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Abstract

Undoped and Ni, Ce-doped nanocrystalline tin oxide were synthesized by co-precipitation route. Doped as well as undoped SnO,
compositions revealed single phase structure without any impurity. The lattice constant of SnO, increases and the grain size decreases
with doping of Ni and Ce. The responses of the sensing elements are evaluated by measuring the resistance change upon exposure to
various test gases such as liquid petroleum gas (LPG), acetone, ethanol and ammonia. In comparison to LPG, ethanol, and ammonia
the response towards acetone vapor increases markedly on simultaneous doping of Ni and Ce. For acetone vapors with 500 ppm at
300 °C, the undoped SnO, shows 31% response, while with individual Ni or Ce doping it increases to 38 and 60%, respectively, however
with simultaneous doping of Ni and Ce there is a significant enhancement up to 92%. The results of gas sensing measurements reveal
that the thick films deposited on alumina substrates using screen printing technique give selectively a high response of (87%) with fast
recovery (~1 min) towards 100 ppm acetone at 300 °C.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Gas sensors have numerous applications in industries,
environment monitoring and protection. Acetone is gen-
erally used as chemical reagent in industry and it easily
evaporates at room temperature. Human being may
develop headache, fatigue if the concentration of acetone
in air is higher than 10,000 ppm. The medical reports
specify that the diabetic patients possess high acetone in
their blood and saliva [1,2] and hence they exhale high
acetone. Therefore detection and measurement of acetone
concentration in the work place of human body is quite
essential for our safety and health. Several analytical
techniques are available to measure the concentration of
acetone such as chromatographic analysis, spectroscopy
and sensors [2-5]. Among these, detection by the sensor
is the most prominent method due to its simplicity,
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convenience and reliability. Of all the known metal oxides
used as sensors, tin oxide is the prominent and widely used
metal oxide gas sensors due to its capability to detect
various toxic, hazardous and flammable gases with high
response, selectivity and good stability. SnO, sensors are
generally operated at high temperatures which limit their
applications for detecting combustible gases. In order to
improve the gas sensing properties like rate of response,
time and selectivity to a single gas, noble metals are used as
additives, which would perhaps act as catalyst and lower
the operating temperature [6-10]. The effect of doping of
Cu [11], Ni [12], Ni+Al [12] and Co [13] have been
reported by various authors and has been found to exhibit
gas sensing behavior towards both oxidizing and reducing
gases, which is correlated to decrease in grain size and
depleted space charge layer. The additives like ZnO, CuO,
MnO, etc. have been reported to enhance densification
when samples are fired at temperature greater than 800 °C
[14-16]. However such densified samples are not porous
and hence they do not exhibit good response. The doping
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of nickel, copper in tin oxide gas sensor has been studied
by various researchers, and they have concluded that
doping of NiO or CuO inhibit the grain growth, as a
result small segregated grains of Ni, Cu appear on the
surface of SnO, [17,18]. However, in general, the simulta-
neously Ni and Ce doped SnO, as acetone sensor is not
reported and a lot of work can be done to realize their
sensing mechanism. In the present work the gas sensing
behavior of undoped, nickel, cerium and nickel with
cerium doped SnO, synthesized by using co-precipitation
method is studied.

2. Experimental
2.1. Preparation of undoped and doped SnO, powder

SnO, powder was prepared by a simple co-precipitation
route. All the chemicals used in this work are of AR grade.
In a typical experiment, an appropriate quantity of stannic
chloride (SnCl,-5H,0) and ammonia solution (NH4,OH
25%) were used as precursors. The stannic chloride was
dissolved in distilled water to form 0.1 M transparent
solution. Dilute ammonia was added drop-wise in the
solution under magnetic stirring until pH of the solution
becomes 8-9 at which precipitation of functional material
occurs. The resulting precipitate was then filtered and
washed with distilled water for several times to remove
chloride ions [19]. The resulting product was kept for
drying under IR lamp for about 8 h, which was followed
by calcinations in air at 450 °C for 2 h. This sample was
labeled as S1.

