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ARTICLE INFO ABSTRACT

Keywords: Defect engineering by Li-ion implantation has been extensively studied in electrocatalysis, photocatalysis, and
Gas sensor energy storage devices. Here, we provide the first experimental evidence that Li-ion implantation improves the
Acetone

acetone sensing performance of ZnO-based sensors. The morphological structure of the solvothermally synthe-
sized Ag-decorated ZnO porous nanosheets (Ag-ZnO PNSs) was controlled by Li-ion insertion/extraction at
various discharge voltages. The generation of nanocracks caused by the electrochemical reaction between ZnO
and Li significantly improved the sensing performance. The nanocracked Ag-ZnO PNSs had a much higher
sensing response (~319) to 10 ppm acetone than the ZnO nanoparticles, bare ZnO PNSs, and bare Ag-ZnO PNSs.
At the optimum operating temperature of 400 °C, the low detection limit was 0.1 ppm. The significant
improvement in the acetone sensing performance of nanocracked sample is attributed to the simultaneous in-
crease in oxygen vacancies and specific surface area, as well as the Ag catalytic effect. Furthermore, the nano-
crack structures were found to be stable even after repeated measurements at high temperatures. Our research
found that Li-ion implantation is an effective method for improving the gas sensing performance of metal oxide-
based sensors, and that nanocracked Ag-ZnO PNSs can be a promising candidate material for use as acetone

Ag-decorated ZnO
Li-ion implantation
Defect engineering

sensor applications.

1. Introduction

The demand for gas sensors, which are widely used in chemicals,
petroleum, mining, automobiles, and medical devices has increased in
recent decades as public awareness of environmental pollution, safety,
and health care has grown. Additionally, global demand for miniatur-
ized wireless gas sensors is increasing due to the Internet of Things (IoT),
cloud computing, and big data, as well as the integration of gas sensors
into home appliances and air quality monitoring. Among the numerous
volatile organic compounds (VOCs), acetone is a harmful gas that is
easily detected in industrial settings and at home. It can lead to a wide
variety of health related issues, including headaches and narcosis.
Additionally, acetone has been widely accepted as an important indi-
cator for non-invasive diabetes diagnosis since exhaled concentration of
acetone (> 1.8 ppm) in diabetic patients is higher than that in healthy
people (< 0.9 ppm) [1]. Therefore, it is critical to develop a highly
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sensitive acetone-sensing material for safety and health of human pop-
ulations. The developed high-performance acetone sensors can be used
in place of costly and cumbersome analytical instruments such as gas
chromatography or selective ion flow tube mass spectroscopy.

Various metal-oxide semiconductor (MOS) materials have been
investigated as potential acetone-sensing materials, including ZnO,
TiOg, SnO2, WO3, and CuO [2]. Among them, ZnO is one of the most
extensively investigated sensing materials due to its high electron
mobility, wide bandgap (3.37 eV), high exciton binding energy (60
meV), and high thermal and chemical stability, all of which are required
for an ideal acetone gas sensor [3]. Additionally, ZnO has several ad-
vantages, including a simple synthesis process and low production cost.
Numerous efforts have been made to enhance the sensing performance
of ZnO through nanostructures, such as nanorods [4], nanowires [5],
nanosheets [6], nanotubes [7], nanoparticles [8], as well as the pore
structure [9], resulting in a higher surface-to-volume ratio. Additional
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doping methods for transition metals [10,11] and noble metal loading
[12,13] have also been developed.

Engineering of structural defects is regarded as one of the most
important factors in overcoming or improving the limitations of the
physical and chemical properties of semiconducting materials. It has
been extensively researched in a variety of semiconductor-based appli-
cations, including catalysts [14,15], photoactive devices [16-18],
photovoltaic cells [19], and electrode materials for lithium-ion batteries
(LIBs) [20,21]. Several defect engineering technologies, such as ion
implantation [22] and rapid thermal processing [23] are well estab-
lished. Particularly, as anode materials for LIBs, MOS with oxygen va-
cancies such as TiO,, SnOj, and MnO,, effectively improve the cycle
stability and rate performance of the batteries [21,24]. ZnO has also
been investigated as an anode material for LIBs; however, cyclability
was insufficient due to its low electronic conductivity and large volume
change during Li insertion/extraction [24]. Oxygen defects generated in
ZnO by the Li ion insertion/extraction process, can play an important
role in improving the sensing performance in sensing materials.

The sensing properties of Ag-decorated ZnO porous nanosheets (Ag-
ZnO PNSs) prepared via the Li-ion implantation method were investi-
gated in this study for the detection of acetone. Ag-ZnO PNSs were used
as the intrinsic material to maximize the sensing performance. The
morphology and microstructure changes of the as-prepared Ag-ZnO
PNSs were investigated in detail using electron microscopy at various
discharge voltages. Among the various samples, the Ag-ZnO PNSs with
nanocracks (crack width ~2.3 nm) demonstrated an excellent sensing
response to 10 ppm acetone. Through surface chemistry analysis, the
enhanced response was explained as the result of more surface oxygen
vacancies generated in the nanocracks.

