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A B ST R AC T
Indium (1at %) doped ZnO and ZnO nanoparticles have been synthesized via
sol gel method. The structural characters of the synthesized nanoparticles
have been studied by X-ray diffraction pattern (XRD), scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX). From
synthesized nanopowders a tablet was prepared by using the isostatic
pressing and then sintered at 600°C. Then, the gas-sensing properties of
ZnO and IZO powder tablets were evaluated with respect to the acetone
gas at different temperatures and concentrations. XRD pattern and SEM
images showed the prepared samples were crystallized in the wurtzite
structure with the average particle size of 32 and 27 nm. The gas sensing
measurement results showed that the indium dopant ions improved
the gas sensitivity of ZnO for high acetone concentrations effectively.
Therefore, it is suggested that the IZO tablet can act as reliable and low
cast gas sensor for acetone detection. Sintering temperature strongly
increased the grain size and density of samples. EDX analysis confirmed
the presence of indium in zinc oxide structure.
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INTRODUCTION
Acetone as one of the hazardous chemical solvent
is highly used in industry and laboratory [1]. It is
classified as volatile organic compounds (VOCs)
and its gas is extremely flammable, explosive and
toxic. Thus, for practical applications and in the
workplace, the detection of acetone using a fast
response/recovery time’s gas sensor is important
for human safety and health [1]. For instance,
the determination of acetone concentration is
of great importance for food quality control and
its detection is being a significant index of the
diagnosis of human diseases. At present, various
acetone sensors have been fabricated by using
semiconductor oxides that are well known as a good
sensor platform due to their remarkable ability for
* Corresponding Author Email: msasani@aeoi.org.ir

detection of both oxidizing and reducing gases [210]. Gas sensing properties of this type of materials
are characterized by the distortion of electrical
response with respect to the environmental gases
[11]. Oxide semiconductor nanostructures have
attracted a lot of attention over the last decade
owing to the widely use of toxic gas detection
due to the low cost, high responsivity, and easymonitoring of the air pollution [12]. Among them,
zinc oxide (ZnO) with unique properties and
wide range of applications in various fields such
as gas sensors, light emitting devices, solar cells,
piezoelectric devices and visitors has considerably
noticed [13,14]. Due to high electrochemical
stability, chemical sensitivity to different adsorbed
gases, non-toxicity, and low cost, ZnO has been
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considered a novel material of fast-response and
highly sensitive gas sensor devices [15-20]. Zno
has also capabilities to detect, identify and display
the presence of gases and their concentrations. The
performance of ZnO sensor can easily improve by
addition of dopants [21,22].
Sadeghian Lemraski and Nadimi [23]
performed ab initio density functional theorybased calculations and employed quantum
molecular dynamic simulation to investigate the
adsorption mechanism of acetone molecule on
ZnO based thin film sensors. They have found that
the sensitivity of a metal oxide sensor exceedingly
depends on molecular oxygen exposure and
operating temperature. Their results indicated that
at elevated temperatures a competitive process
controls the removing of preadsorbed oxygen
molecule from the surface and this competition is
responsible for the resistive switching behavior in
the ZnO-based gas sensors. Gas sensitivity of this
kind of materials is affected by the surface states
and their morphology. Therefore, an increasing
interest in nanomaterials for gas sensing was
demonstrated [24]. Recently, Bhoi et al [25]
studied the powder size effects and gas sensing
properties of Co doped ZnO sample synthesized
by sol–gel technique followed by calcinations
at 650°C. 10 mm diameter and 2 mm thickness
cylindrical pallet has been prepared from the
calcined powders by using hydraulic press and
then annealed at a temperature of 700°C for 4
hours. They found that at higher temperature
nanocrystalline Co doped ZnO shows a better
sensitivity to the gases (ethanol and acetone) of
less than 100 ppm concentration. In this approach,
we try to study the high temperature sintering
effect on sensor performance of ZnO and indium
doped ZnO nanopowders for detection of the low

