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Abstract. In this study, leaf-like zinc oxide (ZnO) nanosheets were successfully
synthesized by the microwave-assisted method through an easy, low-cost solvothermal
process with annealing at 500°C. Characterization of the synthesized material revealed
the mesoporous single-crystal leaf-like ZnO nanosheets with hexagonal wurtzite structure.
Mesoporous and single-crystal structure of gas sensor could provide high surface area, which
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N:ZZISDEZZ:SS" led to the diffusion of gas molecules and improvement of gas sensitivity. Consequently, the
Microwave ’ gas-sensing function of the leaf-like ZnO nanosheets was tested for different types of Volatile

Organic Compounds (VOCs). Sensitivity, stability, response, and recovery time of leaf-like
ZnO nanosheets sensor for ethanol vapor were the best at 255°C. According to results,
leaf-like ZnO nanosheets are a selective and sensitive sensor for ethanol vapor.

(© 2019 Sharif University of Technology. All rights reserved.

1. Introduction

During the last two decades, the environment has
been contaminated considerably by cars, factories, and
other diverse, harmful pollutants. The major part
of the so-called pollutions is a kind of hydrocarbon
compounds, such as ethanol, methanol, acetone, ben-
zene, hexane, toluene, and so on, classified as Volatile
Organic Compounds (VOCs) having boiling points
below 200°C. They are used in most parts of chemical
industries as solvents. They can be sick agents causing
allergies, asthma, cancer, and emphysema in human
being. Therefore, many studies have focused on the
development of the VOCs sensing materials, including
organic and inorganic semiconductors as well as their
hybrids [1-3]. Metal Oxide Semiconductors (MOSs)
as inorganic materials, such as SnQ,, ZnO, TiO,,
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Fe; 03, InyO3, and so on, are potential gas-sensing
materials [4]. Singh et al. [5] made a highly sensitive
ethanol sensor based on TiO, nanoparticles with the
sensitivity of ~ 0.052 mAM~'em™2. Yang et al. [6]
prepared a highly efficient ethanol gas sensor based
on hierarchical SnO5/Zn,SnQO4 porous spheres and
reached a response of 30.5 toward 100 ppm ethanol
in the optimum operating temperature of 250°C. Li
et al. [7] decorated the ZnySnO4 nanoparticles on re-
duced graphene oxide and investigated its performance
for ethanol sensing. The response of the fabricated
sensor to 100 ppm ethanol at the optimal operating
temperature of 275°C was as high as 38.

Zinc oxide is an n-type wide-bandgap semiconduc-
tor in the II-VI semiconductor group. It has extensively
been utilized in the fields of sensors and photocatalytic
activities. In order to enhance ZnO sensing prop-
erty, nanostructuring and nano miniaturizing is one
of the popular strategies. It has been revealed that
the gas sensing property increases rapidly when the
particle size becomes comparable to or smaller than
the Debye length. However, due to high-temperature
performance, usually above 200°C, of nano-size ZnO
material coated as a thin film on substrates in sensing
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applications, the nano effect of ZnO is influenced by its
unrestrained agglomeration to a certain extent, because
the van der Waals attraction is inverse to the size
of the particle. Hence, homogeneous dispersion of
nanoparticles is important and can be achieved through
a liquid medium by stirring [8].

Different morphologies of ZnO nanostructure have
been successfully synthesized and fabricated, includ-
ing nanorods [9-12], nanowires [13], floccule-like [14],
tetrapod-like [15,16], nanotubes [17], flower-like [18,19],
spindle-like [20], nanosheets [21,22], and nanoparti-
cles [23,24], in order to exploit the miniature-size,
highly dense surface sites, and increasing surface-to-
volume ratios for enhancing the performance of the
sensors.

Different types of synthesis have been applied to
preparing ZnQO, such as precipitation method, sol-gel,
hydrothermal, and so on [25-28]. In the present work,
we report hierarchically porous single-crystal leaf-
like ZnO nanosheets, which were successfully synthe-
sized through an easy, economical, microwave-assisted
solvothermal process [29,30] pursued by annealing of
the pre-synthesized material at 500°C for 3 hours in
the air atmosphere.

