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Atomic step formation on porous ZnO nanobelts:
remarkable promotion of acetone gas detection up
to the parts per trillion level}

Toshio Itoh and Yoshitake Masuda (& *

Atomic defects, such as steps and kinks, can promote the efficiency of chemical reactions. These defects
provide coordinatively unsaturated sites (CUSs) in metal oxides and the CUSs react with other molecules
with relatively lower energy. Thus, decoration with atomic step structures can be a cost-effective
strategy that can replace novel metal catalysts to enhance the gas sensing performance. Herein, atomic

step structure decorated porous ZnO nanobelts were synthesized for acetone gas sensing below the

parts-per-trillion (ppt, 107?) level. Numerous atomic step structures could be formed by removing H
and F atoms that occupied a high atomic ratio and a low weight ratio, during the conversion process of
ZnOHF. Atomic step structures on ZnO allow an outstanding sensitivity, i.e., detection up to 200 ppt, and
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its theoretical limit of detection (LOD) was 72 ppt. This result was due to the edge of the atomic step

that promotes electron transfer and induces oxygen chemisorption by restricting the diffusion on the flat

DOI: 10.1039/d2ta02789%
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1. Introduction

Controlling the exposed crystal facet is a well-known effective
strategy for enhancing the reactivity of nanomaterials without
using expensive catalysts, such as Pt, Pd, and Ru.*™* Following this
strategy, the morphology of nanomaterials has been varied by
controlling the growth direction, and the suitable facets for desired
reactions have been investigated. However, atomic level surface
modification could provide a considerably higher surface reac-
tivity. This modification method forms kink and step structures
representative of atomic defects on the surface. The coordination
numbers of the atoms located at the steps and kinks are lower than
those of other atoms. Thus, chemical reactions preferentially occur
at these positions.>® These coordinatively unsaturated sites have
been investigated to improve the chemical reaction efficiency. For
instance, the reactivities for dehydrogenation on Pt and N, acti-
vation on Ru were enhanced at step structures.”™* Moreover, steps
are equivalent to the existence of various types of crystal facets
within a single specific facet. Consequently, the reaction efficiency
of the exposed facet can be dramatically improved by atomic level
modification. Therefore, nanomaterials modified using this tech-
nique can be applied for ultrasensitive gas sensing.

Volatile organic compound (VOC) analysis of skin gas is an
attractive technique for advanced healthcare applications.
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surface. The atomic defect engineering on the metal oxide by conversion from metal hydroxide fluoride
will trigger the fabrication of extremely sensitive sensing materials that do not require novel metal catalysts.

VOCs, such as acetone, ammonia, and nitric oxide, are
byproducts of human physiology that have been investigated
because their composition and concentration are potential
indicators of health conditions.”*™ In particular, acetone is
formed via ketonization through metabolism or lipolysis, and
its concentration can provide important information about the
body." In general, the VOC analysis technique is a noninvasive
and convenient method, which has been performed using
human breath.*>'® Owing to the recent development of wearable
materials, skin gas analysis is desired because of its outstanding
ability to collect information in real time for a long period."”**
However, sensors for skin gas require superior sensitivity
compared with that of breath gas sensors. For example, the
acetone concentration in the exhaled breath of a patient with
diabetes is over 1.8 ppm,** whereas the acetone concentration in
skin gas is a few tens of parts per billion (ppb) in the reference
model and a few hundred ppb for patients with diabetes.>*** In
addition, a diagnosis based on the specific standard concen-
tration is not reasonable owing to differences between indi-
viduals. Thus, continuous monitoring of the variation in the
acetone concentration is more suitable for a comprehensive
assessment of health conditions. To detect small variations in
the acetone concentration in skin gas, the development of
sensor materials that are reliable not only at the ppb level but
also at the parts-per-trillion (ppt) level is required.

