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ABSTRACT

To develop efficient and convenient sensing technology for volatile organic compound (VOCs) detection in
residential buildings and process control in industries becomes necessary for human health. Various ZnO nano-
structures have been employed in VOC detection for their good performance. Among those nanostructures,
porous single-crystalline (PSC) ZnO nanosheets not only exhibited highly-sensitive performance but also pos-
sessed significantly long-term stability. However, the sensitivity might be further improved by modification noble
metal elements. In present work, Ag nanoparticles have been decorated onto the PSC ZnO nanosheets by
a sunlight induced solvent reduction method. The as-prepared products have been characterized by SEM,
TEM, HRTEM and EDS. By combining the advantages of structure and modification, the sensitivity of the
Ag-decorated PSC ZnO nanosheets is 8.8 times higher than that of the bare one. The single-crystalline struc-
ture exhibited low electric noise which may lower the detection limit of the sensor.
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1. INTRODUCTION
Volatile organic compounds (VOCs) are those organic
chemicals having a high vapor pressure at room
temperature.�1� Some VOCs are common indoor air pollu-
tions (e.g., formaldehyde) and some are important prod-
ucts in industry (e.g., acetone and furan). Therefore, to
develop efficient and convenient sensing technology for
VOC detection in residential buildings and process control
in industries becomes necessary for human health.
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Metal oxide gas sensors (e.g., ZnO, SnO2, In2O3, etc)
have been widely used in portable gas detection sys-
tems because of their good performance including low
cost, easy production, compact size and simple measuring
electronics.�2–7� However, their gas sensing properties are
significantly influenced by morphology and structure, so
that it is difficult for bulk material or dense film based gas
sensors to achieve highly sensitive properties. Nanostruc-
tured metal oxide semiconductors are a great developing
direction to improve gas sensing properties in sensitivity,
selectivity and response speed.�8–12� For example, Guan
et al. synthesized Zn-doped SnO2 hierarchical architectures
composed of many two dimensional nanosheets, which
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showed excellent selectivity toward ethanol.�13� Li et al.
prepared meso-macroporous SnO2 structure to improve the
sensitivity and response speed.�14� Fang et al. fabricated
coralloid hierarchical SnO2 nanostructures by a solvother-
mal route, which exhibited high sensitivity, short recovery
time, good reproducibility and linear dependence relation
to benzaldehyde and acetone.�15�

In the past decades, ZnO has been widely investi-
gated because of its excellent electronic and photonic
properties.�16�17� Various ZnO nanostructures with differ-
ent morphologies, such as nanowires,�18�19� nanorods,�20–22�

nanosheets�23� and nanospheres�24� have been developed to
improve the gas sensing performance. Gu et al. synthesized
porous flower-like ZnO nanostructures which exhibited
good response and reversibility to VOCs.�25� Alenezi et al.
prepared ZnO hierarchical structures with high surface-
to-volume ratios and an increased proportion of exposed
active planes, which displayed significantly improved sen-
sitivity and fast response to acetone.�26� Compared to
those nanostructures, porous single-crystalline (PSC) ZnO
nanosheets not only exhibited highly-sensitive performance
but also possessed significantly long-term stability.�27�

Besides of morphology and structure for sensing mate-
rials, modification with rare-earth and noble metal ele-
ments is also a common and effective method to improve
sensing properties.�28� Up to now, significant efforts have
been made to improve the sensitivity and selectivity to
volatile organic compound by doping Ag element in
ZnO nanomaterials.�29–33� By combining the advantages
of structure and modification, Ag nanoparticles here have
been decorated onto the PSC ZnO nanosheets by a sun-
light induced solvent reduction method, which exhibited
8.8 times higher response than the bare one. The single-
crystalline structure exhibited low electric noise which
may lower the detection limit of the sensor.

2. EXPERIMENTAL DETAILS
2.1. Materials Characterization
All reagents were commercially available from Sinopharm
Chemical Reagent Co., Ltd. (China) with analytical grade
and were used without further purification.
The as-prepared samples were characterized by

field-emission scanning electron microscopy (FE-SEM,
FEI Sirion-200), high resolution transmission electron
microscopy (HRTEM, JEOL JEM-2011) and energy dis-
persive spectroscopy (EDS, Oxford INCA X-Max 50).

