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Abstract: ZnO nanosheets doped with yttrium (Y) were synthesized via a solution combustion method using zinc nitrate and tartaric
acid as raw materials. The scanning electron microscopy and X-ray powder diffraction were used to characterize ZnO nanosheets and
the gas sensing properties of them were investigated. The results show that the as-synthesized ZnO nanosheets with diameters of
20—-100 nm have a wurtzite structure with rough surface. The sensor made from the 2% Y-doped ZnO nanosheets exhibits a stronger
response toward 100x10°¢ (volume fraction) ethanol, its sensitivity at 300 °C is 17.50, and its optimal operating temperature (300 °C)
is lower than that of the pure ZnO (330 °C). The obvious sensitivity (about 2.5) can be observed at the volume fraction of ethanol as
low as 5x10°%, while its the response time is only 2 s at 300 °C. Moreover, the Y-doped ZnO sensor has a better selectivity to ethanol

than other gases.
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1 Introduction

Recently, as a highly promising II-VI semi-
conducting metal oxide material with a wide direct band
gap (3.37 eV) and high exciton binding energy (60 MeV),
ZnO has attracted much attention for broad applications
because of its advantageous features such as
photoluminescence  property, antibacterial —activity,
catalytic and high response to various toxic and pollutant
gases [1,2]. Although, research on pure ZnO in the gas
sensor field has a relatively long history, low sensitivity,
long response time and poor selectivity have still limited
its practical applications. Therefore, several effective
technologies have been employed to enhance sensing
properties such as adding catalysts or doping with other
elements [3—7]. Many efforts have been devoted to
improving the surface morphology, gas sensing, and
luminescence properties by using the lanthanide-doping,
such as La, Ce, Y and other elements [8—12]. WRIGHT
et al [13] found that the catalyst metal coatings on GaN,
InN and ZnO nanowires could obviously enhance the
detection sensitivity for hydrogen gas sensing, but the

rates of response and recovery were relatively slow.
NECMETTIN et al [14] harvested Y-doped ZnO thin
films deposited on glass substrates by using sol—gel dip
coating method with so much improved electrical
property. YU et al [15] synthesized pure and Y-doped
(1%, 3% and 7%, mole fraction) ZnO nanorods using a
hydrothermal method. The gas sensing measurements
showed that response and recovery time of 1% Y-doped
ZnO nanorods-based sensor to 100x10° (volume
fraction) acetone is about 30 s and 90 s at operating
temperature of 400 °C, respectively. There is no doubt
that doping Y strongly improved gas sensing ability,
while the long-time response and high working
temperature maybe limit the practical application of the
material. It is a new challenge for Y as a dopant to
decrease the operating temperature and speed up the
response rate.

In this work, we focused on the synthesis and gas
sensing properties of pure and Y-doped ZnO nanosheets
with good ethanol sensing property using a simple
modified solution combustion method. The as-prepared
Y-doped ZnO exhibits high sensitivity (17.50 to
100x10"° ethanol) and fast response (only 2 s to 5x10°
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ethanol) at 300 °C.
2 Experimental

2.1 Materials and apparatuses

All reagents of zinc nitrate (Zn(NO;),"6H,0, AR,
>99.9%), tartaric acid (C4H¢O¢, AR, >99.7%), yttrium
chloride (YCl;:6H,O, AR, 2>99.7%) and ethanol
(C,HsOH, AR, >99.7%) were commercially purchased,
without any further purification.

X-ray diffraction (XRD) analysis was carried out
with a DX-2000 diffractometer (Dandong Fang-Yuan
Instrument Co., Ltd.) operated at 40 kV and 25 mA using
Cu K, (41=0.154184 nm) radiation source employing a
scanning rate of 0.05 (°)/s with 26 ranging from 30° to
70°. Field emission scanning electron microscope
(FESEM, Hitachi X—650) was used to investigate the
morphology of the samples.

2.2 Synthesis of Y-ZnO nanosheets

The Y—ZnO hybrid composites were prepared by a
solution combustion method and the mole fractions of Y
were 0, 1%, 2% and 4% by controlling the amount of
YCl;3:6H,0. First of all, 2.975 g Zn(NO;),'6H,O and
4.5 g C4H¢O¢ were completely dissolved in 30 mL
deionized water, then, suitable amount of YCl;-6H,O was
added into the above homogeneous mixed solution. After
continuous magnetic stirring for 30 min, the precursor
solution was transferred into an electric furnace for
heating a period of time until the samples became fine
grains. Then, the system is heated up to 500 °C, kept this
temperature for 1 h, and cooled down to room
temperature naturally. The products were harvested after
washing the precipitates completely with deionized water
and ethanol several times and finally dried at 60 °C in air
for further characterizations.