In this study, porous ZnO nanobelts with atomic step
structures were prepared for ppt-level gas sensing. The
morphology and formation process of the atomic step structure
on the ZnO surface were investigated. For sensing applications,
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the gas sensitivity and selectivity were confirmed under opti-
mized conditions. In particular, the linearity of the gas response
for acetone concentration below ppb and ppt levels was evalu-
ated for sensor reliability.

2. Results
2.1. Material characterization

A schematic of the formation process of the porous ZnO
nanobelts is presented in Fig. 1a. ZnOHF nanobelts were
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synthesized after the reaction of ZnF,-4H,0 and hexamethy-
lenetetramine (HMT) at 80 °C. The ZnOHF nanobelts were
converted into porous ZnO nanobelts with atomic steps by heat
treatment at 500 °C for 2 h. The white powder, ZnOHF, changed
to light yellow during this process (Fig. S1t), which may indicate
the presence of numerous oxygen vacancies in the ZnO struc-
ture. To clarify the conversion temperature from ZnOHF to ZnO,
thermogravimetric analysis (TGA) of ZnOHF was performed up
to 900 °C in air. In total, 25% weight loss occurred during the
process, as shown in Fig. 1b. The initial approximately 5%
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(a) Schematic of the synthesis process of porous ZnO nanobelts by conversion of ZnOHF; (b) TGA curves of the ZnOHF structure with

weight loss from moisture and HF; and (c) XRD pattern and (d) high-resolution Zn 2p, O 1s, and F 1s XPS spectra of the porous ZnO nanobelts.
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weight loss is attributed to the removal of adsorbed water.
Subsequently, the weight of ZnOHF rapidly decreased (20%
weight loss) from 320 to 490 °C. This weight loss indicates the
decomposition of ZnOHF into ZnO and HF, and the ratio of
weight loss is consistent with the atomic weight ratio (relative
atomic weights, Zn: 65, O: 16, H: 1, F: 19).>

X-ray diffraction (XRD) analysis was conducted to confirm
the crystalline structures of the samples. The diffraction pattern
of the ZnO nanobelts (Fig. 1c) was indexed to the hexagonal
wurtzite structure P6zmc (JCPDS no. 36-1451), indicating
complete conversion to the ZnO structure after calcination at
500 °C when compared with the XRD pattern of ZnOHF
(Fig. S2at). X-ray photoelectron spectroscopy (XPS) analysis was
conducted to determine the chemical bonding information
(Fig. 1d). In the high-resolution Zn 2p spectrum, two peaks
associated with 2p;,, and 2p,, were observed at 1022.6 and
1045.7 eV, respectively. The O 1s spectrum was deconvoluted
into three Gaussian distributions, located at 531.11, 532.13, and
533.03 eV. The peak at 531.11 eV was attributed to O*~ ions in
the lattice (Oy), the peak at 531.13 eV was assigned to oxygen
vacancies (Oy), and the peak at 533.03 eV was ascribed to the O
chemisorbed state of dissociated oxygen (O¢).>* The O¢ can
influence the gas-sensing performance because the pre-
adsorbed O species are a significant component that reacts
with target gas molecules.”” The area proportion of each peak in
the O 1s spectrum is presented in Table S1.f The peak associ-
ated with F 1s was not observed because the HF disappeared
during heat treatment. Compared with the XPS results of
ZnOHF (Fig. S2bt), the differences in the peaks prove the
complete conversion to ZnO. The Zn 2p peaks were slightly blue-
shifted (2.4 eV), indicating considerable oxygen deficiency in
ZnO. The dominant OH peak in the O 1s spectrum and the
strong F 1s peak for ZnOHF were no longer observed. The
specific surface areas of the nanobelt structures were
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characterized by N, adsorption/desorption isotherms. As pre-
sented in Fig. S2c,t the calculated Brunauer-Emmett-Teller
(BET) surface areas of the ZnO and ZnOHF nanobelts were
315.28 and 230.96 m* g, respectively. The BET value increased
because the conversion of ZnOHF into ZnO led to the formation
of a porous structure.

