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Sheet-like ZnO nanostructure was successfully synthesized through a simple, cost-effective, and low-
temperature sonochemical process followed by an etching treatment in an alkali environment at room
temperature without any catalyst, template, or seed layer. The morphology and crystallinity of the
products were examined by X-ray diffraction (XRD) analysis, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The as-prepared nanosheets with high purity were single
crystals and well-dispersed. A possible formation mechanism of ZnO nanosheets was proposed based on
the experimental results. Micro gas sensor fabricated from the as-prepared ZnO nanosheets were tested
to different concentration of volatile organic compounds (VOCs) gases. The gas-sensing results revealed
that ZnO nanosheets-based micro sensor exhibited high sensitivity to acetaldehyde and formaldehyde
with response time within 10 s and the detection limit down to 50 ppb. The excellent sensing property of
ZnO nanosheets is mainly attributed to their large specific area, accessible surface, and less agglomerated
configuration.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Since the gas sensing capability of metal oxide semiconductors
was revealed in the 1960s [1], great attention has been paid to the
investigation of gas sensors based on various semiconductingmetal
oxides, such as SnO2, TiO2, In2O3,WO3, and ZnO [2e4]. As one of the
key n-type multifunctional semiconductors, ZnO has been proved
to be a primary material to develop practical gas sensors owing
to its low-cost, facile preparation process, and high chemical and
physical stability [5,6]. Along with the progress of gas sensor
research, it has been found nanostructures with small crystal size,
large surface-to-volume ratio and high density of surface active
sites possess muchmore excellent sensing property comparedwith
their bulk counterparts. Thus considerable attention has been given
to gas sensors utilizing ZnO nanoparticles and one-dimensional
(1D) ZnO nanomaterials (e.g., nanorods, nanowires, nanotubes,
and nanobelts) in the last decade [7,8]. Recently, gas sensors based
on two-dimensional (2D) nanostructures such as nanosheets,
nanoflakes, and nanoplates have begun to attract the interest of
researchers due to the distinctive structure and high sensing
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performance [9e12]. Zhang et al. synthesized porous ZnO nano-
sheets through a low-temperature hydrothermal process followed
by annealing treatment. The obtained ZnO nanosheets exhibited an
ultrahigh response to ethanol at 400 �C [13]. Chen et al. fabricated
ZnO polygonal nanoflakes by themicrowave hydrothermal method.
Comparative tests demonstrated a gas sensor based on ZnO nano-
flakes was more excellent than that based on ZnO nanoparticles in
NO2 sensing performance [14]. However, compared to ZnO nano-
particles and 1D nanostructures, controlled synthesis of 2D ZnO
nanostructures and research on their gas sensing properties are still
at an early stage. Thus, an in-depth research on the synthesis of
ZnO nanosheets and exploration of their sensing properties are
necessary.

The indoor pollution of volatile organic compounds (VOCs), such
as benzene, toluene, acetaldehyde, and formaldehyde, has been
recognized as the principal cause of many diseases including
asthma, emphysema, allergies, and cancer, and received more and
more public concern these days [15]. However, the detection of
indoor VOCs, especially, in low concentration using conventional
sensing materials still remains a challenge, often failing to meet the
ultralow indoor leakage standard of VOCs. It is considered that 2D
nanostructures may have a potential to develop high performance
VOCs gas sensors owing to their large surface-to-volume ratio, less
agglomerated configuration, and distinct sheet-like structure.
of ZnO nanosheets for high-performance VOCs gas sensor, Current
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In the present study, dispersive single-crystalline ZnO nano-
sheets were synthesized through a two-step process, which
included the fabrication of ZnO nanorods by a simple, cost-
effective, and low-temperature sonochemical method, and etch-
ing treatment to etch nanorods into nanosheets in an alkali envi-
ronment at room temperature without any catalyst, template, or
seed layer. The sensor fabricated from the ZnO nanosheets showed
excellent sensing characteristics to acetaldehyde and form-
aldehyde, in terms of high sensitivity, and small response and re-
covery time. Most surprisingly, the detection limit was as low as
50 ppb.