2. Materials and methods
2.1. Synthesis of Ag-decorated ZnO porous nanosheets

To begin, 7.2 g of Zn (NO)3-6 H20 (Sigma-Aldrich) was dissolved for
30 min in 180 mL of an ethanol-water (1:2) mixture. Then, 3.6 g of urea
was added to the mixture and stirred for 30 min to ensure uniform
mixing. Finally, 3.0 wt% of AgNOs3 (Sigma-Aldrich) was added and
stirred for 30 min to obtain a homogeneous white mixture. The solution
was transferred to a 250 mL Teflon-lined autoclave, and the temperature
was maintained at 180 °C for 36 h before being cooled to room tem-
perature. Centrifugation was used to collect the resulting white precip-
itate several times using deionized water and absolute ethanol. After
drying at 80 °C for 6 h and annealing at 550 °C for 4 h under an Ar
atmosphere, the final product of Ag-decorated ZnO porous nanosheets
(Ag-ZnO PNSs, thickness ~80 nm) was obtained. Additionally, we pre-
pared bare ZnO porous nanosheets (ZnO PNSs, thickness ~80 nm) and
ZnO nanoparticles (ZnO NPs) and compared their sensing properties to
those of the Ag-ZnO PNSs treated with Li-ion insertion/extraction. ZnO
NPs were synthesized using the hydrothermal method previously
described in our reports [25]. As shown in the SEM image in Fig. S1, the
average particle size of the spherical ZnO NPs was ~20 nm.

2.2. Fabrication of coin-cell assembly

We assembled Li coin cells to implant Li ions into the as-synthesized
Ag-ZnO PNSs. Cu foil coated with Ag-ZnO PNSs and an Li foil were used
as the anode and cathode of the coin-cell assembly, respectively. Slurry
casting was used to fabricate the anode of the Ag-ZnO PNS-coated Cu
foil. The slurry material was prepared by mixing the active and
conductive material, and binder with the dispersion solution. To in-
crease the conductivity of the active material, carbon black (Super P®
Conductive, Timcal Graphite & Carbon) was used as a conductive ma-
terial. Polyvinylidene fluoride (PVDF, Mw ~534,000) was used as a
binder to aid in the adhesion of the active material and conductive
material to a Cu foil. In a mortar containing a certain amount of N-
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Fig. 1. (a) Galvanostatic discharge curve of Ag-ZnO PNSs/Li cell. The insert is a
schematic of the coin cell assembly process and Li-ion discharge. (b) Schematic
illustration of the electrochemical reactions between ZnO and Li. (¢) Schematic
diagram of morphological changes with increasing amount of implanted Li ions,
corresponding to the specified I, II, and III states in the voltage profile in (a).

methyl pyrrolidone, Ag-ZnO PNSs (94 wt%) were mixed with 3 wt%
carbon black and 3 wt% PVDEF. The as-prepared slurry was then coated
on a copper foil and dried in a vacuum oven at 60 °C for 12 h. The as-
fabricated electrodes were cut to a 1 cm? (1 cm x 1 c¢m) size and used
as the anode.

The electrolyte of the coin cell was prepared by combining 1 M LiPFg
with ethylene carbonate and diethyl carbonate in a 1:1 wt ratio. In the
cell, commercial polyethylene was used as a separator between the
cathode and anode materials. Finally, as shown in the inset of Fig. 1, a
CR 2032-type coin cell was assembled in an Ar glove box in the order of
the anode (Cu foil coated with Ag-ZnO PNSs), separator, electrolyte, and
cathode (Li foil).

2.3. Li-ion implantation

A galvanostatic charge-discharge method was used to implant Li-
ions. A constant current (—100 pA/cm?) was applied to the assembled
coin cell over time to determine the potential difference generated be-
tween the anode and cathode. Charge-discharge cycles were conducted
on the solid-state cells using a charge/discharge instrument (WonATech,
WBCS3000L32). The Cu foil coated with the electrode material con-
taining Ag-ZnO PNSs was washed three times with acetone, deionized
water, and acetic acid (1 mM) following the charge-discharge process,
and then the Ag-ZnO PNS powder was separated from the copper foil.
The precipitated powder was dried under vacuum for 12 h at 60 °C.
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2.4. Material characterization

The crystalline phases of ZnO-based samples were analyzed using an
X-ray diffractometer (XRD, SmartLab, Rigaku) with Cu Kal radiation
(A = 1.5409 A). The morphology and microstructure of the samples
were investigated using scanning electron microscopy (SEM, JEOL-
7800 F, JEOL Ltd.), transmission electron microscopy (TEM, Talos
F200X, FEI), and scanning transmission electron microscopy (STEM, FEI
Talos F200X TEM) equipped with energy dispersive X-ray spectroscopy
(EDS). X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific
Co.) with Al Ka radiation (1486.6 eV) was used for the chemical state
analysis of the surface. Photoluminescence (PL) spectra of the samples
were obtained at room temperature using a micro-Raman spectrometer
(Horriba Jovin Yvon) with a 325-nm He-Cd laser as an excitation
source. The specific surface area was obtained using Brunauer-Emmett-
Teller analysis (BET, TriStar II 3020, Micromeritics Instrument Corpo-
ration) through nitrogen adsorption-desorption at 77 K.

2.5. Fabrication of sensor devices

Various as-prepared powders were cast on interdigitated Pt elec-
trodes to fabricate sensor devices. Interdigitated Pt electrodes were
patterned on a SiO5 substrate (8.5 x 8.5 mm) in detail. After dissolving
the powders in ethanol, they were dropped on the Pt electrodes. Finally,
the sensor devices were dried at 100 °C and annealed at 550 °C for 2 h to
remove the solvent and to improve the mechanical and thermal stability
of the sensing materials.