Field-emission scanning electron microscopy (FE-SEM) was
used to examine the morphologies of the ZnO nanobelts. As
shown in Fig. 2a, there were numerous nanobelt structures over
the length of a few micrometers, which were thin enough that
other structures were visible through them. The width of the
nanobelts was less than 100 nm, and they appeared to have
pores, as shown in Fig. 2b. The ZnOHF morphology was almost
the same as that of ZnO, except that it lacked pores (Fig. S3a and
bt). The porous structure of the ZnO nanobelts was clearly
visible in the transmission electron microscopy (TEM) image in
contrast to ZnOHF (Fig. 2c¢ and S3ct). A detailed chemical
analysis was conducted using high-angle annular dark-field
(HAADF) scanning transmission electron microscopy (STEM)
and energy-dispersive spectroscopy elemental mapping. The
porous structure of ZnO was also confirmed by the presence of
dark contrast regions, which were absent for ZnOHF (Fig. 2d
and S3df). In the elemental maps, Zn (49.5%) and O (50.2%)
were uniformly distributed in ZnO, whereas Zn, O, and F existed
at almost a 1: 1 : 1 ratio in ZnOHF (Fig. 2e-g and S3e-g7).

Fig. S4a and b} show that ZnOHF grew continuously along
the b-axis, and the growth orientation of ZnOHF was the (010)
direction according to the corresponding selected area electron
diffraction (SAED) pattern. As shown in Fig. 3a, each ZnO
nanobelt appeared to be elongated along the growth direction
of the ZnOHF structure rather than be spherical particles. The
atomic step structures on the surface were clearly confirmed in
the HR-TEM images. The step structures were distributed along
the side of ZnO (Fig. 3b) and had various sizes (Fig. 3c). The

Fig. 2
porous ZnO nanobelts.

This journal is © The Royal Society of Chemistry 2022

(a) Low- and (b) high-magnification SEM images; (c) TEM image; (d) HAADF-STEM image; and (e) Zn, (f) O, and (g) F elemental maps of the
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Fig. 3 (a) TEM image and (b—d) HR-TEM images of the atomic step structures at different magnifications, and (e) crystallographic schematics of

the atomic step and terrace structures.

atomic step structures were not concentrated in a specific
region but were distributed along the entire surface (Fig. S5a-
dt). Porous nanobelts with elongated particles and atomic step
structures formed because of the ZnOHF structure of the

13842 | J Mater. Chem. A, 2022, 10, 13839-13847

starting material. As shown in Fig. Séa and b, Zn and O
exhibited an elongated line morphology along the b-axis when
the H and F in ZnOHF disappeared. The distances between Zn
and O after H and F removal (Fig. S6¢c and d) were the same or

This journal is © The Royal Society of Chemistry 2022
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longer than the distance of typical ZnO (1.95 and 2.04 A). Based
on the TGA result, the weight did not increase after heat treat-
ment in air; thus, additional oxygen was not supplied for the
formation of ZnO. Consequently, the ZnO structure was built by
the distortion of existing atoms in the structure due to the lack
of O atoms. However, ZnO maintained the nanobelt structure of
ZnOHF, as shown in the SEM results. Thus, this conversion
process might have formed the porous structure and the atomic
step structure on the surface. The line-scanning intensity
profiles (inset in Fig. 3d) further revealed that the observed top
facet was the (001) plane of ZnO with a 0.335 nm lattice spacing.
Thus, the side exposed facet was (100) ZnO. The step length was
not constant, but the step height was almost exactly the size of
one atom. Depending on the terrace length, the step structure
comprised various types of exposed facets, such as (20), (40),
and (60), as shown in Fig. S7.} Furthermore, coordinatively
unsaturated atoms were located at the edge of the atomic step,
as shown in Fig. 3e. Typically, one Zn atom is coordinated with
four O atoms in the ZnO structure. However, Zn atoms located
at step edges are only connected to three O atoms. These
coordinatively unsaturated metal sites received further atten-
tion owing to their enhanced catalytic effect due to facile elec-
tron transfer.?*°