2. Experimental details

2.1. Two-step fabrication and characterization of ZnO nanosheets

In the first step, ZnO nanorods as precursor were synthesized by
the sonochemical method at room temperature using zinc nitrate
hydrate (Zn(NO3)2$6H2O) and hexamethylenetetramine (HMT,
C6H12N4, also known as methenamine) as starting materials with-
out any surfactant, catalyst or template. In a typical process,
a 100 ml aqueous solution of Zn(NO3)2$6H2O and a 100 ml aqueous
solution of HMTat equivalent concentrations (0.025M)weremixed
together under vigorous magnetic stirring. The solution was sub-
sequently irradiated by intense ultrasound (500 W, 20 kHz) for
90 min under ambient conditions. The ultrasonic treatment was
performed using an ultrasonic processor (VCX 750, Sonics & Ma-
terials) with a 0.5-inch horn made of a titanium alloy. The trans-
parent solutions changed to white suspensions after irradiation.
The white precipitate was then separated from the solution by
centrifuge, washed with distilled water and ethanol five times each
to remove ionic impurities, and finally dried in a vacuum for 12 h at
room temperature.

ZnO nanosheets were subsequently fabricated by chemical
etching of the ZnO nanorods obtained from the above-mentioned
process. The ZnO nanorods powder was mixed with a proper vol-
ume of ethanol and vigorously stirred for 10 min. The resulting
suspension was then added dropwise into 50 ml NaOH solution
with a concentration of 1.5 M within 10 min at room temperature.
After constant magnetic stirring for 24 h, the white product was
centrifuged, washed, and dried in a vacuum, and finally ZnO
nanosheets were obtained.

The ZnO nanorods and nanosheets were characterized by X-ray
diffraction (XRD, Cu Ka) to observe the structural nature. The XRD
patterns were recorded from 10� to 80� (2q) at a scanning step of
0.02�. The morphology of the product was analyzed by field-
emission scanning electron microscopy (FE-SEM, Hitachi S-4300)
Fig. 1. (a) Schematic diagram of the micro sensor substrate; (b) cross-
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operated at 15 keV. The transmission electron microscopy (TEM)
and selected area electron diffraction (SAED) images were obtained
using a Hitachi H7600 transmission electron microscope at an ac-
celeration voltage of 100 kV.

2.2. Sensor fabrication and measurement

The micro sensor substrate was developed using MEMS tech-
nology tominimize the power consumption of the sensor. Themicro
substrateswere fabricated in 300-mm-thick, 4 inch Si wafers. A Si3N4
film was first deposited on the wafers by low pressure chemical
vapor deposition (LPCVD). Then, platinum (Pt) was deposited by
sputtering with a patterned mask. After removing the mask, a pat-
terned micro-heater and electrode were obtained. A silicon dioxide
(SiO2) passivation layer was deposited on top of the metallized Pt to
electrically isolate the sensing electrode from the micro-heater. The
dimensions of the substrate were 1.8 mm � 1.8 mm with
a 400 mm � 400 mm sensing area, as shown in Fig. 1(a). The gap
distance between the two electrodes was 70 mm, and the resistance
of the micro-heater was about 30 U.

The obtained ZnO nanosheets powder was mixed with ethyl
cellulose and a-terpineol (weight ratio 1:20) to form a homoge-
neous paste. The pastewas then coated onto theMEMS substrate by
a dropping method. Subsequently, the fabricated MEMS sensor was
dried at 90 �C for 2 h and annealed at 600 �C for 1 h. The drying
process was used to prevent a potential explosion during subse-
quent high temperature heating, while the annealing treatment
was used to remove the impurities and improve the stability of the
sensors. A cross-sectional view of the MEMS sensor after coating
ZnO nanosheets is shown in Fig. 1(b).

The preparedMEMS sensor was soldered to a tetrapod holder by
a wire bonding process and covered by a meshed cap. Then, the
sensor was placed into a test chamber with a total volume of 5 cm3.
Synthetic dry air at a constant flow rate of 250 sccm acted as
a carrier gas. Manufactured standard VOCs gases (acetaldehyde and
formaldehyde) were diluted with nitrogen (Daehan Gas Co., Ltd.)
for the desired concentrations, and were used as target gases. The
accurate concentration control of the VOCs gases was enabled using
a combination of certified cylinders and a mixing system equipped
with mass flow controllers and mass flow meters. The sensitivity is
defined as

Sð%Þ ¼ Rg � Ra
Rg

� 100% (1)

where Ra and Rg represent the resistance of the MEMS sensor upon
exposure to air and a target gas, respectively. The response and
sectional view of the micro sensor after coating sensing material.

n of ZnO nanosheets for high-performance VOCs gas sensor, Current
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recovery time are defined as the time taken by the sensor to achieve
90% of the total resistance change in the respective case of adsorp-
tion and desorption.