2.6. Gas sensing measurements

The sensing performance of the as-prepared samples for acetone was
determined using a tube furnace sensing measurement system equipped
with mass flow controllers (MFCs). By controlling the gas flow rate using
MECs, the acetone concentration was adjusted using synthetic air as the
balance gas. The sensing chamber was then filled with a predetermined
amount of acetone gas and synthetic air at a constant flow rate of 1000
sccm. The temperature controller of the tube furnace was used to change
the operating temperature of the sensor. The sensing performance of the
samples was examined for various acetone concentrations ranging from
0.1 to 10 ppm at working temperatures ranging from 250 to 500 °C. The
electrical sensing resistance of the sample was measured using a nano-
voltmeter (Keithley 2182) at a time interval of 1 s using a current source
and a constant current of 10 nA (Keithley 6220). The sensing response of
the sample was determined from the definition of (R, — Rg)/Rg, Where
AR = (Ra — Ry), where R, and R; are the sensor resistances in air and
acetone gas, respectively. To test the selectivity for acetone detection,
the sensor response to 10 ppm acetone was compared with those of
several different interfering gases with concentrations of 10 ppm at the
same operating temperature. HaS, isoprene, ethanol, and benzene were
each injected to the sensor, with synthetic air as a carrier and balance
gas.

3. Results and discussion

The electrochemical properties of the Ag-ZnO PNSs were investi-
gated during the charge-discharge cycle. The galvanostatic discharge
curve induced by the change in potential difference was obtained when
a constant current density of ~100 pA/cm? was applied to the Ag-ZnO
PNSs/Li cell, as shown in Fig. 1(a). A potential change was observed
in three steps by continuous injection of Li ions. An abrupt decrease
appeared from ~3 V to ~0.6 V (I-state), followed by a slow decrease of
potential from ~0.6 V to ~0.4 V (II-state). It is then followed by a two-
step decrease of potential from ~0.4 V to ~0.2 V (Ill-state) and from
0.2 V to 0 V. The insertion of Li ions into the lattice of the Ag-ZnO PNSs
is responsible for the sharp decrease in the I-state. As the amount of
implanted Li ions increased, some defects or cracks formed on the Ag-
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Fig. 2. XRD patterns of ZnO NPs, Ag-ZnO PNSs, Ag-ZnO PNSs_0.6 V, and Ag-
ZnO PNSs 0.3 V.

ZnO PNSs (stage II). According to the literature [26], in the discharg-
ing Il state, a two-step electrochemical reaction occurs between ZnO and
Li, which can be written as.

7Zn0 + 2Li — Zn + LiO @D)
Zn + Li — LiZn 2

Subsequently, two reversible reactions arise during the change-
discharge process as follows:

LiZn < Zn + Li 3
Zn + LiO < ZnO + 2Li 4)

Fig. 1(b) depicts in brief, the electrochemical reactions between ZnO
and Li during the charging-discharging process. A large tensile stress
was applied to the ZnO PNSs as a result of the lithiation/delithiation
process, and nanocracks were partially generated and propagated along
the {0001} or {1122} cleavage planes of ZnO PNSs (II-state in Fig. 1(b))
[24,26]. The nano-cracks were subjected to large lattice deformation
between ZnO and Zn as the amount of Li ions increased, resulting in
fracture and size reduction (state III in Fig. 1(c)). To investigate the ef-
fect of Li-ion insertion/extraction on the microstructure of the Ag-ZnO
PNSs, we prepared the intrinsic Ag-ZnO PNSs and Ag-ZnO PNSs sam-
ples treated with discharging voltages of 0.6 V (Ag-ZnO PNSs_0.6 V) and
0.3 V (Ag-ZnO PNSs_0.3 V), which correspond to II and III states, in the
electrochemical potential profiles, respectively.

XRD was used to examine the changes in the crystalline structure of
various as-prepared Ag-ZnO PNSs before and after Li-ion implantation.
Furthermore, the crystalline phases of the Ag-ZnO PNS samples were
compared to those of the pristine ZnO NPs. The XRD patterns of ZnO
NPs, Ag-ZnO PNSs, Ag-ZnO PNSs_ 0.6 V, and Ag-ZnO PNSs 0.3V are
shown in Fig. 2. The XRD diffraction peaks of all samples are well
indexed to the hexagonal wurtzite ZnO phase (JCPDS No. 36-1451) with
no other impurity phases. In addition, no Li XRD diffraction peaks are
observed in the Li-ion treated samples. During washing, the Li ions that
remain after the electrochemical reaction between ZnO and Li can be
dissolved and removed. It should be noted that the Ag-ZnO PNS-based
samples only showed diffractions with face-centered cubic symmetry
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Fig. 3. (a)-(c) SEM images and (d)-(f) TEM images of Ag-ZnO PNSs, Ag-ZnO PNSs_0.6 V, and Ag-ZnO PNSs_0.3 V, respectively.

corresponding to the pure silver metal (JCPDS No. 04-0783). Further-
more, a lower angular shift in the peak positions of the ZnO phase, which
could be induced by volume expansion owing to the intercalated Li ions,
was not observed in any of the Li-ion treated samples. Based on this
evidence, we discovered that Ag particles were decorated and segre-
gated in the grain boundaries of ZnO crystallites rather than displacing
Zn?* and integrating into the ZnO lattice. The XRD data of Ag-ZnO
PNSs_0.3 V revealed the presence of metallic Zn with hexagonal sym-
metry (JCPDS No. 04-0831), which accounted for more than 52 % of the
weight fraction when compared to the ZnO phase. Additionally, the peak
intensity was significantly reduced, and a broadening of the peak was
also observed, indicating the deterioration of crystallinity due to size
reduction. The results show that a potential of 0.3 V provides a signifi-
cant amount of Zn conversion and size reduction of ZnO.