2.2. Acetone gas detection performance

We investigated the gas-sensing performance to confirm the
advantage of the atomic step structures in the ZnO nanobelts.
The preparation of the gas sensor is shown in Fig. 4a. A
dispersion of ZnO nanobelts was dropped and dried on a 3 X
3 mm substrate, which was assembled as a sensor. The stacked
thickness of the ZnO nanobelt varies from 1 to 1.76 pum as
shown in Fig. S8.1 The dynamic equilibrium of gas adsorption
and desorption on the oxide surface can be determined by the
operating temperature. Thus, to find the optimal temperature
for acetone gas sensing, the variation in the sensor temperature
with the applied voltage was measured using a thermal distri-
bution image (Fig. S9at). At 500 ppb of acetone, the gas
response was confirmed in the range 425-525 °C, and the
maximum response value (15.9) was obtained at 450 °C, as
shown in Fig. S9b.t The response and recovery times of the
porous ZnO nanobelts were 20 and 240 s, respectively
(Fig. S9ct). The response time (t.s) is defined as the time
required for the response to reach 90% of the maximum value
from immediate target gas exposure, and the recovery time (7yec)
is defined as the time required for the response value to reach
10% of the minimum value after exposure to air. In addition,
the short- and long-term stabilities of the gas sensor were
confirmed as presented in Fig. S10.f The gas selectivity for
acetone was confirmed by measuring isoprene, toluene,
ammonia, nitrogen dioxide, and hydrogen gases at 500 ppb, as
shown in Fig. 4b. The gas responses for acetone were more than
two times higher than those of the other gases. The dynamic
change in acetone gas sensing was measured at the ppb and ppt
levels at the optimal temperature. The variation in gas response
with gas concentration from the ppt level to the ppm level is
shown in Fig. S11.7 It was confirmed that the gas response of

This journal is © The Royal Society of Chemistry 2022
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the sensor was saturated at the ppm level. The results indicated
that it is suitable for detection below ppb for our original
purpose of skin gas detection. The dynamic curves clearly
exhibited a resistance change according to acetone gas not only
at the ppb level but also at the ppt level, as presented in Fig. 4c
and d, respectively. To further evaluate the sensing performance
of the ZnO nanobelts, the linearity of the response to variations
in the concentration and the limit of detection (LOD) were
analyzed (Fig. 4e and f). In the ppb range, the sensor response to
variations in the gas concentration showed higher R* values for
polynomial fits, indicating that the ZnO nanobelt sensor was
saturated in the range of several hundred ppb. However, it
showed good linearity in the ppt range (R> = 0.995), and its LOD
was only 72 ppt. The LOD is equal to 3.3 x /S, where ¢ is the
standard deviation of the blank signal, and S is the slope of the
linear fit.** Therefore, the ZnO nanobelts are a reliable sensing
material for a few hundred ppt to a few tens of ppb of acetone
gas, and they are suitable for the analysis of acetone in skin gas.

Although our sensing material only comprised ZnO nanobelts
as a pure metal oxide, its acetone gas sensing performance was
superior to most previously reported results, which were ob-
tained using p—n junctions or novel metal catalysts (Fig. 5a, Table
S2+).>* Moreover, this work has great value for practical
measurements below ppt levels of acetone gas. As shown in
Fig. 5b, several researchers reported theoretical LODs that were
less than a few ppb, but their experimental LODs were over a few
tens or hundreds of ppb. However, our gas sensing measurement
was conducted up to 200 ppt, and its theoretical LOD was 72 ppt.