3. Results and discussion

3.1. Characterization and formation mechanism of ZnO nanosheets

The crystal structure and the phase purity of the ZnO nanorods
and the final ZnO nanosheets were characterized by XRD, and the
resultant XRD patterns are shown in Fig. 2. All peaks of the both
materials can be indexed to hexagonal wurtzite ZnO with a lattice
constant of a ¼ 0.325 nm and c ¼ 0.521 nm, which are consistent
with the value in the standard card (JCPDS card No. 36-1451). The
strong diffraction peaks indicate that the product is in a highly
crystallized form. No characteristic peaks for any other impurities
were observed, suggesting both samples have high purity. From the
XRD observation, it is found that the crystal structure of the product
is kept unchanged after etching treatment. The crystallite size of
ZnO nanosheets was calculated from X-ray line broadening analysis
using the Scherrer equation, D ¼ 0.89l/(bcos q), where D is the
average crystal size in nm, l is the X-ray wave length (Cu Ka:
0.15406 nm), b is the full width at half-maximum (FWHM) of the
peak, and q is the corresponding Bragg diffraction angle. The mean
crystallite size of the ZnO nanosheets was calculated to be
approximately 68 nm.

The morphology of the as-prepared ZnO nanosheets was char-
acterized via FE-SEM and TEM. Representative images obtained
with gradually increasing a magnification are displayed in Fig. 3.
Fig. 3(a) is a low-magnification FE-SEM image, indicating that well-
dispersed ZnO nanosheets was synthesized on a large scale through
this synthesis method. Its magnified image (Fig. 3(b)) reveals the
nanosheets have a size of about 200e400 nm and edge thickness of
about 10e60 nm. These values are close to the crystallite size of
68 nm previously calculated from the XRD measurement. The
composition of the nanosheets was further investigated by the
X-ray energy dispersive spectroscopy (EDS) as shown in the inset of
Fig. 3(b). From the EDS analysis, the atomic ratio of Zn and O in the
ZnO nanosheets was calculated to be approximately 1, matching
well with the nominal stoichiometry. Furthermore, no impurity
signals are observed other than Pt. The Pt signal originates from a Pt
film coated on the sample for SEM observation. A detailed struc-
tural analysis of individual nanosheets was conducted using TEM
Fig. 2. XRD patterns of ZnO nanorods and nanosheets, along with a standard JCPDS
pattern for ZnO.
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and SAED. Fig. 3(c) presents a typical low-magnification TEM image
of the well-dispersed ZnO nanosheets. The TEM image confirms the
well-defined sheet-like structure of the nanosheets. The nano-
sheets have unique features such as an irregular thickness and
a serrated fringe, which contribute to the generation of abundant
defects on the surface of nanosheets. It is believed that the exis-
tence of surface defects may facilitate the absorption of oxygen
species and thus enhance the gas sensing property of ZnO nano-
sheets. The corresponding high-resolution TEM (HRTEM) image
(Fig. 3(d)) and SAED pattern verify that the ZnO nanosheets are
single-crystalline in nature.

To understand the mechanism of ZnO nanosheets formation,
some controlled etching experiments have been carried out with
different treatment times. Fig. 4(a) displays the morphology of as-
prepared ZnO nanorods before etching. It is observed that uniform
nanorods with a diameter of about 150 nm and a length of about
600 nm were fabricated on a large scale by the sonochemical pro-
cess. The tips of these nanorods are hexagon-shaped flat planes.
Fig. 4(b)e(e) show the morphology evolution of the ZnO nanorods
as a function of etching time (3 h, 6 h, 14 h, and 24 h) in an alkali
environment. It is evident that the etching time plays a key role in
the formation of ZnO nanosheets. After etching for 3 h (Fig. 4(b)),
hollow structures appear on the tips of most ZnO nanorods. No
obvious etching effect is observed on the lateral walls of nanorods,
indicating the etching effect takes place preferentially. Extending
the etching time to 6 h, the hollow structure propagates into the
inner part of the nanorods and results in a serrated fringe on the tip
of nanorods. It is also found that side walls becomes broken for
prolonged etching. The break-down of side walls induced by the
over-etching is observed for etching time longer than 14 h, andwell-
developed ZnO nanosheets are finally formed after 24 h etching.

