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Abstract

ZnO and Zn, oCd, 0 powders were synthesized using a citrate gel combustion method. The citrate gel combustion process provides
homogeneous and phase pure nanocrystalline powders through a single step exothermic reaction. The pellets of ZnO and Zn, ¢Cdy 0
were sintered at 600 °C for 6 h and further used to study their structural, morphological, and gas response properties. The XRD and
TEM study reveals formation of nanocrystaline powders for both compositions. The gas sensing properties of the pelletized sensor
materials were studied at operating temperatures from 200 to 450 °C. It has been observed that gas response considerably depends upon
the operating temperature and test gas species. The operating temperature of the ZnO sensor significantly decreased with addition of
cadmium. The reproducibility and stability study of ZnyoCdy ;O confirmed its candidature for acetone sensor related applications.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Extensive research is going on in order to detect and
monitor harmful gases and more importantly in under-
standing the gas response properties. In this regard, metal
oxide semiconductor (MOS) gas sensors have attracted
great attention because of increasing concern over safety in
residential areas and industrial complexes. They have been
used widely for the detection of inflammable and toxic
gases [1-7] due to their low cost and real-time detection
ability. However, pure MOS materials relatively have poor
sensing performance, and it can be enhanced by doping
with other elements [8—11]. Literature study reveals that,
the dopants could mainly be classified into two categories:
(a) in the crystal lattice substituting the parent metal atom
and (b) creating other metal oxide phases besides the
original one. In both the ways, dopants can successfully
enhance the gas sensing property of MOS. The nanosized
gas sensor with compatible size and ease of operation is an
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important requisite. The sensing mechanism is a surface
phenomenon and is based on the reaction between
adsorbed oxygen species on the surface of semiconductor
oxide and the gas molecules to be detected. The interaction
between adsorbed oxygen species and the test gas induces
change in electric properties due to transport of charge
carriers to conduction band of base material. The response
of the gas sensing material depends on various factors such
as dopants, grain size, surface states, amount of adsorbed
oxygen, and its activation energy. The effect of dopant on
grain size and gas sensor behavior has been extensively
studied [12,13]. The nanocrystalline ZnO in bulk and thin
film form [14] have been widely studied for various
applications like gas sensors, solar cells, varistor, and
optoelectronic devices. The ZnO has three key advantages;
firstly, it is semiconductor with direct wide band gap of
3.37eV and has a large excitation binding energy. Sec-
ondly, its resistivity can be varied through a large range
(1073-10° Qcm). It possesses excellent stability, high
sensitivity, low fabrication complexity, and moderate
operating temperatures, which are ideal properties for a
gas sensing material. The physical and chemical properties
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of ZnO can be easily tailored by using suitable dopant
material. Wan et al. [15] had studied the humidity sensing
properties of Cd-doped ZnO nanowires, which were
synthesized by simple thermal co-evaporation method.
The Cd doped ZnO nanowires showed extremely high
and fast response to the humidity pulse at room tempera-
ture. Ning Han et al. [16] reported the co-precipitation
synthesis of Sn doped ZnO in which 10 mol% CdO
activated 2.2 mol% Sn-doped ZnO shows the highest
formaldehyde response at lower working temperature
of 200 °C than 400 °C of pure ZnO. Bodade et al. [17]
reported the polymerized complex synthesis of ZnO:-
TiO,:10 mol% CdO system using pressure bomb in which
the ZnO:TiO,:10 mol% CdO exhibits good response
toward H,S at lower operating temperature of 225 °C.

Various methods have been proposed for the synthesis
of nanocrystalline ZnO which includes spray pyrolysis
[18,14], sputtering method [19], co-precipitation [20],
microemulsion [21], hydrothermal method [22-24], sol gel
[25], and citrate gel combustion method [26]. The low
temperature combustion methods [27-29] have proven to
be very useful for the synthesis of nanocrystalline ZnO
powders. These chemical synthesis methods provide sig-
nificant advantages like good stoichiometric control, pro-
duction of ultra fine particles with narrow size distribution
in relatively short processing time. To the best of our
knowledge, the gas sensing properties of ZnO and
Zny ¢Cdy 10 prepared by citrate gel combustion method
have not been reported. The present work deals with the
citrate gel combustion synthesis of ZnO and Zn,¢Cdj ;0
and studies on their structural, morphological, and redu-
cing gas response properties.