The morphology and microstructure changes of the intrinsic Ag-ZnO
PNSs were studied using electron microscopic analysis SEM and TEM.
Fig. 3(a)-(c) show the SEM images of Ag-ZnO PNSs, Ag-ZnO PNSs 0.6 V,
and Ag-ZnO PNSs_0.3 V, respectively. The TEM images of the isolated

NSs are shown in Fig. 3(d)-(f). The hydrothermally synthesized pristine
samples were superimposed on each other in several layers, as shown in
Fig. 3(a) and the aggregated size was approximately 10-15 pm. The
overlapped ZnO PNSs were separated after the Li-ion implantation
process, but a porous surface was still observed, indicating that the
integrity of the porous structure was intact (Fig. 3(b) and Fig. 3(c)).
However, as shown in the TEM images (Fig. 3(e) and 3(f)), the Ag-ZnO
PNS samples treated with Li-ion insertion/extraction have unique
characteristics. Cracks propagate through the surface of the isolated Ag-
ZnO PNSs_0.6 V, which has an average size of 1-2 pym in length, (indi-
cated by bright gray lines in Fig. 3(e)). In addition, a significant decrease
in size below 200 nm was observed for the Ag-ZnO PNSs_0.3 V, as shown
in Fig. 3(f)). According to the electrochemical reactions described in
Fig. 1, the potentials of 0.6 V and 0.3 V for the Ag-ZnO PNSs caused
crack formation and size reduction, respectively.

The non-cracked and cracked regions of Ag-ZnO PNSs_0.6 V were
further characterized using microstructural analysis. Fig. 4(a) and 4(b)
show HR-TEM images of the nano-scale cracked Ag-ZnO PNSs
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Fig. 4. TEM analysis of Ag-ZnO PNSs_0.6 V. (a) Low- and (b) High-magnification HR-TEM image. FFT patterns in the region of (c) Al and (d) A2 shown in (b). (e)

HR-TEM image in the region of B shown in (b).

discharged at 0.6 V, at low and high magnifications, respectively. All
over the non-cracked region (Fig. 4(b)), lattice fringes with a spacing of
0.26 nm corresponding to the (002) plane of hexagonal wurtzite-type
ZnO were observed. In addition, the fast Fourier transformation (FFT)
patterns performed on selected regions of Al (Fig. 4(c)) and A2 (Fig. 4
(d)) for a zone axis [0-10] showed that the Ag-ZnO PNSs_0.6 V was well
crystallized. When combined with FFT analysis, it is confirmed that the
crystallinity of Ag-ZnO PNSs is well maintained without lattice defor-
mation of ZnO, even when tensile stresses are generated during the Li-
ion insertion/extraction process, which is consistent with the XRD re-
sults (Fig. 2). The cracks were distributed over the surface of the PNSs
with an average width of 2.3 nm as shown in Fig. 4(b). The magnified
HRTEM image of region B in Fig. 4(e) shows that the cracked regions
have the same d-spacing as the ZnO lattice fringe, but the lattice fringes
are partially deteriorated. Therefore, the cracked region can be identi-
fied as the ZnO phase-containing defects. The brighter region in the
nanocracks, on the other hand, cannot be a ZnO phase. The presence of
ZnO was not detected by the EDS spectral analysis in some areas of the
cracked region, (Figs. S2(a) and S2(b)). Therefore, it was confirmed that
crystal defects and nanogaps coexist in the cracked region in the Ag-ZnO
PNSs_ 0.6 V.

The elemental distribution of Ag-ZnO PNSs_0.6 V was investigated
using STEM equipped with EDS. A high-angle annular dark field
(HAADF) STEM image of Ag-ZnO PNS _0.6 V is shown in Fig. 5(a). Fig. 5
(b)-(e) show the corresponding EDS mapping images for the total con-
stituent elements, Zn, O, and Ag. The Zn (Fig. 5(c)) and O (Fig. 5(d))
mapping images clearly show the crack pattern, as shown in the HAADF
image. As shown in Fig. 4(f), the nanocracks in Ag-ZnO PNSs_ 0.6 V

contain very little Zn and O. The results show that the nanocracks were
formed in the Ag-ZnO PNSs discharged at 0.6 V. Furthermore, Fig. 5(b)
and 5(e) show that Ag nanoparticles with an average size of 2-5 nm are
uniformly distributed across the surface of PNSs, but some are aggre-
gated to a size of 15 nm or larger. As a result of the phase and micro-
structure analysis, it was confirmed that the Li-ion implantation process
with different discharge voltages produces different microstructures on
the Ag-ZnO PNSs: nanocrack formation for 0.6 V, and size reduction and
Zn formation for 0.3 V.