2.2. Preparation of PSC ZnO Nanosheets
The PSC ZnO nanosheets were firstly prepared by a
one-pot wet-chemical method followed by an annealing
treatment.�34� Typically, 3.0 g of urea and 1.0 g of zinc
acetate were dissolved into deionized water (40 mL) and
then stirred for 30 min. The solution was sealed in a
conical flask and then placed in an oven at 100 �C for
6 h. When it naturally cooled down, the precipitate was

Fig. 1. The structure of the gas sensor.

centrifuged, washed with deionized water and dried at
60 �C in sequence. Then, the precursors were annealed
at 300 �C for 2 h in air and the PSC ZnO nanosheets
were obtained. Finally, the PSC ZnO nanosheets were
modified by Ag particles using sunlight induced solvent
reduction method. Typically, 30 mg of AgNO3 was dis-
solved into 30 mL of ethanol and then 20 mg of the pre-
pared PSC ZnO nanosheets were added. After stirring for
30 min under sunlight irradiation, the Ag-decorated PSC
ZnO nanosheets were obtained.

2.3. Fabrication of Gas Sensor
The structure of the gas sensor as shown in Figure 1 was
showed in our previous work.�35�36� Typically, a pair of
gold electrodes was firstly fabricated onto a ceramic tube
by thick film technology. And then two pairs of electrical
wires were connected to them. A piece of nichrome wire
(∼30 �� was placed in the interior of the ceramic tube
as heating wire. To fabricate a gas sensor, the as-prepared
samples of the Ag-decorated PSC ZnO nanosheets were
directly coated on the surface of the ceramic tube and then
dried in an infrared drying oven followed by an annealing
treatment in a muffle furnace at 350 �C for 2 h in air.

3. RESULTS AND DISCUSSION
3.1. Materials Characterization
The PSC ZnO nanosheets were firstly synthesized by
a one-pot wet-chemical method followed by an anneal-
ing treatment. The formation process of the PSC ZnO
nanosheets may be explained by the following sequence
of reactions:

CO�NH2�2+3H2O→ CO2 ↑ +2NH4OH (1)

NH4OH→ NH+
4 +OH− (2)

4Zn2++CO2+6OH−+2H2O

→ Zn4CO3�OH�6 ·H2O+2H+ (3)

Zn4CO3�OH�6 ·H2O→ 4ZnO+CO2 ↑ +4H2O ↑ (4)

Then, the Ag particles were modified onto the PSC
ZnO nanosheets by a sunlight induced solvent reduction
method, which is helpful for remaining the morphology of
the PSC ZnO nanosheets.
The microstructures of the as-prepared PSC ZnO

nanosheets were firstly characterized by TEM and HRTEM
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Fig. 2. (a) TEM image of the PSC ZnO nanosheets. (b) Lattice-resolved HRTEM image of the selected area in (a) and the corresponding SAED
pattern.

to reveal specific characteristics. Figure 2(a) exhibits the
typical TEM image of an individual nanosheet, from which
it can be clearly seen that a large number of mesopores
with irregular size uniformly covers the nanosheet. The
lattice-resolved HRTEM image (Fig. 2(b)) exhibits that
many clear and coherent lattice fringes with 0.28 nm of lat-
tice spacing cover the whole nanosheet, which is indexed
to the �1̄100� planes of the hexagonal phase of ZnO. The
inset in Figure 2(b) presents the corresponding SAED,
from which it can be seen that the diffraction pattern con-
sists of well ordered dots, indicating the single crystallinity
of the porous nanoplates. The crystalline planes �1̄100�,
�011̄0� and �101̄0� of wurtzite ZnO can be indexed from
the SAED pattern. Both the SAED pattern and HRTEM
image indicate that these nanosheets are actually porous
single crystals with high quality.
The morphologies of the as-prepared Ag-decorated PSC

ZnO nanosheets were then characterized by SEM and the
result are shown in Figure 3. There are numerous ran-
domly placed nanosheets with sub-micrometer in width
and a few micrometers in length. Many mesopores can
also be clearly observed in each nanosheet, which is well
coincident with the TEM characterization of the PSC ZnO

Fig. 3. SEM image of the Ag-decorated PSC ZnO nanosheets.

nanosheet. Although the Ag particles were too small to
be observed from the surfaces of the nanosheets, TEM
analysis was employed to further observe the size of Ag
nanoparticles as shown in Figure 4. It can be seen that
the size of the Ag nanoparticle is about 6–15 nm. EDS
spectrum is shown in Figure 5, from which a weak Ag
peak can be observed. The amount of Ag is calculated to
be 1 wt%.