On the basis of the above experimental observation, the possible
mechanism for the formation of ZnO nanosheets is schematically
presented in Fig. 4(f). When the ZnO nanorods are immersed in
alkali solution, ZnO is etched by a reaction with the OH� anions to
form soluble hydroxyl complex according to the reaction equation
as follows [16e18],

ZnOþ H2Oþ 2OH�4ZnðOHÞ42� (2)

The etching starts from the tip of the nanorods and propagates
toward their bottom (Fig. 4(b)). The preferential etching in the
central part of the nanorods may be due to the rich-existence
of defects in the core of nanorods [19e21], which is attributed to
the distinct ultrasonic growth mechanism of ZnO nanorods. The
ultrasonication during growth is known to greatly increase the
nanorods growth rate and prone to generate abundant defects in
the central part of nanorods. At a certain etching time, the cores of
nanorods are fully dissolved without attacking side faces, leaving
behind a tubular structure (Fig. 4(c)). When the etching time fur-
ther increases, the dissolution of the side walls starts, but it pro-
ceeds non-simultaneously due to the inhomogeneous distribution
of the active defects in side walls. As a result, quasi sheet-like
nanostructures are formed at this stage (Fig. 4(d)). It should be
noted that the complete dissolution of nanorods does not happen
in this process. This is because the reverse reaction of Equation (2)
becomes dominant as the concentration of ZnðOHÞ42� increases.
This dominance of the reverse reaction at a longer etching time
spontaneously controls the further etch-off of side walls and finally
results in ZnO nanosheets (Fig. 4(e)).
3.2. VOCs gas sensing properties of the ZnO nanosheets

The gas sensing properties of ZnO nanosheets are in general
based on n-type surface-dominant mechanism, inwhich adsorption
of ZnO nanosheets for high-performance VOCs gas sensor, Current



Fig. 3. Morphology of the ZnO nanosheets, (a) low-magnification FE-SEM image; (b) high-magnification FE-SEM image, the inset is the corresponding EDS spectrum; (c) TEM
image; (d) HRTEM image, the inset is the corresponding SAED pattern.
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and desorption processes occur at the surface of sensing materials.
When the nanosheets sensor is exposed to air, oxygenmolecules are
absorbed onto the surface of the ZnO nanosheets and transformed
to O2

�, O�, or O2� depending on the operation temperature [22].
The absorption of oxygen traps free electrons from the conduction
band of ZnO nanosheets and causes the increase of resistance of the
sensor. When the sensor is exposed to a reducing gas like VOCs
gases, the VOCs gas molecules react with the absorbed oxygen an-
ions and release the trapped electrons to the conduction band,
leading to a decrease in the resistance. Thus, the active surface area
and surface status of the sensing material play a crucial role in the
gas sensing performance. ZnO nanosheets with large surface area
Fig. 4. Morphologies of the ZnO nanostructure obtained after etching ZnO nanorods for (a
mechanism for ZnO nanosheets formation.
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and abundant surface defects is expected to show excellent sensing
performance.

For the investigation of the gas sensing properties of the ZnO
nanosheets, the optimum operation temperature should be deter-
mined at the very first. For this, the average sensitivity of the ZnO
nanosheets sensor to 1 ppm of formaldehyde and acetaldehydewas
measured as a function of the operation temperature and the re-
sults are shown in Fig. 5. The sensitivities to both VOCs target gases
continuously increase with increasing the operation temperature
until they reach their maximum at 220 �C. A further increase of the
temperature gives rise to a downturn of the sensitivities. The
maximum sensitivities to 1 ppm of formaldehyde and acetaldehyde
) 0 h, (b) 3 h, (c) 6 h, (d) 14 h, and (e) 24 h; (f) schematic illustration of the possible

n of ZnO nanosheets for high-performance VOCs gas sensor, Current



Fig. 5. Average sensitivity of the ZnO nanosheets sensor to 1 ppm of (a) formaldehyde and (b) acetaldehyde as a function of operating temperature.