The unique structure of ZnO nanobelts with atomic level
modification could lead to excellent sensing performance at
extremely low acetone concentrations (ppt level). For further
discussion, an understanding of the gas-sensing mechanism
corresponding to the molecular reaction process on the surface
is required. Gas sensing is performed by detecting a resistance
change that occurs through the interaction between the pre-
adsorbed oxygen species and the target gas molecules. Pre-
adsorbed oxygen species are generated when the metal oxide
is exposed to air at high temperatures. The state of oxygen is
converted according to temperature as follows:

O,(gas) © Os(ad) « Oy (ad) <
0~ (ad) < 0’ (ad) < O’ (lattice) (1)

During oxygen adsorption on the surface, ZnO, as a typical n-
type metal oxide semiconductor, generates a depletion layer by
extracting electrons from the conduction band. The depletion
layer induces a high potential barrier, and consequently, the
resistance increases. Subsequently, the pre-adsorbed oxygen
species on the surface are reduced by acetone molecules when
they come into contact with the gas sensor. Acetone is converted
to carbon dioxide and water as follows:

CH;COCHj; + 80 (ads) — 3CO; + 3H,0 + 8¢~ (2)
CH;COCH; + O, (ads) — CH3C*O + CH30™ + e~ (3)

CH,C*0 — CH;" + CO (4)

J. Mater. Chem. A, 2022, 10, 13839-13847 | 13843
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(a) Schematic of gas sensor preparation using a porous ZnO nanobelt dispersion, (b) gas response with various types of gases at 500 ppb,

and dynamic curves of acetone gas sensing for (c) ppb and (d) ppt levels, and the gas response for various acetone gas concentrations and their

fitting results below (e) ppb and (f) ppt levels.

CO + O, (ads) — CO, + e~ (5)

After these reactions, electrons trapped by the pre-adsorbed
oxygen species are released back into the conduction band, and
the potential barrier decreases. Therefore, gas sensing can be
performed by measuring the variation in the resistance.

Based on this reaction mechanism, pre-adsorbed oxygen is
considered a significant factor controlling the potential barrier
for gas sensing. The magnitude of the resistance variation can

13844 | J Mater. Chem. A, 2022, 10, 13839-13847

be determined by the amount of pre-adsorbed oxygen that is
formed and consumed on the surface. The atomic step struc-
tures enhance the generation of pre-adsorbed oxygen because of
their high reactivity, as shown in Fig. 5c. The order of energies
on a planar surface is Epuk < Esurface < Estep < Ekink-** The
difference in surface energy corresponding to coordinatively
unsaturated sites at an edge is favorable for electron transfer.
Thus, Zn atoms at the atomic step can easily react with an
oxygen molecule, generating pre-adsorbed oxygen. Another role

This journal is © The Royal Society of Chemistry 2022
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of the atomic step structure is the restriction of the surface
diffusion of oxygen atoms. Oxygen atoms can diffuse on the
surface owing to their kinetic energy, and this movement may
interrupt adsorption on the surface. However, the presence of
a step structure can inhibit diffusion and induce the adsorption
of oxygen species. Several density functional theory calculations
have reported that the oxygen adsorption energy on a stepped
structure is lower than that on a flat structure.**” Therefore, the
atomic step structure on the surface strongly improves the gas
sensitivity.

In addition, the structural properties of the sensing material,
such as porosity and one-dimensional structure, could enhance
the sensitivity by amplifying the potential barrier due to the
formation of the depletion layer. As presented in Fig. 5d, the
porous structure provides numerous interfaces, and the belt
structure also makes additional interfaces at the networking
junctions. The large number of interfaces in the intra- and inter-
structures leads to an intense change in the potential barriers.
These mechanisms could provide a synergistic effect resulting
in superior sensing performance, ie., detection of acetone
variation at extremely low concentrations.

