materials limit the operating conditions of the sensing ma-
terials because the oxidation of complex molecules usually requires high
temperature. Therefore, improving sensor sensitivity is an important
factor in overcoming water-poisoning effects. To evaluate the sensing
performance under a variety of humid conditions, we controlled the
humidity level by diluting water-saturated air with dry one. The
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concentration of 2-CEES gas was fixed at 2 ppm and we measured the
sensing performance at 0%, 20%, 40%, 60%, and 80% humidity (Fig. 5f
and S13; see Supplementary material). In the presence of 20 % humidity,
both the Au-ZnO NS-based and bare porous ZnO NS-based sensors were
significantly poisoned by moisture and the amplitude of the response
was reduced to 30 % (52 for Au-ZnO NS and 4.71 for bare porous ZnO
NS) when compared to those under dry conditions (183 for Au-ZnO NS
and 14.25 for bare porous ZnO NS). The response was further reduced at
the higher humidity (80 %) to 31 for Au-ZnO NS and 2.18 for bare
porous ZnO NS, in which the Au-ZnO NS exhibited an ~15 times higher
response than the bare porous ZnO NS. Based on the results, we
approximately quantified the effect of relative humidity to the sensi-
tivity of Au-ZnO NS gas sensor; the sensitivity decreased by
3.275 ppm'l/RH% from 0 % to 20 % and 0.175 ppm’l/RH% from 20 %
to 80 %. Although the sensing capability was significantly deteriorated
by moisture, the Au-ZnO NS still exhibited a high response toward
2-CEES vapor due to the dramatic enhancement in the sensitivity by the
catalytic effect of the anchored Au NPs.

To figure out the false-positive malfunction of the sensor to inter-
fering gases, we investigated the sensing selectivity of the Au-ZnO NS
with respect to commonly observed carbon oxidation compounds (CO
and CO3), hydrocarbons (CHy4, benzene (CgHg), toluene (C;Hg), and
xylene (CgHjg)), nitrogen compounds (NH3 and NO»), sulfur compounds
(H,S and SO3), and the simulant of the nerve agent DMMP (Fig. 5 g and
S14; see Supplementary material). Gas concentration was fixed at
10 ppm. The highest response was observed for H,S (324), followed by
DMMP (14.7), CHy4 (6.85), C7Hg (6), and NH3 (1.67). The Au-ZnO NS-
based sensor has outstanding selectivity toward 2-CEES gas except H,S,
considering that the response to 10 ppm 2-CEES was ~587. This high
selectivity toward sulfur compounds can be explained by the high
interaction affinity between the gold surface and sulfur atoms. Espe-
cially, when the sulfhydryl group is deprotonated, a thiyl radical (R-Se)
is created forming covalent interaction with Au surface. Even though the
radical is not created, the thiol group (R-SH) has coordination-type bond
interaction with Au surfaces through lone pair electrons at the sulfur
[14]. The 2-CEES molecules are known to dissociate into two radicals at
high temperature and terminate with a sulfur radical [69]. This can
actively interact with the Au (111) surface, so that the molecule can be
reacted efficiently with the lattice oxygen [14]. In the case of SO, sulfur
is already fully oxidized, thus no oxidation can occur on the oxide
surface.

The gas-sensing mechanism is depicted in Fig. 6 based on the sensing
results. For MOS-based gas sensors, the gas sensing reaction occurs in
two-step: 1) adsorption, dissociation, and ionization of oxygen mole-
cules on the oxide surface and 2) oxidation reactions of the target
molecule with ionized oxygen. For the first step, when the bare porous
ZnO NS is exposed to air, the gas-phase oxygen (Ox(g)) diffuses to the
metal oxide surface and is physically adsorbed (Og(ags)). As temperature
increases, these adsorbed oxygen molecules receive electrons from the
oxide and are chemisorbed (Oggds)). On high-temperature oxide surfaces
(>300 °C), the oxygen molecules dissociate and ionize into Ogags) and

Table 3
Previous studies on 2-CEES detection gas sensors.
. . . s . Response . .