concentrations of acetone that may cause narcotic
effects.
EXPERIMENTAL
ZnO and In doped ZnO (IZO) nanoparticles were
synthesized by sol-gel method [26-30]. Analytical
grade of zinc acetate dihydrate (99.5%) purchased
from Merck, indium nitrate purchased from Sigma
Aldrich (98%), triethylamine (99%) purchased from
Merck, and absolute ethanol (99.7%) purchased from
China have been used as starting materials. First, zinc
acetate dehydrate (2 M) was dissolved in 20 cc of
absolute ethanol then 2cc TEA as stabilizer was added
to the solution at room temperature and stirred by a
magnetic stirrer for 20 min, finally (1 at%) indium
nitrate was added to precursor solution and stirred
again for 30 min. The sol became homogeneous and
clear, and allowed to age for 1 week. ZnO and IZO
precipitates were dried at 300°C for 1 h, then 0.8 gr
of the synthesized nano powders were hydraulicpressed and sintered at 600°C to be molded into
tablets with radius of 12 mm and thickness of 1.5
mm. Electrodes on the prepared powder tablets
were placed by silver paste and dried at 150°C for 1
h. Field scanning electron microscopy (FESEM Mira
Tescan) was employed to study the morphology and
size of particles. X-ray diffraction analysis (XRD,
PANalytical PW3050/60 diffractometer) was used
to investigate the crystal structure. The elemental
compositions of the samples were analyzed by energy
dispersion X-ray spectroscopy (EDX, IROST). To
study the sensing properties, the resistance changes
of tablets in the presence of acetone gas were
measured. For connecting the sensor and electric
circuit, the conductive silver paste was used with high
temperature tolerance. After applying conductive
adhesive, samples were dried at 120-150°C, then the
sensors were placed in a vacuum chamber on a hot

Fig. 1: XRD patterns of ZnO and IZO powders.
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plate and the pressure inside the chamber was reduced
to about 150 Torr using a vacuum pump. Finally,
through a gradual increase in power supply voltage
and the resulting increase in temperature of samples,
resistance changes of tablets in various concentrations
of acetone gas were determined.
RESULT AND DISCUSSION
XRD spectra of pure ZnO and IZO powders are
shown in Fig. 1. All the peaks in the XRD patterns
indicate that the samples are crystallized in the
hexagonal wurtzite phase. No diffraction peaks of
other compounds such as In2O3 or secondary phases
were detected. As can be found from this figure, the
intensity of peaks in the X-ray diffraction pattern of
pure ZnO is higher than IZO. It can be attributed

to lattice change caused by introduced indium ions.
This means that the crystal structure must be under
stress, due to the difference in sizes of indium and
Zn atoms (the radius of In+3 ion =0.092 nm > radius
of Zn2+ ion =0.074 nm).
It is well known that the decrease in crystal
quality of IZO sample is due to the local disorder and
lattice distortion resulting from the substitution of
Zn+2 by In+3 ions. The average size of crystallites of
the prepared samples, determined by using Debye–
Scherrer formula, is equal to 32 and 27 nm for
pure ZnO and IZO, respectively. EDX analysis was
performed to identify the elemental composition
of the samples. Fig. 2 a, shows the EDX analytical
results of pure ZnO sample consisting of O and Zn
elements. The EDX analytical result of IZO sample

Fig. 2: EDX spectra of (a) pure ZnO (b) In doped ZnO nanoparticles.

Fig. 2

Fig. 3: SEM images of the prepared samples (a) ZnO dried at 300°C (b) IZO nanopowders dried at 300°C
(c) ZnO calcined at 600°C and tablet preparation (d)
IZO3calcined at 600°C and tablet preparation.
Fig.
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confirmed the presence of In ions in the sample
(Fig. 2b).
In order to characterize the size and morphology
of the synthesized samples, field emission scanning
electron microscopy (FESEM) was used. FESEM
image of the synthesized pure and In doped
ZnO particles before and after tablet preparation
are shown in Figs. 3. As can be found from this
figure, the average particle sizes of ZnO and IZO
nanopowders (dried at 300°C and before tablet
preparation) were about 45 and 65 nm. The average
particle size of samples after sintering at 600°C
and tablet preparation was changed to 0.84 and
1.001 μm, respectively. It seems that the sintering
temperature strongly leads to increase in the grain
size and density of the IZO sample. The hexagonal
structure of ZnO can be seen clearly in the sample
images that confirms the crystalline structure of
zinc oxide in synthesized tablets. With the presence
of indium as dopant, in ZnO network, some
nanometer-sized rod-shaped grains have grown
on ZnO surface. To investigate the gas sensing
properties, tablets of ZnO and IZO were exposed to

acetone gas with concentration of 500 to 1500 ppm
under different temperatures varied from 100 to
250°C. Brief schematic of the gas sensing procedure
and sensor fabrication can be found in Fig. 4. To
evaluate the sensing performance, three important
parameters such as sensitivity, response and
recovery time of the sensor needed to be measured.
The response time is commonly defined as the time
it takes the sensor to reach 90% of the final signal
for a given concentration of gas [31]. However,
the recovery time is usually expressed as the time
for the signal to fall below 10% of the maximum
response [31]. The sensitivity of the sensors was
determined as S= Ra/Rg, where Ra and Rg are the
resistances of the sensor in air and desired gas,
respectively [31]. The response and recovery times
of ZnO and IZO gas sensor at 250°C for 1500 ppm
acetone concentration are shown in Fig. 5.
Experimental results showed that the response
time of IZO sensor was less than about 12 s and its
recovery time was about 17 s. Both of the response
and recovery time are much less than the pure ZnO
sample. Fig. 6a presents the sensitivity of ZnO and

Fig. 4: Brief schematic of the gas sensing device and sensor fabrication.