XPS analysis was used to determine the surface chemical state of the
as-prepared materials, particularly the oxygen states that have the
greatest effect on sensing properties. Because the binding energy
measured using XPS is the unique energy of the element, it is possible to
analyze the elements in the sample. As the binding energy varies with
the chemical binding state, information on the latter can be obtained.
Thus, XPS simultaneously provides chemical information on the chem-
ical structure and oxidation state of the sample component atoms. Fig. 6
shows the XPS spectra of the O 1 s state for ZnO NPs, Ag-ZnO PNSs, Ag-
ZnO PNSs_0.6 V, and Ag-ZnO PNSs_0.3 V. As shown in Fig. 6, the XPS
O1s peaks of the samples were deconvoluted into three individual quasi-
Gaussian peaks centered on ~530 eV (red line), ~531 eV (orange line),
and ~532 eV (green line). The low-energy curve is associated with the
lattice oxygen in the ZnO structure, and the high-energy curve is
attributed to the presence of loosely bound oxygen on the surface, such
as in HyO and OH groups [27]. The intermediate-energy curve corre-
sponds to oxygen ions in oxygen-deficient regions [27]. The peak of the
oxygen vacancies in the XPS profile does not correspond to the signal
from the vacancies because an absent atom cannot have a signal in the
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XPS profiles. However, it can be assigned to the lattice oxygen ions (0~2)
bonded to the lower-valence cation (O). The cations have an oxidation
state lower than that of the chemical formula. Such cations are
responsible for maintaining the charge balance in the structure, thereby
ensuring the presence of oxygen vacancies. Therefore, an unusual and
asymmetric signal for an existing oxygen atom can be used as an indirect
measure of the percentage of absent oxygen atoms.

Among the various oxygen states, oxygen vacancies are prevalent in
this class of MOS and contribute significantly in improving the sensing
performance of MOS [28]. They act as donors by transferring electrons
from the MOS conduction band to adsorbed oxygen molecules, thereby
promoting the ionization and chemisorption of oxygen ion species on
the surface [28-30]. When exposed to the target gas, the oxygen ion
species adsorbed on the sensing material’s surface react with the target
gas molecules. Therefore, the more oxygen vacancies there are, the
stronger the response to the target gas. Therefore, the number of oxygen
vacancies was estimated by calculating the area fraction of the O-defi-
cient peak. The oxygen vacancies in ZnO NPs, Ag-ZnO PNSs, Ag-ZnO
PNSs_ 0.6 V, and Ag-ZnO PNSs 0.3 V were ~12, ~17, ~31, and ~20
%, respectively.

The oxygen vacancies were also examined using PL. Fig. 7 displays
the PL spectra of ZnO PNSs, Ag-ZnO PNSs, Ag-ZnO PNSs_0.6 V, and Ag-
ZnO PNSs_0.3 V. All samples show a dominant sharp peak between 350
and 450 nm and a small broad peak between 750 and 800 nm. In
particular, the Ag-ZnO PNS-based samples shows a broad peak between
450 and 750 nm. This is attributed to the intrinsic and extrinsic defects
within the wurtzite structure of the ZnO PNSs [31,32]. As shown in
Fig. 7(a), among the samples, Ag-ZnO PNSs_0.6 V showed more intense
visible emission between 450 and 750 nm. This observation can be
explained using the fact that surface dislocations could be one of the
factors playing a role in the intense visible emission for the nanosheets
[33]. The intense visible emission in Ag-ZnO PNSs_0.6 V could be caused
by the formation of nanocracks through the surface, as can be seen in
Figs. 3 and 4. In addition, Ag-ZnO PNSs_0.3 showed significantly

reduced PL intensity and red-shift of the PL spectrum compared to other
samples. This could be attributed to the reduced weight fraction of the
ZnO phase and size reduction of ZnO PNSs, as observed in XRD results
(Fig. 2).

To understand the optoelectronic states of the samples, we decon-
voluted the entire range of spectra of the Ag-ZnO PNS-based samples via
Gaussian fitting, as shown in Fig. 7(b)-(d). The PL spectrum can be
deconvoluted into an ultraviolet (UV) emission peak centered at
approximately 380 nm and visible emission peaks, violet, blue, green,
yellow, orange, and red emissions in the wavelength ranges of 370-380,
380-449, 450-497, 498-569, 570-589, 590-619, and 620-750 nm,
respectively [31,32]. The UV emission peak is associated with the
near-band-edge emission due to recombination of free excitations,
which is in agreement with the band gap of bulk ZnO [34]. The other
emission peaks are attributed to zinc interstitials (Zn;), extended zinc
interstitials (ex-Zn; denoted as both Zn;” and Znj"™), singly charged ox-
ygen vacancies (Vg)), doubly charged oxygen vacancies (Vg'), and excess
oxygen present on the sample surface [31,32,35]. The origin of the
near-infrared (NIR) emission between 750 and 850 nm has been sug-
gested to be an oxygen-related defect or a Zn interstitial [33]. Therefore,
the visible and NIR emission peaks are closely related to the intrinsic and
extrinsic defects of Ag-ZnO PNS-based samples. We estimated the area
fraction of the deconvoluted green, yellow, orange, red, and NIR peaks,
as presented in Table S1. Among these, green and yellow emission peaks
are responsible for oxygen vacancies, which significantly affect the
sensing properties of ZnO. The estimated area fraction of green and
yellow peaks is 37 % for Ag-ZnO PNSs, 53 % for Ag-ZnO PNSs_0.6 V, and
39 % for Ag-ZnO PNSs_0.3 V. Thus, the result indicates that the amount
of oxygen vacancies increases in the order of Ag-ZnO PNSs, Ag-ZnO
PNSs_0.3 V, and Ag-ZnO PNSs_0.6 V, which is consistent with the XPS
results (Fig. 6).