The sensors made of zinc oxide respond ex-
cellently to ethanol vapor. Characteristics such as
ultrahigh sensitivity, rapid response and recovery time,
best selectivity, and long-term stability are enhanced.
The surface atomic structure and morphology of the
sensor were analyzed through SEM, EDS, and XRD in
this study.

2. Materials and methods

2.1. Materials

Zinc nitrate, ethanol (%99.5), methanol, ammonia,
benzene, and toluene were purchased from Merck
chemicals, Germany. Acetone and formaldehyde were
obtained from Sigma Aldrich and Kilco, England,
respectively. Deionized water was used in all experi-
ments.

2.2. Preparation of leaf-like ZnO nanosheets
In a typical experiment, 4 g zinc nitrate was dissolved
in 80 mm ethanol. After stirring vigorously for 30 min,
the homogeneous solution was transferred into a Teflon-
liner autoclave reactor and then, put into a microwave
system. The reaction was conducted at 900 W for
2 hours.

After cooling to room temperature, the products
were washed and centrifuged with deionized water and
absolute ethanol several times. Then, the as-prepared
products were collected and dried at 80°C for 10 hours.
In order to obtain the final leaf-like ZnO nanosheets,
the precipitate was calcinated at 500°C for 3 hours by
means of electrical furnace [31].

2.3. Preparation of the gas sensor

In order to test the gas response, interdigitated elec-
trodes with 150 pm gap distance from each other on
the one side and a heater on the other side were printed
on substrate as shown in Figure 1. The leaf-like ZnO
nanosheets powder was dispersed in deionized water
and ultrasonicated for 30 min to obtain a homogenous
solution. Then, the solution was spread over inter-
digitated electrodes by using a micropipette and spin
coater spinning with 900 rpm for 4 min. The coated
substrates were heated to remove the solvent at 50°C
for 45 min.

2.4. Measurement of gas sensor properties

In order to evaluate the gas sensing properties of
the pre-fabricated sensor, its electrical resistance was
measured indirectly by using the circuit presented in
Figure 2. In this circuit, R, as a heater resistance value
is used to heat the sensor to the desired temperature
and Vj, is the applied voltage across the heater element.
R, represents the variable resistance value of the sensor
and V; is the voltage over the sensors. Ry as sample
resistance is used in order to measure the flowing
current through the sensor and V7, is the corresponding

Leaf-like ZnO
nanosheets thin film

Thin coated
interdigitated —————e
electrode

I—ﬂ

Heater element
(on another side
of electrode)

Figure 1. Structure of the sensor.

Vi

Ry, VL

Figure 2. Electric circuit for gas sensing measurement.
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voltage over Ry. The sensor current is calculated at the
left part of Eq. (1). V; is total voltage to bias the circuit
of serial sensor resistor (R;) and sampled resistor (Rp),
and finally, R, is the resistance of a sensor, which can
be determined indirectly by Eq. (1).

]L:VL/RL
= Rs=Vs/I.=((Vi-V))* Rp)/VL
Ve=V,— VL. (1)

In order to evaluate gas sensing property of the as-
prepared leaf-like (ZnO) nanosheets sensor, the home-
made gas tester was designed and fabricated with a
volume of 16 liters. In order to remove any pollutions,
nitrogen (N2) gas was inserted in the as-neutral gas and
taken out by another tap. Then, fresh air provided
by the electric air pump was inserted in the tester
through homemade humidity maker chamber. The
relative humidity was stabled by humidity sensors at 40
percent before and during the test. The temperature
sensor was used to monitor the temperature inside the
tester. Two fans were installed on the wall of the
tester to homogenize the inside of the chamber. After
reaching stability of the sensor resistance, the testing
gas was injected into the tester as a liquid by Eq. (2):

n= mg/Vchamber
= Vg = n‘/;halllber/Dg (2)
Vg =mgy/Dy,

where n is gas concentration (ppm), m, is liquid gas
mass (milligram), Vepamber 18 gas volume (16 L), and
Dy is gas density. After a definite time, the gas was
evacuated through the outlet lid, which was located
above the tester as shown in Figure 3.