2.3 Fabrication and measurement of sensors

Y-doped ZnO powders were mixed with proper
distilled water and ground in an agate mortar for a while
to obtain an oxide paste. The as-prepared paste was
coated on the outer surface of the cleaned alumina tube
on which a pair of Pt electrodes was connected already to
form the sensor. Then, the fabricated gas sensors were
installed on the sensor aging equipment at 80 mA for
48 h before measurement in order to attain stable
electrical resistance values. The gas sensing
measurements were performed on a chemical gas
sensor-8 intelligent analysis system (Beijing Elite Tech
Co., Ltd., China) and the operating temperature of the
static system was controlled from 180 °C to 390 °C by
changing the heating current. The gas sensing sensitivity
(S) is defined as the ratio (RJ/R,) of the electrical
resistance of the sensor in the air (R,) to that of the target

gas (Ry). The response (or recovery) time is the time
taken by the sensor to achieve 90% of the equilibrium
value in the case of adsorption (or desorption).

3 Results and discussion

3.1 XRD analysis

Figure 1 shows the typical XRD patterns of the
as-synthesized pristine ZnO doped with different mole
fractions of Y being 0, 1%, 2% and 4%, respectively. All
of the intense ZnO Bragg reflections of pristine ZnO can
be perfectly assigned to those of hexagonal phase ZnO
(JCPDS card No. 36—1451) with lattice parameters a and
¢ of 0.3251 nm and 0.5207 nm, respectively, which
confirms crystalline ZnO nanostructures exhibiting a
wurtzite structure. The samples prepared in this work are
of high purity and crystallinity because of the sharp
diffraction peaks and no other characteristic peaks from
any impurities. Being modified with increasing content
of Y, the diffraction peaks at 26 of 36.5° became weak
and slightly shifted to the light direction. This implied
that the lattice space became small but increased, maybe
due to Zn vacancy occurring while a few Y atoms
replaced Zn atoms.
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Fig. 1 XRD patterns of Y—ZnO nanosheets doped with
different Y contents of 0, 1%, 2% and 4%

3.2 FESEM investigation

The morphologies of Y—ZnO nanosheets doped
with Y mole fractions of 0, 1%, 2% and 4% are shown in
Figs. 2(a) and (b). As seen in Fig. 2(a), the four samples
have a rough external surface and exhibit homogeneous
nanosheets aggregated with a diameter of 20—100 nm
approximately. Although no obvious differences of their
profile and grain size are observed, the surface
morphology and the packing density of the above
samples change after Y doping. For the 2% Y-doped ZnO
sample, the grain size is almost the same and the
nanosheets are more uniformly distributed over the
whole sample surfaces. The low magnified image in
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Fig. 2 SEM images of Y—ZnO nanosheets doped with Y mole fractions of 0 (a;), 1% (a,), 2% (a3), and 4% (a,) at same magnification

and morphologies of 2% Y-doped ZnO (b, b,, bs, by)

Fig. 2(b;) shows the overview of the regular ZnO
nanosheets, from which a uniform structure can be
clearly observed. In the higher magnification micrograph
(Fig. 2(b4)), we can find large gap among the nanosheets
when they gather together, which contributes to their gas
sensing properties.

3.3 Gas-sensing properties

The operating temperature-dependent sensing

behaviors of the pure and Y-doped ZnO nanosheet
sensors from 180 to 390 °C at a step of 30 °C exposed to
100x10° (volume fraction) ethanol were investigated
and shown in Fig. 3. It is noteworthy that the response
values for each sample are found to increase slowly with
increasing temperature at first while decrease
dramatically with a further rise of the operating
temperature. While Y-doped ZnO samples exhibit the
highest sensitivity of 17.50, the sensitivity of undoped
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ZnO nanostructure is only 5.63 at 300 °C. Furthermore,
the optimal operating temperature of the 2% Y-doped
ZnO nanosheet sensor (300 °C) is lower than that of the
pure ZnO (330 °C) and the corresponding sensitivity is
much higher. The fact that 2% Y-doped ZnO exhibits the
highest sensitivity can be explained from the kinetics and
mechanics of fast gas adsorption and desorption on the
surface of the sample at the maximum response
temperature. For further comparison and evaluation,
300 °C was selected to be the optimum operating
temperature for gas sensing with ZnO and Y-doped ZnO
sensor and was applied to other sensing property tests
afterward.

16 -

—
[\
T

Sensitivity, R,/R,
e e}

220 240 280 320 360 400
Temperature/°C
Fig. 3 Sensitivities of Y—ZnO nanosheets doped with different
mole fractions of Y to 100x10°® ethanol at different
temperatures

Figure 4 shows the sensor responses of 0, 1% Y, 2%
Y, and 4% Y-doped ZnO nanosheet gas sensors versus
different volume fractions of ethanol vapor at 300 °C. It
can be seen that the sensitivity of all investigated sensors
linearly increases with increasing the volume fraction of
ethanol vapor without showing any saturation. And
the sensitivity of sensor based on 2% Y-doped
ZnO nanosheets is superior to that based on other ZnO
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Fig. 4 Sensitivities of Y—ZnO nanosheets doped with different

Y contents versus volume fraction of ethanol gas at 300 °C
nanosheets for each concentration in all the
measurements. For example, the sensitivity of the 2%
Y-doped ZnO sensor to 200x10°° ethanol at 300 °C
reaches 27.65, which is about 3 times that of pure ZnO
sample (just 9.66). Moreover, the high sensitivity of
these sensors can also be observed upon exposure to
ethanol content as low as 5x10° (the corresponding
sensitivities are about 2.5), indicating that these special
structures may be a kind of promising ethanol sensor
material.