Fig. 4

Fig. 5: Response and recovery curves of the samples for 1500 ppm acetone at 250°C.
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Fig. 6: (a) Sensitivity variation as a function of temperature (b) Sensitivity variation as a function of acetone
concentration for ZnO:In sample at 250°C.

Fig. 6

IZO samples for 1500 ppm concentration of acetone
gas at different operating temperatures. Sensitivity
increases with increasing in temperature from 100
to 250°C, due to the chemical adsorption of oxygen
at higher temperature on the surface of the sensor
[31]. Sensitivity reaches a maximum value of ~55
at 250°C for IZO sample. These results indicate
that indium doped ZnO sensor has more rapid
response and recovery time and can successfully
be used for the detection of acetone and improve
the sensing properties of ZnO gas sensors. Fig. 6b
shows the sensitivity of IZO sample at different
concentrations of acetone at 250°C.
With the increase of acetone concentration, the
gas sensitivity of IZO sensor is enhanced. Doping
of In+3 ion into the ZnO powder can produce more
electrons that provide more gas molecules which
strike the surface of sensor and finally gas sensitivity
improvements. Indium acts as a donor and changes
the oxygen vacancy characteristics of ZnO resulting
the increase in charge carrier concentration and
conductivity. In semiconducting oxide gas sensors,
gas sensing mechanism is due to the interaction of
the selected gas with the surface of the sensor and
adsorbed oxygen. This reaction can be influenced
by different factors, including internal and external
causes, such as natural properties of base materials,
surface area and microstructure of sensing layers,
surface additives, temperature and humidity, etc
[32]. When ZnO sensor is exposed to the air, it
adsorbs oxygen molecules at the grain boundaries
and captures electrons from the conduction band
( O − n ions forms) [33]. As a result, an electrondepleted space-charge layer in the surface region of
the grain will be formed. When the sensor is placed
in acetone gas environment, it reacts with the O − n
ions [34]. As shown in equation (1-4), the trapped
202

Fig. 7: Schematic diagram for changing the resistance of
sensor in the presence
Fig. 7 of the target gas.

electrons are given back to the surface reducing
the thickness of the electron depletion layer on the
surface of the sensor [34]:
O2 ( gas ) → O2 ( ads )

(1)

O2 ( gas ) + e − → 2O 2− n ( ads )

(2)

2O 2− n ( ads ) + e − → 2O − ( ads )

(3)

CH3COCH3 (gas)+8O- →
3CO2 (gas) + 3H2O (gas) +8e-

(4)

Hence, the carrier concentration will tend to
increase and the sensor resistance will tend to
decrease (see Fig. 7) [35].
With the gas withdrawal, the process repeats
and the resistance of sensor increases and finally
reaches saturation value. Generally there are few
reports on the gas sensing of indium doped ZnO
ceramics or bulk sensors compared with thin film
materials. In similar studies the rapid response
Nanochem Res 2(2): 198-204, Summer and Autumn 2017
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and recovery time and high sensitivity values of In
doped ZnO were reported but these results were
corresponded to thin film gas sensors [36]. For Mn
doped ZnO tablets the response time of 240 s, and
recovery times of 6630 s for high concentration
and various gas concentrations have been reported
[37]. For the ZnO sensors, In as an additive leads to
the introduction of more oxygen vacancies defects
in ZnO structure. Therefore, more adsorption sites
for gas molecules are provided by these oxygen
vacancies causing the surface to become highly
active for reaction, so that the sensing properties
are improved [36].
CONCLUSION
In this paper, pure ZnO and ZnO:In samples
with hexagonal crystal structure have been
synthesized by the simple sol-gel method. The
gas sensing measurement results showed that the
In dopant effectively improves the gas sensitivity
ZnO sensor for high acetone concentrations.
Indium doped ZnO tablet showed good sensitivity
and fast response/recovery time to acetone gas,
which has not been reported before. Therefore, it
is suggested that the IZO ceramic sensor can act as
an economically and simple gas sensor to detect
acetone. Sintering temperature strongly increased
the grain size and density of particles. EDX analyses
also confirmed the presence of Indium and zinc in
structure.
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