The No adsorption-desorption method was used to estimate the
specific surface area, which is another important material parameter
that improves sensing performance. A greater specific surface area
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Fig. 8. N adsorption-desorption isotherm of ZnO NPs, Ag-ZnO PNSs, Ag-ZnO
PNSs_0.6 V, and Ag-ZnO PNSs_0.3 V.

indicates a greater number of Ny absorption sites on the particle surface,
resulting in a greater number of reactive sites for detecting the target
gas. The Ny adsorption—-desorption isotherms of ZnO NPs, Ag-ZnO PNSs,
Ag-ZnO PNSs_0.6 V, and Ag-ZnO PNSs_0.3 V are shown in Fig. 8. The
BET specific surface area for the ZnO NPs, Ag-ZnO PNSs, Ag-ZnO
PNSs 0.6 V, and Ag-ZnO PNSs 0.3V was estimated from the Ny
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adsorption branches and was determined to be approximately 16.0,
29.7, 65.9, and 42.3 m?/g, respectively. The pore volumes of the PNSs
were estimated to be ~0.079, ~0.314, and ~0.168 cc/g for Ag-ZnO
PNSs, Ag-ZnO PNSs_0.6 V, and Ag-ZnO PNSs_0.3 V, respectively.

The sensing properties of the as-prepared samples were tested for
detection of 10 ppm acetone at various operating temperatures ranging
from 250° to 500°C. The sensing response curves of the ZnO NPs, ZnO
PNSs, Ag-ZnO PNSs, Ag-ZnO PNSs_ 0.6 V, and Ag-ZnO PNSs_ 0.3V to
10 ppm acetone at various operating temperatures are shown in Fig. 9.
The sample response curves were obtained from the sensing resistance
curves for 10 ppm acetone under various operating temperatures, as
shown in Fig. S3. The figure indicates that the initial resistance of each
sensor in air decreases with increasing temperature. This is attributed to
the intrinsic properties of MOSs. In addition, a decrease of one to two
orders of magnitude was observed for the sensor resistance in air using
the Li-treated samples (Figs. S3(d) and (e)) compared with the bare
samples (Figs. S3(a)-(c)). According to the XPS analysis, Li-ion treat-
ment increases the number of oxygen vacancies (Fig. 6). The oxygen
vacancies in ZnO behave as a donor and raise the position of the valence
band, resulting in band gap narrowing [28,36,37]. Therefore, an in-
crease in the number of electrons contributes to an increase in the
electrical conductivity of ZnO with more oxygen vacancies. When a
reducing gas is exposed to the sensor, the sensor resistance decreases
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Fig. 9. Variation in the sensing response of (a) ZnO NPs, (b) ZnO PNSs, (c) Ag-ZnO PNSs, (d) Ag-ZnO PNSs_0.6 V, and (e) Ag-ZnO PNSs_0.3 V to 10 ppm acetone at
various operating temperatures ranging from 250 to 500 °C. (f) Response time of the ZnO NPs, ZnO PNSs, Ag-ZnO PNSs, and Ag-ZnO PNSs_0.3 V under exposure to
10 ppm acetone at their optimal operating temperature of 450 °C. The response time of Ag-ZnO PNSs_0.6 V is displayed in the inset of Fig. 8(d).
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because ZnO is an n-type semiconductor. Depending on the samples,
different sensing performances were observed. The response times of the
samples were estimated based on the time required for the sensor to
achieve 90 % of the total response change for the target gas from the
response curves exhibiting the highest sensing response at their optimal
operating temperature. The results show that the samples treated with
Li-ion implantation (Ag-ZnO PNSs_0.6 V and Ag-ZnO PNSs_0.3 V) have a
response time of ~2 s, whereas the other samples have a response time
of ~10s (inset of Fig. 8(d) and Fig. 8(f)). However, all the samples
exhibited long recovery times. This is a typical characteristic of
MOS-based gas sensors. The reason for the long recovery time of MOS
sensors is not well known; however, it may be due to its working prin-
ciples. At the working temperature of the ZnO PNSs (400 °C), the 02~
species mainly interact with acetone according to the following equation
[38]:

CH3COCH; (yg0) + 804 = 3CO gae) + 3H>O(es) + 1667 5)

Therefore, during the removal of the target gas, there is a possibility
that CO3 and HO gases, which are by-products of the chemical reaction

Concentration (ppm)

between acetone and oxygen ion species, remain on the surface of the
ZnO PNS, thus prolonging the recovery time.