2.5. Characterization

Microwave system and hydrothermal reactor were
used for synthesis. For the calcination of leaf-like
ZnO nanosheets, an electrical furnace shimaz20 was
used. X-Ray Diffraction (XRD) patterns and SEM
micrographs of samples were obtained by D5000 X-
ray diffractometer and MIRA3 TESCAN Scanning
Electron Microscope, respectively.
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Figure 3. Schematic diagram of the gas tester set-up.

3. Results and discussion

3.1. X-ray diffraction patterns

To investigate the crystalline structure of leaf-like ZnO
nanosheets, X-Ray Diffraction (XRD) analysis was
performed. Figure 4 shows the XRD patterns of the
as-prepared leaf-like ZnO nanosheets. All peaks were
well related to tetragonal ZnO (JCPDS 36-1451). No
other crystal phase was detected, indicating the high
purity of the final product.

In the annealing process, the crystalline nature
of the zinc oxide was improved at higher annealing
temperatures. It might be due to the annealing temper-
ature, providing enough energy for orientation toward
proper equilibrium sites, resulting in the improvement
of crystallinity and degree of orientation of the zinc
oxide [32]. The crystallite size was calculated using
the Scherrer equation (D = 0.89A/Bcos(6)), where
D is the average crystal size in nm, A is the X-ray
wavelength (CuK,, : 0.15406 nm), 8 is the Full Width
at Halt-Maximum (FWHM) of the peak, and 8 is the
corresponding Bragg diffraction angle. The average
crystallite size of the leaf-like ZnO nanosheets, which
was calculated by the Scherer formula at the FWHM
(101) and 26 = 36.45°, was approximately 19.53 nm.

3.2. Morphological studies

The morphology of the as-synthesized leaf-like ZnO
nanosheets was characterized via SEM as shown in
Figure 5. Figure 5(a) illustrates a sample image of
the as-prepared ZnO nanosheets that made up irregular
patterns of leaf-like nanosheets with 5-10 ym diameter
and 10-40 nm edge thicknesses. The magnified image
(Figure 5(c)) exhibits that the ZnO nanosheets have
rough surfaces and dense pores. Figure 5(b) shows
the image of the structure with random pores spread
on the ZnO nanosheets, which may result in higher
surface area, better gas diffusion, and more active sites.
Especially, the figure shows that the total structure of
as-prepared ZnO is leaf-like. Also, annealing increases
the uniformity of leaf-like nanostructures of ZnO as
confirmed by the SEM images.
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Figure 4. XRD pattern of leaf-like 2D ZnO nanosheets.
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SEM HV: 15.0 kV
View field: 50.9 ym

SEM MAG: 2.50 kx | Date(m/dly): 09/09/15

SEM HV: 15.0 kV WD: 11.63 mm
View field: 25.4 pm Det: SE
SEM MAG: 5.00 kx | Date(m/dly): 09/09/15

Figure 5. SEM images of leaf-like ZnO nanosheets in (a) low,

3.3. EDX analysis

As presented in Figure 6, it can clearly be deduced
from the analysis of the Energy-Dispersive X-ray spec-
troscopy (EDX) that zinc and oxygen elements were
present in the synthesized material with no other
element.  Therefore, the synthesized product was
approximately pure.