The 98 wt% stannic chloride and 2 wt% NiSO, were
added together in water to form a transparent solution
with desired concentration. Dilute ammonia was added to
the solution to precipitate the constituents together. The
precipitates were filtered and washed using distilled water
and further the procedure was adopted as in S1, and the
resulting sample was labeled as S2.

The 96 wt% stannic chloride and 4 wt% Ce(NO3); were
added together in water to form a transparent solution
with desired concentration. Dilute ammonia was added
slowly to precipitate and further procedure was adopted as
per S1, and the resulting sample was labeled as S3.

The 94 wt% stannic chloride, 4 wt% Ce(NO3); and
2 wt% NiSO4 were added together in water to form a
transparent solution with desired concentration. Dilute
ammonia was added slowly to precipitate and further
procedure was adopted as per S1. The resulting sample
was labeled as S4. Table 1 shows the sample preparation
details.

2.2. Sensor experiment

The calcinated powder of functional material was mixed
thoroughly with 8% bismuth oxide as inorganic binder,
8% ethyl cellulose as organic vehicle and butyl carbitol
acetate to achieve proper thixotropic properties of the

Table 1

Sample identification for SnO,.

Sample code Composition

S1 Undoped SnO, using coprecipitation method

S2 98 wt% SnCls+2 wt% NiSOy4

S3 96 wt% SnCly+4 wt% Ce(NO;);

S4 94 wt% SnCly+2 wt% NiSO4+4 wt% Ce(NO3);

paste. They were used in weight ratio of 100:8:8 to achieve
adhesiveness. This thixotropic paste was further used to
deposit thick films on ultrasonically cleaned alumina
substrate (10 x 20 mm?) by using screen printing technique
with the nylon cloth of 140 mesh counts. The details of the
technique are described elsewhere [20,21]. The resulting
thick films were sintered in air at 650 °C for 2 h in muffle
furnace.

Ohmic contacts were provided by using conducting
silver paste on thick film. These thick films were subjected
for studying their gas sensing properties towards the
known amount of various test gases using the dynamic
gas sensing set-up shown elsewhere [22]. The sensor was
kept in the same experimental chamber in air as medium
and relative humidity (RH) was about 40%. The known
amount of test gas was introduced in the gas-mixing
chamber so that their required part per million (ppm)
concentrations is attained. The gas-sensing characteristics
with reference to test gas, operating temperature and
concentration of test gas were recorded using Digital
Nanoammeter Model DNM-121 and ScienTECH variable
power supply ST4074. The gas sensing characteristics of all
the samples were investigated towards four different gases
(LPG, acetone, ethanol and ammonia) under identical
experimental conditions. The resistance of the sample in
presence of air and in presence of test gas was measured.
The experiment was repeated twice to check the repeat-
ability of the sensor. The gas response was defined as
S=(R,—R,)/R,, where, R, is resistance of sensor in air
and R, is resistance in presence of test gas.

3. Results and discussion
3.1. Characterization of the sensors

The crystal structure of the synthesized nanopowders
was investigated with X-ray diffractometer (BRUKER
AXS D8§-Advanced) with Cu Ko line at 1.542 A.F ig. 1 shows
the XRD patterns of sintered samples S1, S2, S3, and S4. All
the diffraction peaks have been indexed to the tetragonal rutile
structure of SnO, with lattice constants which are in good
agreement with the reported values (¢=4.750 A and ¢=3.196
A) from JCPDS card (No. 77-0451). For Ni, Ce-doped SnO,
no diffraction peaks of Ni, Ce oxides or other impurity phases
were observed, suggesting that Ni* ™, Ce*>* jons get uniformly
substituted into the Sn*T sites or interstitial sites in SnO,
lattice. Moreover, the major diffraction peaks shift slightly
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towards smaller diffraction angle compared to the standard
card. The increase in lattice parameter with incorporation of
Ni, Ce and Ni+Ce is attributed to the large ionic radii [23] of
Ni?* (69 pm), Ce** (115 pm) which substitute the smaller
Sn** (69 pm) ion. In addition, the reduction in peak intensity
and the width broadening on doping of Ni**, Ce** and Ni**
with Ce*" in the SnO, nanoparticles facilitates formation of
smaller average diameter crystallites. The crystallite size
determined from the Scherrer equation for various sintered
compositions of SnO, are presented in Table 2, which indicates
that the crystallite size decreases with doping. The doping of
nickel and cerium reduces the crystallite size of SnO» and these
results are in good agreement with earlier reports [24,25].
Moreover with doping of nickel and cerium, the crystallinity
reduces significantly which is also evidenced from the SAED
studies [26].