3.2. Operating Temperature
The gas sensing performance of the Ag-decorated PSC
ZnO nanosheets was firstly measured by a homemade gas
sensing measurement apparatus as shown in our previous
work.�35�36� A sensor was placed in a closed test chamber
(1000 mL) equipped with appropriate inlets and outlets for
gas flow. A Keithley 6487 source/measure unit was used to
record the change of current as well as to provide a power
source. When the source/measure unit working, a con-
stant bias voltage was applied onto the electrodes between
the sensing films and then the current flowing through
it was measured and recorded. The source/measure unit
was usually operated under the condition that bias voltage

Fig. 4. TEM image of the Ag-decorated PSC ZnO nanosheet.
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Fig. 5. EDS spectrum of the Ag-decorated PSC ZnO nanosheets.

is 1 V and the aperture time of acquiring data is 0.5 s.
Typically, a gas sensing measurement was performed as
follows: the saturated organic vapors under a standard
atmospheric pressure were introduced into the test cham-
ber by a microsyringe and then the source/measure unit
acquire the current change and record it. Once a gas sens-
ing measurement was over, the target gases in the testing
chamber were released by inputting fresh air.
The response of the sensor is defined as

Response= Ig− Ia

Ia
×100% (5)

Here, Ia and Ig are the electric current of the sensor in air
and target gas, respectively.
Generally, operating temperatures highly affect the sens-

ing performance of metal oxide gas sensors. Therefore,
the responses of the Ag-decorated PSC ZnO nanosheet
to 100 ppm of formaldehyde at different operating tem-
peratures were firstly investigated as shown in Figure 6.
From the temperature dependence studies, it can be clearly
seen that the responses present a peak at 300 �C with

Fig. 6. Plots of the response versus working temperature of the
Ag-decorated PSC ZnO nanosheets to 100 ppm of formaldehyde.

increasing operating temperature. Therefore, the following
tests of the sensors based on the Ag-decorated PSC ZnO
nanosheets were all adopted at 300 �C. On the surface of
the sensor, target gas can react with the adsorbed oxy-
gen species to different degrees according to the activity
of the adsorbed oxygen species. In previous reports,�37�

there are two different oxygen species on the surface under
different temperatures, i.e., molecular (O−

2 � and atomic
(O−, O2−� oxygen species. Molecular form usually exists
below 150 �C, while atomic species dominate at higher
temperature. Therefore, the sensor worked mostly depend-
ing on atomic species at 300 �C.

3.3. Comparison of Ag-Decorated PSC ZnO
Nanosheets with Bare PSC ZnO Nanosheets

The gas sensing performance of the Ag-decorated PSC
ZnO nanosheets to furan, a kind of persistent organic pol-
lutants (POP) stimulant, was investigated coupling with a
gas chromatography column by comparing with the bare
PSC ZnO nanosheets. A sample injection port and a gas
chromatography column were placed in front of a metal
oxide sensor to separate furan from the mixture,�38�39�

which may gasify the target molecules and separate them
with solvents. This test method can be used to detect most
of the POPs of furans. N2 controlled by a carrier gas con-
troller was used as carrier gas to flow through a SE-54

Fig. 7. Real-time response curves of (a) the bare PSC ZnO nanosheets
and (b) the Ag-decorated PSC ZnO nanosheets to the mixture of hexane
and furan working at 300 �C.
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Fig. 8. Real-time responses of the Ag-decorated PSC ZnO nanosheets
to different concentrations of formaldehyde working at 300 �C.

capillary column (30 m, 0.25 mm i.d., 1.0 �m film thick-
ness) placed in a temperature-controlled column oven. Air
was mixed in the outlet of the chromatography column.
A mass flow controller (MFC, Sevenstar CS200) were used
to control the flow rate of gases. The pressure of the carrier
gas controller was 0.2 MPa. The temperature of the injec-
tion port was set to 100 �C. The mixture sample of furan
and n-hexane was once injected by 0.5 �L and the temper-
ature of the column oven was set to 50 �C. The real-time
response curves of the bare and the Ag-decorated PSC
ZnO nanosheets to different concentrations of furan mix-
ture are shown in Figure 7, respectively. It can be seen that
the responses of the Ag-decorated PSC ZnO nanosheets
are much higher than that of the bare one. The response
to 100 ppm of furan is 8.8 times higher response than the
bare one.
The modification of Ag nanoparticle played an impor-

tant role to improve the sensitivity of the PSC ZnO

Fig. 9. Real-time responses of the Ag-decorated PSC ZnO nanosheets
to different concentrations of acetone working at 300 �C.