The maximum sensing response to 10 ppm acetone as a function of
operating temperature for various samples, including ZnO NPs, ZnO
PNSs, Ag-ZnO PNSs, Ag-ZnO PNSs 0.6 V, and Ag-ZnO PNSs 0.3V is
shown in Fig. 10(a). For sensing 10 ppm acetone, the optimal operating
temperature was 400 °C for Ag-ZnO PNSs_0.6 V, and 450 °C for ZnO
NPs, ZnO PNSs, Ag-ZnO PNSs, and Ag-ZnO PNSs_0.3 V. The highest
sensing responses of the samples at their optimal operating temperatures
for 10 ppm acetone are summarized in Fig. 10(b), which were ~7, ~8,
~38, ~319, and ~41 for the ZnO NPs, ZnO PNSs, Ag-ZnO PNSs, Ag-ZnO
PNSs 0.6 V, and Ag-ZnO PNSs 0.3V, respectively. The ZnO PNSs
decorated with Ag NPs demonstrated a higher response than the bare
ZnO NPs and bare ZnO PNSs as shown in Fig. 10(b). The response values
of bare ZnO NPs and bare ZnO PNSs were particularly similar. The bare
ZnO PNSs have nearly identical morphology and microstructures (size of
NSs, as well as size and density of pores) to the Ag-decorated ZnO PNSs
(Fig. S4). Therefore, even though the PNSs are several pm in size, the Ag
nanoparticles play an important role as a catalyst to greatly improve the

Table 1

Comparison of the sensing properties of various types of metal-oxide-based sensors for the detection of acetone.
Sensing material Operating temperature (°C) Concentration Response Sensitivity” Detection limit Response time Ref.

(ppm) (AR/Ry) (ppm ) (ppm) )

Ag-ZnO PNSs_ 0.6 V 400 10 319 31.9 0.1 2 This work
Ru-doped SnO, NFs 200 200 167 0.83 0.5 1 [39]
Pt-decorated Al-doped ZnO NPs 450 10 421 42.1 0.01 2.9 [40]
Pt-PS-WO3 NFs 350 5 120 24 0.1 <32 [41]
Pt-loaded SnO, NTs 350 5 93 18.6 1 >120 [42]
Si-doped WO3; NPs 400 0.6 4.5 7.5 0.02 >780 [43]
Co-doped WO3 with carbon 50 4.5 4 0.9 0.5 >6 [44]
Al-doped ZnO NPs 500 1 12 12 0.01 11 [45]
Ce05-ZnO NP 75 100 104 1.0 2 7 [46]
Hollow ZnO/MoS, core/shell 300 4.12 1 4.1 0.1 19 [47]1

? sensitivity = response/concentration.
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Fig. 11. Summary of the (a) sensing response, (b) BET surface areas, and (c)
oxygen vacancies of ZnO NPs, Ag-ZnO PNSs, Ag-ZnO PNSs 0.6 V, and Ag-
ZnO PNSs_0.3 V.

acetone sensing performance. When compared to the other samples, the
Ag-ZnO PNSs_0.6 V exhibits a superior sensing response at the relatively
lower optimal operating temperature of 400 °C. At the optimal oper-
ating temperature, the sensing properties of Ag-ZnO PNSs_0.6 V with the
highest sensing performance were investigated using different acetone
concentrations. The variation in the sensing response of Ag-ZnO
PNSs_0.6 V for different acetone concentrations at 400 °C is shown in
Fig. 10(c). The Ag-ZnO PNSs_ 0.6 V exhibits a linear relationship be-
tween the range of 0.1-10 ppm, as shown in Fig. 10(d), with a high
linear correlation coefficient of R? = 0.996. Therefore, the sensitivity
(slope) of the sensor in the range of 0.1-10 ppm acetone was estimated
to be ~30.14.

We further compared the acetone-sensing performance of Ag-ZnO
PNSs_0.6 V with those of previously reported MOS-based gas sensors
[39-47]. The sensing performance of Ag-ZnO PNSs_0.6 V was compared
as the ratio of the response to the acetone concentration, as listed in
Table 1. Ag-ZnO PNSs_0.6 V exhibited relatively high sensitivity, low
detection limit, and fast response time.

The sensing response of the samples to 10 ppm acetone is summa-
rized using chemical and physical characteristic values, which have a
significant impact on sensing performance. The sensing response, oxy-
gen vacancy content, and BET surface areas of ZnO NPs, Ag-ZnO PNSs,
Ag-ZnO PNSs 0.6 V (nanocracked Ag-ZnO PNSs), and Ag-ZnO
PNSs_0.3 V (size-reduced Ag-ZnO PNSs) are shown in Fig. 11. Accord-
ing to the microscopic analysis, it was confirmed that the Li-ion
implanted Ag-ZnO PNSs at 0.6 V have nanocracks with a width of
~2.3 nm throughout the surface, while the Li-ion implanted Ag-ZnO
PNSs at 0.3 V have the size-reduced PNSs. The sensing response of the
samples followed the trend of oxygen vacancy (V') and specific surface
area (aggr) as shown in Fig. 11. Therefore, the differences in sensing
performances for different samples can be explained by increases in Vg
and ABET-

The intrinsic Ag-ZnO PNSs have larger Vy and aggr than the ZnO
NPs, despite the fact that the NSs are significantly larger than the NPs in
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Fig. 12. (a) Sensing response of Ag-ZnO PNSs_ 0.6 V for 10 ppm of various
gases including Hs,S, isoprene, ethanol, and benzene. (b) Effect of humidity on
sensing response of Ag-ZnO PNSs_ 0.6 V for 10-ppm acetone under conditions
without humidity (dry, 0 % RH) and with 90 % RH.

size. This shows that the pore structure was effective in providing these
properties at a higher level. Size-reduced Ag-ZnO PNSs, on the other
hand, have higher Vg and aggr than intrinsic Ag-ZnO PNSs due to the
decrease in size. However, the two values of the size-reduced Ag-ZnO
PNSs are lower than those of the nanocracked Ag-ZnO PNSs. The lower
Vg of size-reduced Ag-ZnO PNSs is because the conversion to ZnO was
much reduced while a larger fraction was transformed to Zn as observed
in XRD (Fig. 2). The lower aggr is due to a significant decrease in pore
volume as the pore structure collapsed due to the size reduction. It
should be noted that the nanocracked Ag-ZnO PNSs have the highest
values of Vg and aggr due to the presence of nanocracks containing
defects distributed throughout the surface of the nanosheet and the
highest pore volume.