The surface morphology of all the compositions was
studied using a scanning electron microscope (Instrument
JSM-6360). Fig. 2 depicts the SEM images of sintered
thick films of all the samples. The microstructure reveals
formation of the agglomerated grains having size < 1 um
with remarkable porosity which facilitates gas response.
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Fig. . XRD patterns of undoped (S1), Ni-doped (S2), Ce-doped (S3) and
(Ni+Ce)-doped SnO, (S4).

Table 2
Average particle size and lattice parameters of undoped, Ni-doped,
Ce-doped and (Ni+ Ce)-doped SnO,.

Sample Average particle
size (nm) from XRD size (nm) from TEM

Average particle Lattice parameter

a®) @)
S1 16 17 4.738 3.165
S2 9 9 4.761 3.185
S3 8 8 4.768 3.188
S4 6 7 4.771 3.197

The high surface area available for the adsorption of test
gas plays an important role in gas response [27]. The
elemental composition obtained from the EDAX spectrum
(Fig. 3) confirms the presence of Ni, Ce, Sn and oxygen.
Table 3 shows that the EDAX data is in good agreement
with the initial precursor concentration.

The shape and size of the nanostructures are determined
by TEM. The TEM analysis was carried out using
PHILIPS (Model-CM200) operated at 200 kV with resolu-
tion of 0.24 nm. A typical TEM image (Fig. 4(a)) of the
undoped SnO, sintered at 650 °C, shows formation of
nanoparticles uniformly distributed with about 17 nm size.
The TEM image of the Ni-doped SnO, (Fig. 4(b)) shows
nearly cubical shaped discrete nanoparticles of < 10 nm
size. The diffraction rings corresponding to (101), (111),
(220), (310), and (202) planes are clearly seen in SAED
pattern which also matches with XRD planes. The TEM
image (Fig. 4(c)) of Ce-doped SnO, nanoparticles reveal
that the doped materials present small particles with sizes
about 8§ nm. The TEM image (Fig. 4(d)) of the Ni with
Ce-doped SnO, shows formation of nanoparticles uniformly
distributed having nearly hexagonal shape. The diameter of
the particles varies from 4-8 nm with majority of the particles
having 7nm diameter showing clear boundaries. The
Selected Area Electron Diffraction (SAED) pattern (shown
in inset) of an isolated particle shows bright rings correspond-
ing to the (200), (002), (112), (202) lattice planes of SnO,
structure. These lattice planes match well with the planes
observed in the XRD pattern. It is observed that on doping
of Ni along with Ce, the particle size is decreased and hence
high gas response is exhibited (Sample S4). The average
particle size of all the samples obtained from TEM images
are presented in Table 2.

The UV-absorption spectra of undoped and doped SnO,
were carried out in a JASCO (Model V-670) UV—-vis-NIR
spectrophotometer in the wavelength range of 200-1000 nm
for studying the band gap energy of the samples S1, S2, S3
and S4 sintered at 650 °C. The band gap energy values of
different samples are calculated from the absorption edge
corresponding to each sample by using the Tauc relation [28]:

ahv = A(hv—E,)"