3. Conclusion

In this work, porous ZnO nanobelts with atomic step structures
were successfully synthesized. The width of the nanobelts was
less than 100 nm, and the length was several micrometers.
Numerous uniformly distributed atomic step structures were
observed on the ZnO surface as (100) facets. The sensor
employing the ZnO nanobelts exhibited ultrahigh sensitivity,
with a gas response of 16.5 at 500 ppb, and the experimental
and theoretical LODs were 200 and 72 ppt, respectively. This
result from a pure oxide was superior to competitive results
obtained using metal catalysts or p-n junctions. The atomic
step structures allow ultrahigh sensitivity owing to coor-
dinatively unsaturated Zn sites and restricted surface diffusion.
In addition, the amplified potential barrier due to the porous
and 1D material structure produces a synergistic effect. Notably,
the porous ZnO nanobelts can detect acetone in the ppt range
with excellent linearity. Thus, they are an attractive candidate
for reliable acetone gas sensors to detect small concentration
changes in skin gas. Furthermore, through the development of
an atomic level modification technique, a cost-effective catalyst-
free gas sensor can be applied for real-time human condition
monitoring by skin gas sensing.

4. Experimental section
4.1. Chemicals

Zinc fluoride tetrahydrate (ZnF,-4H,O) and HMT were
purchased from Wako Chemicals (Japan). Distilled water was
prepared using a water purifier (WG203, Yamato).

4.2. Preparation of porous ZnO nanobelts

First, 300 mg of ZnF,-4H,0 and 240 mg of HMT were dissolved
in 200 mL of distilled water at 80 °C. The prepared solution

13846 | J Mater. Chem. A, 2022, 10, 13839-13847

View Article Online

Paper

was placed in polypropylene vessels and maintained at 80 °C
for 3 h to synthesize ZnOHF nanobelts. The white powder
(ZnOHF) was collected by centrifugation, washed with ethanol,
and then dried at 80 °C. The ZnOHF nanobelts were converted
to porous ZnO nanobelts by heat treatment at 500 °C for 2 h,
during which the color of the powder changed from white to
light yellow.

4.3. Characterization

The conversion temperature from ZnOHF to ZnO was evaluated
using TGA (Q50, TA Instruments) in air at a heating rate of
10 °C min~" from room temperature to 900 °C. FE-SEM (JSM-
6335FM, JEOL) was performed to confirm the nanobelt struc-
ture, and the porous and atomic step structures were observed
via a TEM and HR-TEM (Tecnai Osiris, FEI). The crystal struc-
tures of the samples were revealed via XRD (SmartLab, Rigaku
Co., Ltd.) with Cu Ko (2 = 1.5418 A) radiation at 40 kV and 30
mA; the diffraction patterns were acquired in the range 10-80°.
The chemical state of the surface was investigated using XPS
(ESCA 3400, Shimadzu). N, adsorption/desorption isotherms
were obtained at 77 K (cooled by liquid nitrogen) using a surface
area analyzer (Nova 2200e, Quantachrome Instruments), and
the specific surface area was determined using the BET method.
The crystal structure models were produced using the VESTA
program.*®

4.4. Acetone gas sensing measurements

A ZnO nanobelt gas sensor was prepared using a Pt-
interdigitated electrode chip (3 x 3 mm) as the substrate.
ZnO powder (10 mg) was mixed with ethanol (3 mL) and
uniformly dispersed in an ultrasonic bath for 30 min. Subse-
quently, the solution (5 pL) was dropped onto the electrode
chip and dried.

The sensing measurements were performed using a gas
mixer (MU-3609, Horiba) and a resistance meter. The prepared
gas sensor was installed in a chamber and detailed information
of the chamber is presented in Fig. S12.f The working
temperature was controlled in the range 450-550 °C. The vari-
ation in the temperature of the sensor with the applied voltage
was measured using a thermal camera (T420, FLIR). Pretreat-
ment was conducted at each working temperature for 2 h in air
to stabilize the gas sensor. The total flow rate in the chamber
was fixed at 200 sccm in all experiments. The gas response to
acetone as a target gas was defined as R./R,, where R, and R, are
the electrical resistances under air and the target gas,
respectively.
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