Fig. 6. Sensitivity of the ZnO nanosheets sensor as a function of concentration of (a) formaldehyde and (b) acetaldehyde.
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are �75% and �77%, respectively. Therefore, the optimal operation
temperature of 220 �C was chosen to further examine the charac-
teristics of the ZnO nanosheets sensor.

The relationships between sensitivity and VOCs target gas
concentrations for the ZnO nanosheets sensor are plotted in Fig. 6
at an operation temperature of 220 �C. The sensitivity linearly in-
creases with the increase of VOCs gas concentration in the range of
50 ppb to 1 ppm. It has been reported that the saturation state may
occur when all the oxygen anions absorbed on the surface of
sensing material are reacted with target gas molecules [23]. In our
measurement, however, there has been observed no saturation
state in the full concentration range. This is because the detection
range in this measurement is in a ppb level and quite low compared
to other reported ZnO sensors [24,25]. Fig. 6 proves that the ZnO
nanosheets sensor can detect 50 ppb of VOCs gases, and the
Fig. 7. Typical single-cycle response of the ZnO nanosheets sensor to 1 ppm of (a) form
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detection limit is possibly lower than 50 ppb. Because the sensi-
tivity of ZnO sensor is mainly determined by the interactions be-
tween the target gas molecules and the sensor surface, the
performance of the sensor depends upon the available surface area
of the sensormaterial. Our ZnO nanosheets with the plane-to-plane
stacking networks possess the high surface area and efficiently
avoid the agglomerated configuration, resulting in an improved
sensing capability down to ppb level. It is worth noting that the ZnO
nanosheets sensor exhibits a linear response to both formaldehyde
and acetaldehyde in full detection range, which suggests the
nanosheets sensor can serve as a promising functional sensing
material for quantitative detection of VOCs gases.

The responseerecovery behavior is an important characteristic
that determines the performance of gas sensors. Fig. 7 shows the
typical response and recovery curves of the ZnO nanosheets sensor
aldehyde and (b) acetaldehyde, the insets display multi-response characteristics.

of ZnO nanosheets for high-performance VOCs gas sensor, Current
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to 1 ppm of formaldehyde and acetaldehyde at the operation
temperature of 220 �C. Upon exposure to the target gases, the
resistance of the nanosheets sensor decreases and reaches equi-
librium in short time. Once the VOCs gases are removed, the
resistance quickly restores to the baseline. The response/recovery
time of the ZnO nanosheets sensor to formaldehyde and ace-
taldehyde are evaluated to be 9/62 s and 8/60 s, respectively.
Compared with other ZnO nanostructures [26e29], the ZnO
nanosheets sensor has a relatively shorter response and recovery
times. The response and recovery times of the sensor are generally
affected by the thickness of a sensing layer, gas diffusion speed, and
the reaction rate between the target gas molecule and absorbed
oxygen anion, among which the gas diffusion speed is regarded as
the key factor. It is believed that the existence of abundant channels
and open space between the ZnO nanosheets facilitates the gas
diffusion and effectively speeds up the response and recovery
processes. In addition, the insets in Fig. 7 display the repeated re-
sponses of the nanosheets sensor to formaldehyde and acetalde-
hyde, revealing that the sensor has excellent repeatability of
sensing the VOCs gases.

4. Conclusion

In summary, large-scale production of dispersed single-
crystalline ZnO nanosheets was achieved using a two-step fab-
rication method consisting of sonochemical process and chemical
etching treatment. The obtained ZnO nanosheets exhibited thick-
ness of tens of nanometers and size of several hundred nanometers.
The formation of the sheet-like morphology was attributed to the
preferential etching of defect-rich parts in ZnO nanorods. The ZnO
nanosheets sensor showed high sensitivity to formaldehyde and
acetaldehyde with detection limit lower than 50 ppb at the optimal
operation temperature of 220 �C. The high sensitivity and ppb-level
detection limit were ascribed to the large specific surface area and
less agglomerated configuration of the ZnO nanosheets. Fur-
thermore, ZnO nanosheets sensor exhibited a linear response to
formaldehyde and acetaldehyde in the concentration range from
50 ppb to 1 ppm, and its response and recovery times to the
respective gases were around 10 s and 1 min, suggesting that the
Please cite this article in press as: S.-L. Zhang, et al., Two-step fabricatio
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ZnO nanosheets are excellent sensing material for practical VOCs
gas sensors.
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