where o is the absorption coefficient, 4 is a constant, n=
1/2 for direct allowed transition, hv is the photon energy
taken from the UV-spectra and E| is the optical band gap
which could be calculated from (ahv)* versus (hv) plot as
shown in Fig. 5. By extrapolating the linear part of the plot
to a=0, the optical band gap of 4.1 eV was estimated for
undoped SnO,, while the optical band gap decreases with
respective doping of Ni (3.95 eV), Ce (3.66 eV), and simulta-
neous Ni with Ce (3.58 e¢V) in SnO,. The doping of Ni, Ce,
and Ni with Ce in SnO, resulted into the decrease in band
gap which reflected as red shift in absorption spectra [29-31]
to a certain minimum value (i.e. critical size). The observed
shift in band-gap values with dopants may be attributed to
the change in energy eigen values as a result of perturbation
potential due to exchange interaction.
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Fig. 2. SEM images of the surface of SnO, thick films: (a) undoped SnO, (b) Ni-doped SnO, (c) Ce-doped SnO, (d) (Ni+ Ce)-doped SnO,.
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Fig. 3. EDAX spectrum of (Ni+ Ce)-doped SnO, thick film.

Table 3
Element concentrations calculated from Energy Dis-
persive X-ray spectroscopy (EDAX) of (Ni+Ce)-

doped SnO,.

Element Wt% At%
Ce 2.62 0.89
Ni 0.84 0.68
Sn 73.55 29.65
(6] 23.00 68.77

FTIR analysis was carried out using a JASCO (Model
Name FT/IR-6100 type A) spectrometer in the wavenumber
range of 400-4000 cm ™! for studying the chemical groups on

the surface of the samples S1, S2, S3 and S4 sintered at
650 °C. The detailed FTIR spectra of these samples are
shown in Fig. 6. The peaks at 3500cm™"' to 2500 cm ™'
indicate presence of hydrogen bonds involved in O-H
oscillators, which may be due to adsorbed water and Sn—
OH groups. The peak which appeared at 573 cm ™~ relates to
the terminal oxygen vibration of Sn—OH, while the peak
appearing at 652cm ™' is due to the O-Sn—O bridge func-
tional group of SnO, (S1). From Fig. 6 it is evident that with
doping of Ni and Ce the position of characteristic vibration
peaks of the Sn—OH and O-Sn—O functional groups in SnO,
shifts towards higher wave number with maximum shift in
case of S4, which is in agreement with the results reported
earlier [32]. The shift in position of peaks is due to doping,
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Fig. 4. TEM images with SAED patterns of SnO, thick films: (a) undoped SnO, (b) Ni-doped SnO, (c) Ce-doped SnO, (d) (Ni+Ce)-doped SnO,.
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Fig. 5. UV spectra of undoped, Ni, Ce and (Ni+ Ce)-doped SnO,.

which reveals the formation of metastable solid solution,
inhibiting the growth of nanoparticles [33,34].

3.2. Gas sensing properties

3.2.1. Gas response tests

We have examined the response of samples S1, S2,
S3 and S4 towards acetone at 500 ppm concentration at
various operating temperatures. The response and operat-
ing temperature were influenced by doping of Ni, Ce and
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Fig. 6. FTIR spectra of undoped, Ni, Ce and (Ni+ Ce)-doped SnO,.

Ni with Ce. In the present case we have observed increase
in response and decrease in operating temperature with
doping. The sample S1 exhibited response of 31%, while
(Ni+Ce)-doped (S4) sample exhibited maximum response
of 92% at 300 °C as shown in Fig. 7. The NiO and ceria
might be acting as catalyst for the dissociation of acetone
and are responsible for sensing it at relatively lower
temperature.

The response of sintered thick films of S1, S2, S3 and S4
towards various test gases at 100 ppm was studied at an
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Fig. 8. Response (%S) for various gases for undoped and doped SnO, at
300 °C for 100 ppm concentration of gases.

optimum temperature of 300 °C. It can be seen from Fig. 8
that all the samples show high response and selectivity
towards acetone in comparison with the other gases like
LPG, ethanol and ammonia. It is found that for sample S4
the response is about 87% to 100 ppm acetone which is
four times larger than that of S1 (21%). Thus S4 sample
has proved to be the potential candidate for acetone
detection at low concentration and relatively moderate
operating temperature.