2. Experimental details
2.1. Synthesis of ZnO and Zngy oCdy ;0 powders

The ZnO and Zn(oCdy ;O powders were synthesized
using the citrate gel combustion method. Analytical grade
zinc nitrate hexahydrate (Zn(NOs),-6H>0), cadmium
nitrate hexahydrate (Cd(NO;),-6H,0O) and citric acid
(C¢HgO7-H,0) (purity 99.9%) were used as starting
precursors. No further purification of the precursors was
carried out. The metal nitrates and fuel were used in the
stoichiometric ratio as per the propellant chemistry which
is equal to 1:0.5 mol [28]. At this ratio, not only the rate of
reaction but also the heat liberated per unit time are
maximum. It is the ratio at which the oxygen content of
oxidizer is completely reacted to oxidize or consume fuel
completely and no external oxygen is required for reaction
completion.

In a typical experiment the mixture containing the metal
nitrates and citric acid was heated on a hot plate. Boiling
the mixture resulted into a brown gaseous product which
frothed, swelled, and got ignited. This exothermic reaction
resulted into voluminous, fluffy nanocrystalline powders.
This as synthesized powder was calcined at 500 °C for 2 h.

The calcined powder was then made into pellets by
applying pressure of 150 MPa using polyvinyl alcohol as
a binder. Finally the pellets of ZnO and Zng ¢Cdy 0 were
sintered at 600 °C for 6 h in air and used further to study
the structural, morphological, and gas response properties.

2.2. Characterization of the material

The X-ray diffraction (XRD) pattern of the samples
were obtained on BRUKER AXS D8-Advanced X-ray
diffractometer using Cu-Kao (1=1.5405 A) radiation at 20
values between 20° and 80°. The morphological features of
the product were imaged using scanning electron micro-
scope instrument (Model JSM-6360). The transmission
electron microscopic (TEM) analysis and selected area
electron diffraction (SAED) were performed on the micro-
scope equipped (Philips CM 200 FEG)with a field emission
gun at an accelerating voltage of 200 kV, with a resolution
of 0.24 nm.

The lattice parameters of the ZnO and ZngyoCd, ;O were
calculated using the formula for interplanar spacing. The
average crystallite size, D, was calculated from the Scherrer
formula:

D =(0.94)/(fcos 0), ()

where ‘f’ is the full width at half maximum(FWHM) for
most intense (101) reflection, ‘0’ the angle of reflection, and
‘2’ the wavelength of X-ray radiation used.

The apparent density of the sintered sample was calcu-
lated by considering the cylindrical shape of the pellets and
using the relation:

m m
d= Voo h @
where ‘m’ is the mass, ‘7’ is the radius and ‘A’ is the
thickness of the pellet. The theoretical density (d,) was
calculated from the equation [30]:

8M
= NS 3

where, ‘M’ is the molecular weight, ‘N’ is Avogadro’s
number and ‘a’ is the lattice parameter). The % porosity
was calculated from the relation:

P(%) = (1—1) x 100 4)
dx

2.3. Gas response measurement

The sintered pellets were tested for gas response proper-
ties towards various reducing gases, viz. liquid petroleum
gas (LPG), acetone (CH3;COCH3), ethanol (C,HsOH), and
ammonia (NHj3). The details of the gas sensing set up used
to study the gas response measurement is reported else-
where [31]. The temperature of the system was controlled
from room temperature to 500 °C (+ 2 °C) and the two-
probe dc measurement technique was used to measure the
resistance of the sample in the presence of air and relevant
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test gas. Conducting silver paste was used to make the
ohmic contacts on the pellets. The pellet was mounted on
two probe ceramic sample holder placed in the glass tube
assembly which was inserted coaxially inside a tubular
furnace. The dimensions of the pellets were kept constant
for all the samples prepared for the gas response measure-
ments. The sensor was heated with continuous air flow for
2 h before measurements in order to attain stable resis-
tance value. The known amount of test gas was introduced
in the glass tube assembly of 11 volume so that their
required parts per million (ppm) concentration is attained.
The resistance of the pellet was measured as a function of
time at different operating temperatures and concentra-
tions of test gas. The sensor responses of ZnO and
Zny¢Cdy ;0 were investigated in the temperature range
of 200450 °C under identical experimental conditions.
The performance of the sensor was confirmed through
the repeatability and reproducibility experiments. For
repeatability, two to three cycles of the gas response
characteristics were performed for each composition. For
reproducibility, the gas response performance of at least
two to three samples of each composition was tested.
The response is defined as:

(Ri—Ry)
S(%)=—%x 100 (5)
R,
where, R, is the resistance of sensor in air and R, the
resistance in the presence of test gas.

3. Result and discussion
3.1. Structural characterization

The structural properties of the ZnO and Znj¢Cdg 0
samples were studied and the corresponding X-ray diffrac-
tion pattern is shown in Fig. 1. The XRD pattern of
sintered compositions show the presence of (100), (002),
(101), (102), (110), (103), (200), (112), (201), (004), and
(202) diffraction peaks of hexagonal wurtzite structure
ZnO, along with three very low intensity peaks corre-
sponding to the CdO phase. The strong intensity and
narrow width of the ZnO diffraction peaks indicate that
the resulting products are of high crystallinity. The d values
calculated for the diffraction peaks are in good agreement
with those given in JCPD data card (79-2205) for ZnO.
The relative intensity sequence of diffraction peaks is
analogous to those given in the JCPD data confirming the
random orientation of the powder crystallites.

The lattice parameters and crystallite size corresponding
to as prepared and sintered samples are shown in Table 1.
It is found that, the crystallite size increases after both
sintering and cadmium doping. The ionic radius of Cd>*
ion (97 pm) is larger than that of Zn>" ion (74 pm). When
Zn*" ion is partially substituted with Cd> ™", the crystal cell
increases without changing the wurtzite structure. CdO
also enhances the growth of crystal size; however the
occurrence of low intensity peaks belonging to CdO may

—Cdzno
= Zn0O
c * cdO
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Fig. 1. X-ray diffraction pattern for ZnO and Zn,¢Cd, O sintered at
600 °C for 6 h.

Table 1
Crystallite size and lattice parameter for ZnO and Zng¢Cd, ;0 samples.

Name Crystallite Size (nm) Lattice parameter
a c

As synthesized ZnO 20 3.256 5.214

Sintered ZnO 25 3.256 5.209

As synthesized Zng ¢Cdy ;0 28 3.250 5.206

Sintered Zng 9Cdg 0 33 3.255 5.221

be due to partial replacement of Zn>* ions in the ZnO
lattice by Cd** indicating that not all CdO was built into
the ZnO lattice. It is thus confirmed that both ZnO and
7Zn( ¢Cdy ;0 can be prepared by means of this citrate gel
combustion method. The TEM and SAED images of the
as synthesized ZnO and Zng¢Cd, ;0 are presented in
Fig. 2. It is vivid that the combustion method yielded
hexagonal shaped nanoparticles with crystallite size in
good agreement with that of XRD. As observed in XRD
study the crystallite size of Zny¢Cd, ;0 is higher than that
of ZnO. The Selected Area Electron Diffraction (SAED)
pattern shows the presence of rings corresponding to
different planes of wurtzite ZnO as represented in XRD
pattern.