3.4. Gas sensing properties

Figure 7 shows the response of the leaf-like ZnO
nanosheets sensor to 100 ppm ethanol vapor at dif-
ferent working temperatures to determine the optimal
operating temperature. The result indicates that it is
about 255°C. Sensitivity of the sensor is calculated by
using the equation:

S =R./R,,

where R, is the resistance of sensor in the presence
of gas and R, is the resistance of sensor in the
air. At the optimal working temperature, the sensor
has the highest response of 51 to 100 ppm ethanol
vapor. According to the literature, the responses
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of different ZnO nanostructures including flower-like
ZnQ, Cr-doped ZnO, and 3-D hierarchical porous ZnO
are 30.4, 45, and 36.6, respectively. The mentioned
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Figure 6. EDS analysis of the leaf-like ZnO nanosheets.
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Figure 7. Response of the leaf-like ZnO nanosheets

probed at different temperatures to 100 ppm ethanol

vapor (in order to investigate the optimal temperature).

sensors act in relatively high temperatures and the
ethanol gas concentrations are 400, 400, and 50 ppm,
respectively [33].

All of the tests were performed at 255°C. It is
clear from Figure 8(a) that the sensing range of the sen-
sor is vast, approximately linear, especially for concen-
trations more than 100 ppm. Sensor response does not
saturate even to higher ethanol concentrations. It can
be due to the existence of more active sites. The sensor
responds to 100 ppm different organic and inorganic
gases including methanol, ethanol, acetone, ammonia,
formaldehyde, benzene, and toluene. Figure 8(b)
reveals that selectivity for ethanol vapor is high and
other VOCs and inorganic gases are suppressed. In
other words, the leaf-like ZnO nanosheets sensor has a
low cross-sensing property. Stronger reaction between
leaf-like ZnO nanosheets and ethanol than between
other gases may be the cause of this phenomenon [34].
It can be concluded from Figure 8(c) that repeatability
of the sensor is good. Its response and recovery time are
approximately 220 and 145 seconds, respectively. In
order to investigate stability of the sensor, the response
of the sensor to 100 ppm ethanol vapor was checked
every 10 days for three months. The result showed
good stability as illustrated in Figure 9.

3.5. Gas sensing mechanism

Sensing mechanism can be described as follows: on the
surface of the sensor, atmospheric oxygen molecules
were decomposed by high temperature to oxygen ions
such as 05, O~, and 0?7, as represented in Eqs. (3)-
(7). Negative oxygen ion species obtained electrons
from ZnO and made the depletion layer [35]. When
the sensor was exposed to ethanol as a reducing gas,
the adsorbed oxygen ions reacted with ethanol vapor
and released the adsorbed electrons. Subsequently, re-
sistance of the sensor significantly decreased (Eq. (7)).

05(gas) <25 0y (ads), (3)
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Figure 8. (a) Response of the sensor to different ethanol
concentrations (linearity). (b) Selectivity and (c)
repeatability investigation of the sensor for different types
of gases.

0 (ads) + e~ <2229, 07 (ads), (4)
05 (ads) + e~ <22°%, 20~ (ads), (5)
Oz (ads) + 2e~ 25576, 202 (ads), (6)
CoH;0H + 05 <229 0, H;0H + HoO +e-. (1)

Egs. (3)-(7) con note that performance of the
sensor strongly depends on diverse factors such as
interaction of target gas and oxygen ions, density of
the active sites, porosity, and surface to volume ratio,
which were met in the presented sensor, leading to
improved sensor parameters.
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Figure 9. Stability investigation of the sensor.

The enhanced gas sensing property of leaf-like
Zn0O nanosheets can be due to the good permeability
of leaf-like morphology of ZnO, resulting in good
gas diffusion and mass transfer on the surface or in
the inner region, hence the increase in adsorption
and the amount of ionization oxygen on the ZnO
nanosheets [36].

4. Conclusions

Low-cost, easily synthesized leaf-like ZnO nanosheets
were successfully prepared by microwave-assisted
solvothermal method. The porous surface of ZnO
nanosheets was rough and uniform as confirmed by
SEM images and EDS analyses. The improved gas
sensitivity at the low temperature of 255°C for ethanol
vapor might be attributed to the effective dense pores
and architecture of ZnO nanosheets. Sensitivity to
100 ppm ethanol vapor was 51 and selectivity investiga-
tion showed the best result for ethanol among different
types of gases. The response and recovery times were
improved.
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