Fig. 9 shows the relation between response (%S) and
concentration of acetone at 300 °C for undoped and doped
SnO,. It illustrates that the gas response increases with
increase in concentration of acetone. Beyond 500 ppm the
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Fig. 9. Variation in sensor response to different concentrations of acetone
vapor measured at 300 °C.

response of the S4 is found to be saturated, however the
saturation limit in case of other samples (S1, S2 and S3) is
at 1000 ppm. The inset in Fig. 9 shows the response as a
function of concentration in the range 0-500 ppm of
acetone. It reveals that from 0-200 ppm, the response
increases linearly for all samples. Above 200 ppm, the
response increases slowly up to 500 ppm; thereafter the
sensor becomes more or less saturated.

In fact, the response (S) of a semiconductor metal oxide
is wusually represented by an empirical relation
S=A[C]"+ B, where 4 and B are constants and C is the
concentration of the target gas or vapor. N usually has a
value between 0.5 and 1.0, depending on the change of the
surface species and the stoichiometry of the elementary
reactions on the surface [35]. As shown in the inset of
Fig. 9, a curvilinear relationship between response and the
acetone concentration has been observed, indicating
N=0.5 for all samples. The slope of the sample S4 is
greater than other samples which further confirm that the
Ni with Ce-doped SnO, nanomaterial can be used as a
promising material for acetone sensor.

The gas sensing mechanism of undoped and doped SnO,
based sensor is the surface controlled process wherein
resistance change is controlled by the species and amount
of chemisorbed oxygen ions on the surface. Generally
SnO, is known to exist in the non-stoichiometric form. It
exists as Sn(IV); _ Sn(II), O, _s and the major impurity in
SnO; is due to traces of Sn’>* and Sn° metallic. This is the
reason why SnO, is generally nonstoichiometric with
oxygen vacancy. When we dope Ni*t and Ce’*t the
overall effect cannot be called as p-type donor impurity.
Thus it is observed that with incorporation of nickel and
cerium in SnQ,, there is increase in potential barrier
(resistance) without disturbing the overall n-type nature
of SnO,. The substitution of Sn** ions by lower valence
Ni** and Ce’™ ions create more oxygen vacancies in the
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sensor material and the presence of oxygen vacancies
favors the adsorption of oxygen at optimized operating
temperature improving the gas response of the material.

When atmospheric oxygen is adsorbed on the sensor
surface, at high temperature, it traps the electrons from the
conduction band of sensor material to produce negatively
charged chemisorbed oxygen such as O~; O5 and O*~.

The reactions may proceed as follows: [cb: conduction
band, ads: adsorbed]

O2(atm) + e(_cb) < O;(ads)

Osads) T€(eb) <> 20aas)
_ _ 2

20 u45) + 2€(e) <> 200545

Thus the concentration of the electrons in the conduc-
tion band of SnO, decreases and hence the resistance of
the material increases in air atmosphere. When Ni with
Ce-doped SnO, sensor material is exposed to reducing gas
(acetone), its resistance reduces in accordance with the well
documented phenomenon of oxidation of reducing gas due
to adsorbed oxygen ion species present on sensor. Hence
the normal behavior of n-type material is observed which
consequently reduces the potential barrier height. The
maximum response of Ni with Ce-doped SnO, sensor
towards acetone is probably due to smaller grain size
which provides a large specific surface area and a higher
surface activity, resulting into stronger interaction between
acetone molecules and the adsorbed oxygen species. The
overall reactions can take place as follows:

(CH3)2CO(gaS) + 402_(ads) — 3C02(gas) + 3H20(gas) + 46(_0b)
NiO - Ni** 42y, +120,
2Ce;03 - 4Ce* T +12¢, 430,

The prominent role of ceria has been recognized in three
way catalysis (TWC). The three-way catalyst is designed to
simultaneously convert automobile exhaust pollutants
(uncombusted hydrocarbons (HC), carbon monoxide
(CO) and nitrogen oxides (NO,)) to environmentally
acceptable products such as carbon dioxide, water and
nitrogen. It is well known from electronic structure
calculations of cerium oxide (ceria) that it has two forms
viz. CeO, (cubic fluorite in structure) and Ce,O5 (hexago-
nal lattice in structure). Ceria is widely applied in auto-
mobile exhaust catalysts as an oxygen storage, due to its
stability to take and release oxygen under oxidizing and
reducing conditions. This is due to continuous ongoing
transformation between the two Ce oxides, the oxygen-rich
CeO, and the oxygen-poor Ce,O; depending on the
external oxygen concentration.