3.2. Morphological study

The SEM images of the ZnO and Zn,¢Cdg ;O sintered
at 600 °C are shown in Fig. 3. SEM observation shows
formation of highly porous surface for both the composi-
tions which are attributed to the nanocrystalline powders
used to make the pellets. The porosity for ZnO and
Zn( ¢Cdy ;0 samples were 51 and 50% respectively. There
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Fig. 2. TEM and SAED images of as synthesized (a) ZnO and (b) Zny¢Cd, ;0.

is no much variation in porosity with Cd doping; however
both samples possessed significantly high porosity which is
mainly due to the low sintering temperature in the present
case. The nanocrystallinity together with the high porosity
can enhance the gas response of the material because more
gas adsorption sites are available due to the increased
surface area.

3.3. Gas response properties

The gas response measurements were taken during
cooling of the sample after heating the pelletized samples
at high temperature for sufficient time for gaining stability,
thereby securing a good reproducibility of the response
characteristics.

3.3.1. Response characteristics of ZnO

Fig. 4 depicts the response of ZnO sensor towards
different test gases as a function of operating temperature.
The sensor shows maximum response to each gas corre-
sponding to a particular temperature. It is seen that the
ZnO exhibit a typical n-type semiconducting behavior as
there is a drop in resistance of the sensor when it is exposed
to reducing gas. The LPG response of sensor was found
to be increased with operating temperature, however the

response to acetone and ethanol vapors was found to get
saturated or decreased beyond a particular temperature.
The sensor exhibits maximum response of 85, 94, and 83%
towards LPG, acetone, and ethanol at operating tempera-
tures of 450, 375, and 375 °C respectively. The response
increases with temperature because thermal energy helps
the reactions involved to overcome their respective activa-
tion energy barriers. However, at high operating tempera-
ture, the adsorbed oxygen species at the sensing sites on the
sensor surface will be diminished and less available to react
with test gases, thereby limiting the sensor response. The
response of ZnO at optimized temperature as a function of
concentration of test gas is shown in Fig. 5. The response
was found to be increased with concentration of test gas.

3.3.2. Response characteristics of Zng oCdy ;0

The response of Zngy 9Cd, ;O sensor sintered at 600 °C is
depicted in Fig. 6. From figure, it is obvious that the
operating temperature for acetone and ethanol has sig-
nificantly decreased as compared to ZnO. The response to
acetone, ethanol, and LPG increased marginally; however
for ammonia it has reduced. The sensor shows a wide
operating temperature range for acetone giving almost
constant response over that range. The sensor shows the
highest response of 86, 96, and 91%, towards LPG,
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Fig. 3. SEM images of (a) ZnO and (b) Zn, ¢Cd, ;O sintered at 600 °C for
6 h.
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Fig. 4. The variation of response of ZnO with operating temperature.

acetone, and ethanol at operating temperatures of 400,
275, and 300 °C respectively. The response as a function of
concentration of test gases for ZngoCdy;O at their
optimum operating temperature is given in Fig. 7. The
response was found to be increased with concentration of
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Fig. 5. The variation of response of ZnO with concentration of the
test gases.
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Fig. 6. The response of Cdy;ZngoO as a function of operating
temperature.

test gas similar to that of ZnO. The response of a sensor
depends on removal of adsorbed oxygen molecules by
reaction with a target gas and generation of electrons. For
a small concentration of gas, exposed on a fixed surface
area of a sample, there is a lower coverage of gas molecules
on the surface and hence lower surface reaction occurs. An
increase in gas concentration increases the surface reaction
due to a larger surface coverage resulting into the higher
response. In general sensor response (S) in % versus
concentration (C) in ppm of target gas or vapor is
represented by the empirical relation[32]: S=A[C]N+B,
where A and B are constants and C is the concentration
of the target gas or vapor. N usually has value between
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0.5 and 1.0, depending on the change of the surface species
and the stoichiometry of the elementary reactions on the
surface. As shown in Figs. 5 and 7 a curvilinear relation-
ship between response and the test gas concentration is
observed, indicating N=0.5 for all samples and test gases.