Figure 5 represents the dynamic sensitivity variation
of ZnO and 2% Y—ZnO based sensors toward 5x107°
ethanol at 300 °C. As shown in Fig. 5, when the
environment is switched from air to ethanol vapor, the
sensitivities of both sensors increase rapidly, indicating
that Y doping maintains the n-type semiconducting
properties of pristine ZnO. Furthermore, the response
time of the 2% Y—ZnO nanosheet-based sensor is 2 s to
5x10® ethanol, which is much shorter than that of pure
ZnO (4 s), revealing that high and fast gas response ZnO
nanostructure sensing material can be achieved after
Y-doping.
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Fig. S5 Response and recovery characteristics of ZnO and 2%
Y—ZnO to 5x10°° ethanol at 300 °C

The gas-sensing selectivities of the sensors were
investigated by exposing the response to 100x107°
various gases, including benzene (C¢Hg), formaldehyde
(HCHO), H,, acetone(C;HgO), ethanol (C,HsOH), CO
and CH, at 300 °C, as shown in Fig. 6(a). Apparently, the
responses of Y—ZnO to ethanol vapor are markedly
higher than those to the investigated interference gases.
The sensitivity of 2% Y—ZnO-based sensor is about 17.5
to ethanol, while the highest sensitivity to other gases is
6.56, the great sensitivity contrast of ethanol to other test
gases means that Y-doped ZnO has very good selectivity.
The stability of the 2% Y—ZnO-based sensor was
investigated for four switching times by cycling through
dry air to ethanol gas and back to dry air processes in a
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similar manner to that of previous measurements, as
shown in Fig. 6(b). After four cycles, no significant
sensitivity degradation was found, confirming a good
reproducibility of the sensor.
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Fig. 6 Selectivity histogram of Y—ZnO with Y mole fractions of
0, 1%, 2%, and 4% towards 100x107® of different gases at
300 °C (a) and sensitivity of pure ZnO to 5x10°°® ethanol at
300 °C (b)

The sensing mechanism of the Y—ZnO nanosheets
to reducing gases (such as ethanol) may be explained as
follows: being a surface-controlled type sensor, the rate
of response is influenced seriously by many factors such
as the grain size and surface defects. When exposed to
air, the oxygen molecules are chemisorbed on the ZnO
surface by acquiring electrons from the conduction band
of the semiconductor and forming ionic species (Ods) ),
hence increasing the resistance because of the formation
of depletion layers on the surface of ZnO nanosheets.
Free electrons (e) are released quickly when ethanol is
added, and then injected into the conduction band of the
ZnO, thereby decreasing the resistance and increasing
the sensitivity. The reactions include

Oz(gas) +2e —> 20(;1(15) (1)

C2H50H+6ozads) —> 2C02 +3H20+6e (2)

Although the microstructural characterization
(crystallite size and shape) gave no indication of the
formation of ZnO structures with different Y loadings,
obvious increase in the electrical resistance illustrated
that Y may enter the lattice structure of zinc oxide [16].
The component Y segregating into a separate phase to
form a new energy band can sharply decrease the
necessary energy for the desorption reaction.
Additionally, the observed faster reaction kinetics may
be also due to the catalytic role of Y in imparting the
sensor response through electronic sensitization
mechanism via providing a higher density of active sites
by the additives. The Y dopant not only activates the
reaction between surface oxygen and ethanol molecules,
but also reduces the adsorption of reacting molecules.

4 Conclusions

1) Y-doped ZnO nanosheets with diameters of
20—100 nm and a rough surface were prepared via a
solution combustion method using zinc nitrate and
tartaric acid as raw materials.

2) The sensor made from the 2% Y-doped ZnO
nanosheets exhibits a stronger response to 5x10°° ethanol
as high as 2.5, while the response time is only 2 s at
300 °C.

3) The sensitivity of the 2% Y—ZnO-based sensor is
about 17.5 to 100x10°° ethanol, while the highest
sensitivity to other gases is 6.56. The great sensitivity
contrast of ethanol to other test gases means that Y-oped
ZnO has very good selectivity.

4) The cycle-test of the 2% Y—ZnO-based sensor
shows that no significant sensitivity degradation
confirms a good reproducibility of the sensor.
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