In the presence of acetone, the Ce,Os5 is converted into
Ce [36,37]:

C6203 + CH3 COCH} —Ce+ C2H4 + HQO + COZ

In the absence of acetone, Ce gets quickly oxidized to
C6203Z

4Ce+30,; —>2Ce,03

Fig. 10 shows variation of In R versus 1000/7 in air for
different samples. The electrical resistance increased with
nickel doping and it was further enhanced with nickel and
cerium doping. The increasing trend may be due to the
increase in the depletion layer thickness. As Ni’" and
Ce** replaces some of Sn*™ ions, so there is net decrease
in the charge carrier concentration which results in
increase in barrier height at the grain boundaries. From
Arrhenius plot the activation energy was calculated. The
activation energy values are found to increase with doping
of nickel (0.90eV), cerium (0.98 eV) and nickel-cerium
(1.21 eV) as compared to undoped SnO, sample (0.81 eV).
The activation energy may not be always equal to barrier
height, particularly in oxides. We assume that the increase
in activation energy is due to formation of deep defect
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Fig. 11. Transient response characteristics of undoped and doped SnO,
exposed to 100 ppm acetone vapor at 300 °C.
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Table 4

Response and recovery characteristics for 100 ppm of acetone vapor at operating temperature of 300 °C.

Time Undoped SnO, (S1) Ni-doped SnO, (S2) Ce-doped SnO, (S3) (Ni+ Ce)-doped SnO, (S4)
tresponse 55s 35s 28s 23s
trecovery 3 min 1.5 min 1.5 min 1 min

states, which may be interstitials. Due to the formation of
more defect states they create separate band in the energy
band diagram and lower the band gap which in turn
reduces the barrier height too, we mean ‘band tailing’
effect.

The transient response characteristics of all the samples
exposed to 100 ppm acetone concentration at an operating
temperature of 300 °C are shown in Fig. 11. In these
measurements, sensors response as a function of time was
measured. From figure it is obvious that, as we go from S1
to S4 the sensor response is found to enhance significantly,
which is attributed to the change in morphology and
reduction in crystallite size of the sample with doping,
which facilitates the adsorption of oxygen significantly. In
case of S4, the number of active adsorption sites for
oxygen is high as compared to S1, S2 and S3. The
adsorption of oxygen on the surface increases the resis-
tance of the sensor material due to transport of electrons
from conduction band to adsorbed oxygen which results in
increase in gas response.

3.2.2. Response and recovery time

Table 4 reveals that with doping Ni and Ce promotes the
gas response; the response and recovery characteristics for
S4 at 300 °C shows that for 100 ppm of acetone the
resistance drops within 23 s and regains the original value
within 1 min. The doping of Ni and Ce improves the gas
response and recovery time as compared with other
samples (S1, S2 and S3). Such an increase in the selective
response towards acetone with fast response and recovery
time is attributed to simultancous doping of Ni and Ce.
The faster response and recovery may be due to the high
reactivity of acetone vapor with adsorbed oxygen in the
presence of Ni and Ce sites on the surface of the sensor.
The faster response and recovery would also be attributed
to the highly porous nature of the sensor. Fast and easier
gas diffusion to grain boundaries would enable the gas to
be oxidized immediately, giving faster response.

4. Conclusions

Undoped, nickel, cerium, and nickel with cerium doped
nanocrystalline tin oxide powders were successfully synthe-
sized by co-precipitation route. The incorporation of Ni,
Ce and Ni with Ce is found to introduce significant
structural and morphological changes in SnO». The reduc-
tion in grain size is due to incorporation of these metal
oxides which favors the interaction between the material
surface and the test gas. The sensor S4 (Ni with Ce-doped

SnO,) exhibited selective acetone response with rapid
response (23 s) and fast recovery (~1 min) at 100 ppm.
The simultaneous doping of Ni and Ce in SnO, showed
profound effect on the gas sensing properties hence it can
be used as promising candidate for the fabrication of high-
performance acetone gas sensor.
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