3.3.3. Acetone and ethanol sensing mechanism
on the surface of ZnO and ZnoCdy ;0

The gas sensing mechanism of ZnO and Zng¢Cdj 0
based sensors is the surface controlled process in which
resistance change is controlled by the type and amount of
chemisorbed oxygen ions on the surface. Depending upon
the temperature and metal oxide surface, the atmospheric
oxygen is chemisorbed on the sensor surface in different
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Fig. 7. The response of Zn(¢Cd, ;O as a function of concentration of the
test gases.
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forms such as O3, O>~, and O~; which are available for
catalytic reactions with test gases. O, is commonly
chemisorbed at low temperatures and at high temperatures
however O~ and O>~ are commonly chemisorbed, while
O~ disappears rapidly. At the operating temperature
range of 200400 °C, O~ is mostly available for reaction
with test gas. Consequently, the chemical reaction under-
lying the acetone and ethanol vapor sensing in this study is
given as [33-35]:

CH;COCH; 480~ —3CO0, 4+ 3H,0 4 8¢~ (©6)

CH;CH,0H + 60~ —2CO; + 3H,0+ 6e ™ )

The adsorbed O~ on the sensor surface reacts with the
acetone and ethanol yielding CO,, H,O and releasing
electrons back to the conduction band of the material
which contribute to the decrease in resistance of the sensor
material.

3.3.4. Response of ZnO and Zny oCdy ;0 to 100 ppm
of test gases

Fig. 8 compares the sensor response to each test gas for
ZnO and Zn(¢Cd, ;0 at optimum operating temperatures
for acetone. The ZnO sensor (Fig. 8(a)) exhibits response
of 53, 60, and 41% towards LPG, acetone, and ethanol at
the concentration of 100 ppm. However, the Zng oCdy ;0
sensor (Fig. 8(b)) exhibits 33, 61, and 57% response
towards LPG, acetone, and ethanol at 100 ppm. In case
of ZngoCdy 10 the response towards acetone and ethanol
is found to be increased while for LPG it has decreased.
The ZngoCdy 0O sensor exhibits good selectivity and
excellent response to acetone for 100 ppm concentration,
at low operating temperature relative to pure ZnO.

275°C
| 100 ppm

Response (%)

LPG Acetone Ethanol
Test gas

NH3

Fig. 8. The response of ZnO and Zn,¢Cdy ;0 to different test gases for 100 ppm concentration at the optimum operating temperatures for acetone.
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3.3.5. Reproducibility and stability of Cdy ;Zngy 0O sensor
to acetone vapor at 275 °C

The sensor reliability is strongly dependent on the
reproducibility and stability exhibited by the sensor mate-
rial. The reproducibility and stability of the ZngoCdg ;O
sensor sintered at 600 °C were measured by repeating the
response measurement a number of times. Fig. 9 depicts
the dynamic response transients for different samples of
Zn( ¢Cdy ;0 towards acetone. It is clear that the response
of the material is almost constant confirming the reprodu-
cibility of sensor material. Stability is the consistence of
the response of a sensor under continuous testing. The
responses of the Zng ¢Cd, ;O sensor towards acetone were
measured on 15th, 30th, 45th and 60th days after the first
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Fig. 9. Plot showing the reproducibility of Zn,¢Cd, ;O to acetone at
275 °C.
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Fig. 10. Plot showing the stability of ZngoCd, ;O to acetone at 275 °C.

measurement and it is shown in Fig. 10. It was found that
after two months, the material performs 94% of its earlier
performance confirming the stability and reliability of the
sensor material for commercial application.

4. Conclusions

The ZnO and Zng¢Cdy ;O materials synthesized by
citrate gel process yielded sensors with excellent response,
fast response and recovery time at moderate operating
temperatures. The results of this study also demonstrate
the importance of Cd doping in ZnO gas sensors in
decreasing the operating temperature of the sensor as an
effect of reduction in crystallite size. The XRD and TEM
study revealed the formation of nanocrystalline material
using citrate gel combustion method. The nanocrystalline
nature of the material found to play key role in gas
sensing. From reproducibility and stability study we con-
cluded that ZnyoCdy ;O can stand as a reliable sensor
element for acetone sensor related applications.
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