nanosheets because it possesses high catalytic activity and
consequently increases the reaction activity of the space-
charge layers. According to previous report,�33� AgO exists
at the initial state of the sensing material. When it is
heated, AgO will transform to Ag. In air, the oxygen
molecules react preferentially with the Ag nanoparticles
forming oxygen anions and then spill over to the ZnO
matrix. The target gases might be adsorbed onto the sur-
face of the Ag nanoparticles and then migrate to the
surface of ZnO nanosheets to react with surface oxygen
species thereby increasing the surface conductivity. There-
fore, the Ag-decorated PSC ZnO nanosheets are more sen-
sitive than the bare one.

3.4. Response of Ag-Decorated PSC
ZnO Nanosheets to VOCs

To quantitatively investigate the gas sensing properties
of the Ag-decorated PSC ZnO nanosheets to VOCs, the
homemade gas sensing measurement apparatus was used
and different concentrations of VOCs (formaldehyde and
acetone) were also measured. Figure 8 shows the real-
time responses of the Ag-decorated PSC ZnO nanosheets
to different concentrations of formaldehyde. The responses
increase linearly with the concentration increasing from
10 to 500 ppm. The response time is defined as the time
when the change of current reaches 90% of the balanced
current on exposure to a target gas. Similarly, the recovery

Fig. 10. Plots of the (Ig–Ia) versus concentration for (a) formaldehyde
and (b) acetone obtained from Figures 8 and 9.
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Fig. 11. Stability of the Ag-decorated PSC ZnO nanosheets to 100
ppm of formaldehyde at 300 �C.

time is defined as the time reached a 90% reversal of
the current. The response of the sensor to 500 ppm of
formaldehyde is 409%, while the response and recovery
time is 5 s and 30 s, respectively. From Figure 9, it can
be seen that the response to acetone is much higher to
formaldehyde. But the response and recovery times to ace-
tone are longer than to formaldehyde. The response of
the sensor to 500 ppm of acetone is 1736%, while the
response and recovery time is 7 s and 100 s, respectively.
From the response curves, it can be observed that the Ag-
decorated PSC ZnO nanosheets possess low electric noise
(∼56 nA) and high signal-to-noise ratio (S/N), which may
be attributed to the single-crystalline structure. For well
linear relationship, the responses of the lowest three con-
centrations are used to calculate the detection limits as
shown in Figure 10. The detection limits are calculated to
be 0.18 and 0.1 ppm (using S/N = 3) for formaldehyde
and acetone, respectively. The single-crystalline structure
is favorable for electronic transportation and may reduce
electron scattering. Therefore, the Ag-decorated PSC ZnO
nanosheets possess low electric noise.

3.5. Stability of Ag-Decorated PSC ZnO Nanosheets
For practical applications, the gas sensing stability of the
sensor device is a very important parameter. Figure 11
shows the long-term stability of the Ag-decorated PSC
ZnO nanosheets to 100 ppm of formaldehyde at 300 �C,
from which it can be seen that the response only decrease
a little a month later. Therefore, the Ag-decorated PSC
ZnO nanosheets exhibited very good stability which was
suitable for the practical application.

4. CONCLUSION
Sunlight induced solvent reduction method has been used
to modify Ag nanoparticles onto the surface of the
PSC ZnO nanosheet which were prepared by one-pot

wet-chemical method followed by an annealing treatment.
The SEM, TEM and SAED results confirmed the porous
and single-crystalline structure of the ZnO nanosheets.
The EDS measurement ensures that Ag nanoparticles have
been modified onto the PSC ZnO nanosheets. The sens-
ing detection results exhibited that the response of the
Ag-decorated PSC ZnO nanosheets were 8.8 times higher
than that of the bare one and the detection limit reached
0.1 ppm, which demonstrates the potential application of
the Ag-decorated PSC ZnO nanosheets for fabricating high
sensitive gas sensors.
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