Sensing material Operating temperature (°C) Gas concentration (ppm) (AR/Ry) Response time (s) Recovery time (s) Reference
Au-ZnO NS 450 10 787 27 822 This study
WO3/WS, heterostructure 240 5.7 0.81 20 55 [60]
Al-doped ZnO QD 450 20 5393 3 406 [48]
ZnO QD 450 20 4614 3 207 [48]
Al-doped ZnO NP 500 20 954 2 127 [61]
ZnO NP 500 20 344 6 165 [61]
Sm,03 doped SnO, NP 200 10 540 40 20 [62]
SnO, NP 250 10 180 50 20 [62]
Ru-CdSnOj thin film 350 4 62 5 185 [63]
Pt-CdSnOj3 thin film 250 4 59 30 300 [64]
CdSnOs; thin film 350 4 12 2 75 [64]
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Fig. 6. Illustration of gas sensing mechanisms. Formation of electron depletion layer (EDL, blue) by oxygen ionization depending on the anchoring states of Au NPs,
(a) without Au NPs, (b) rare density of large Au NPs, and (c) densely anchored nanoscale Au NPs. (d) Gas sensing mechanisms on the bare porous ZnO NS. The 2-CEES
molecules react with ionized oxygen atoms adsorbed on the oxide surface. (e) Gas sensing on Au-ZnO NS surface. The Au NPs provide efficient reaction pathway for
2-CEES oxidation taking advantages of the gold-sulfur interaction and the Mars-van-Krevelen mechanism. Change of potential barrier (Ep) of (f) bare porous ZnO NS
and (g) Au-ZnO NS. The Au-ZnO NS has a large Ep than that of bare porous ZnO NS due to the thick EDL. The Ep decreases after reacting with 2-CEES molecules.

O%a’ds) by gaining further electrons from the oxygen vacancies. The ki-
netics of the oxygen ionization on the metal oxide surface can be
described using the following equations [51]:

Ox(4)= O2(uds) 2
Osads) € =02 (aay) 3
027 (uayy + € =207 (aa) (C)]
O (aats) T € =0 (uay) %)

During these processes, an EDL is formed on the oxide surface due to
electron consumption to ionize the oxygen atoms. Here, the depth of
EDL can be modulated in the presence of anchored Au NPs (Fig. 6a-c).
According to several studies on the heterogeneous catalyst, supported
noble metal NPs have a role as an electronic and chemical sensitizer to
modulate EDL and resistance levels [70-73]. The electronic sensitization
usually occurs due to the work function differences between contacting
materials, in this experiment, Au (5. 1 eV) and ZnO NS (3.22 eV, ob-
tained from the UPS measurement). Here, when Au nanoparticles come
into contact with the ZnO surface, Schottky junctions are formed at in-
terfaces, which causes electron transfer from the ZnO to Au and bending

of the energy band structure. These electrons help oxygen molecules to
diffuse and be ionosorbed onto the sensing materials effectively, causing
the thick EDL. In terms of chemical sensitization, also known as the
spillover effect, the anchoring of Au NPs on ZnO forms a bunch of defect
sites with high electron density, which are also effective active sites for
oxygen breakage. In the previous section, our structural characterization
has verified the formation of these defect sites, oxygen vacancies. The
Au-ZnO NS have a much higher oxygen deficiency than that of the bare
porous ZnO NS due to the high charge density of noble metals. Most
oxygen vacancies are located at the perimeter of Au NPs, so oxygen
molecules are ionized on those sites [33]. Since more electrons are taken
from the oxide to oxygen, a thicker EDL is formed in the presence of
anchored Au NPs, which means the density and size of the Au NPs
determine how many electrons are consumed. For instance, the densely
anchored small Au NPs induce oxygen ionization much easier than
rarely anchored large Au NPs due to the enormous amount of peripheral
vacancy sites around Au clusters. In the case of microwave-assisted
Au-ZnO NS, only 2.3 nm size of Au NPs were densely anchored on the
oxide surface, and they provide suitable conditions for ionizing oxygen
molecules and forming a thick EDL.

When the 2-CEES gas reacts with the ionized oxygen, the thickness of
EDL is rapidly decreased because the electrons consumed for oxygen
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ionization are regenerated and return to the conduction band of the
metal oxides (Fig. 6d-e). For the oxidation reaction, the 2-CEES mole-
cules are dissociated into two radical compounds according to Eq. (6).
The thiyl radicals (R-S,) strongly interact with the gold surface, so they
are readily adsorbed onto the anchored Au NPs. The oxidation of the
adsorbed 2-CEES takes place via the Mars-van Krevelen mechanism,
which is the reaction between the adsorbed species on the Au NP and the
ionized oxygen at the perimeter sites of the Au NPs. Following these
processes, the reaction kinetics can be expressed in equation (7) and (8).
After oxidation, byproducts (CO2, SO2, and Hy0) are desorbed from the
sensing materials.

CICH,CH,SCH,CH3—CICH,CH, ® + CH;CH,Se (6)

2CICH,CH,e + 80~ —2CO; + Cl, + 4H,0 + 8e (7).

2CH3CH3Se + 130~ —»2S0, + 5H20 + 2CO, + 13e (8).