As a result, even when compared to the much smaller ZnO NPs
(~20 nm), the nanocracked Ag-ZnO PNSs (~2pum) exhibited a
remarkably high response. The excellent sensing performance of nano-
cracked Ag-ZnO PNSs is attributed to the increased number of Vi and
specific area in the presence of nanocracks, as well as the catalytic effect
of Ag NPs. Therefore, our findings show that the formation of nano-
cracks by Li-ion implantation is an effective way to simultaneously in-
crease V¢ and surface area of ZnO, while also significantly improving
gas sensing performance by increasing the number of sensing reaction
sites.

We investigated the sensitivity of the Ag-ZnO PNS _0.6 V to other
interfering gases at the optimal operating temperature to test its use-
fulness in practical applications. At 400 °C, Fig. 12(a) depicts the sensing
response of the Ag-ZnO PNSs_0.6 V toward 10 ppm of various exhaled
gases of HoS and isoprene, as well as indoor/industrial hazardous gases
of ethanol and benzene. The sensing response can be preferentially
attributed to large dipole moments in the molecular structure of the
target gas [48]. The dipole moment of acetone (2.91D) is much higher
than that of HyS (0.98D), isoprene (0.25D), ethanol (1.60D), and ben-
zene (0D). Therefore, when compared to the other gases, the Ag-ZnO
PNSs_0.6 V exhibited a significantly higher response to acetone. This
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Fig. 13. Long-term stability of the sensing performance of Ag-ZnO PNSs_0.6 V: (a) Response curves of the sample prepared in the fresh state and stored state for 3
months after sensing measurement for the detection of 10 ppm acetone at 400 °C. (b) SEM image of the sample cast on the interdigitated Pt electrodes after sensing
measurement at 400 °C, following 3 months of stored state. (c) Low and (d) high-magnification SEM image of the sample in (b).

indicates that the Ag-ZnO PNSs_0.6 V are extremely sensitive to acetone.
Fig. 12(b) presents the effect of humidity on the sensing response of
Ag-ZnO PNSs_0.6 V with 10 ppm of acetone under different humidity
conditions (0 and 90 RH%) at the optimal working temperature of
400 °C. At a high humidity of 90 RH%, the response decreased to ~194,
indicating ~61 % reduction in response to 10 ppm acetone. This implies
that the sensing performance of Ag-ZnO PNSs_0.6 V at a high humidity is
significantly degraded by the contamination of their reactive sites owing
to the adsorption of water molecules. However, the degradation of
sensing response due to high humidity can be prevented by employing a
membrane moisture filter used in commercial gas sensors.

We also investigated the long-term stability of the Ag-ZnO
PNSs_0.6 V for acetone sensing. The response curves of the Ag-ZnO
PNSs_0.6 V prepared in the fresh state and stored for 3 months after
sensing measurement for the detection of 10 ppm acetone at 400 °C, are
shown in Fig. 13(a). After 3 months, the response to 10 ppm acetone
decreased by ~7 % (~297) compared to the fresh state (~319). The
microstructural changes that occurred as a result of sensing measure-
ments were also investigated. SEM images of the sample cast on the
interdigitated Pt electrodes after sensing measurement at 400 °C after 3
months of storage, are shown in Fig. 13(b)-(d). The SEM images show
that the PNSs retain their structure without agglomeration (Fig. 13(c))
and the nanocrystals are still present on the surface of the PNS (Fig. 13
(d)), confirming the reliability and stability of the samples. Gas sensors
based on MOS NPs have a problem in that the gas reactivity decreases
significantly during repeated measurements due to agglomeration or
aggregation, whereas the gas sensor based on nanocracked Ag-ZnO PNSs
has a significant advantage as a sensing material because the nanocrack
structures are preserved even after repeated measurements at high
temperatures.
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4. Conclusions

We present an innovative approach to defect engineering for
improving the acetone sensing performance of ZnO-based sensors. To
change the morphology and structure of the Ag-ZnO porous nanosheets,
an electrochemical Li-ion implantation process was used. Nanocracks
can be generated while the crystal structure of ZnO is preserved by
controlling the discharge voltage. The nanocracks created activate the
electron movement path further by increasing the number of oxygen
vacancies and the specific surface area. The nanocracked Ag-ZnO porous
nanosheets demonstrated an excellent sensing response (~319) to
10 ppm acetone and a low detection limit (0.1 ppm) at the optimum
operating temperature of 400 °C due to this synergetic effect. Further-
more, it was discovered that the gas sensor based on nanocracked Ag-
ZnO porous nanosheets has a significant advantage because the nano-
crack structures are maintained even after repeated high-temperature
measurements. Our findings indicate that Li-ion implantation is an
effective method for improving the sensing performance of metal oxides.
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