The change of the EDL affects the potential barrier (Ep) at a junction
between the nanosheet particles (Fig. 6f-g). When the voltage is applied
across the electrode, mobile charge carriers in one nanosheet are
transported to another adjacent one following the electric field. How-
ever, if the junction Ep is too large to overcome, charge carriers cannot
be migrated, increasing overall sensor resistivity. The bare porous ZnO
NS has a thin EDL due to the low amounts of oxygen vacancy, so the Ep is
relatively small, having a low baseline resistance. Even if the bare
porous ZnO NS is reacted with 2-CEES molecules, the sensor resistance
does not change much because there exists only a small amount of re-
action sites. On the other hand, the Au-ZnO NS possesses a thick EDL by
a lot of deficient oxygens, which produces a large Ep at the particle
junction and high baseline resistance. When the sensor is exposed to the
2-CEES gas, 2-CEES molecules are efficiently reacted with enormous
amounts of peripheral oxygen ions around Au NPs via Au-S interactions
and the Mars-van-Krevelen reaction mechanism. It will significantly
reduce the thickness of EDL and Ep, appearing as a dramatic decrease in
resistance value. To sum up, the anchoring of Au NPs on oxides greatly
enhances sensor responses by increasing the EDL thickness and junction
potential barrier as well as fostering oxygen adsorption, dissociation,
and ionization.

To validate the sensing capabilities in onsite environments, we have
designed a portable type of sensor board integrating a developed sensor
package (Fig. 7a). The dimension of the board is 34 mm x 22 mm with
4.82 g weight, which hardly affect the mobility of remote-controlled
robotic systems, like a drone. The operating temperature of the sensor
(400 °C) was regulated by an external power supply (2.0 V) connected
to electrodes on a printed circuit board (PCB). The constant voltage
(8.3 V) was also applied to the sensor circuit by another power source to
measure the resistance level of the sensor. We measured the sensor
resistance value by monitoring the divided potential to a constant
resistance which was connected to the sensor circuit in serial. The sensor
module was operated by communicating with a laptop by receiving
commands through a serial program. The measured data was automat-
ically saved in the built-in memory, which can be extracted to a laptop
via a wired connection. Before gas exposure, the sensor module was
assembled with a customized cover package to prevent mechanical
damages from external stress. As shown in Fig. 7b, the target gas was
prepared by the identical gas exposure system and flowed through the
quartz tube. Through the system, gases with various concentrations
were exposed to the sensor module (Fig. 7c). According to the extracted
data, the sensor exhibited responses 62, 527, and 1087 for 2, 5, and
10 ppm of 2-CEES gases, respectively, which is comparable values
measured by high-performance multimeter equipment. The sensor also
rarely reacted to DMMP gases, which were 1.26 for 2 ppm, 1.96 for
5ppm, and 2.72 for 10 ppm. In summary, we have confirmed
outstanding sensitivity and selectivity toward the 2-CEES and verified
the versatility of our sensor in the portable type of module through the
measurement.
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Fig. 7. Evaluation sensing performances of the Au-ZnO NS on a portable sensor
board. (a) Picture of portable type of sensor module which has dimension of
34 mm x 22 mm and 4.82 g of weight. (b) Brief illustration of gas sensing
experiment. The 2-CEES gas was supplied through a quartz tube. (c¢) The
resistance curve of the Au-ZnO NS sensor under various concentration of 2-
CEES and DMMP at 400 °C.

4. Conclusions

Herein, we report the microwave-assisted synthesis of a heteroge-
neous structure, i.e., Au nanoparticles anchored porous ZnO nanosheets,
and its facile application as a CWA gas sensor with high sensitivity and
selectivity toward 2-CEES vapor. When compared to conventional hy-
drothermal synthetic methods, a simple microwave irradiation
approach provided a high-density decoration, narrow particle-size dis-
tribution, and strong structural anchoring of the Au nanoparticles on the
surface of ZnO within a minute. The anchored Au nanoparticles affect
the lattice structure of ZnO by inducing several defect sites and oxygen
vacancies. Due to the high number of oxygen vacancies, a thicker elec-
tron depletion layer was formed, which contributed to the extremely
large resistance change observed upon exposure to target molecules. The
anchored Au nanoparticles also imparted the sulfur-selective detection
properties, utilizing the high affinity between Au (111) and thiyl radi-
cals. The effective adsorption of the decomposed 2-CEES products on Au
nanoparticles promotes the Mars-van Krevelen reaction mechanism for
complete oxidation. We expect that microwave-assisted anchoring of



M. Lee et al.

noble metals on the metal oxide surfaces can offer great perspectives for
the development of heteroatomic materials for a variety of electro-
chemical applications in sensing, energy, and catalysis.
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