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Abstract

The Zn-doped SnO, nanoparticles synthesized by the chemical co-precipitation route and having dopant concentration varying from 0 to 4 at%,
were characterized by X-ray diffraction (XRD) and transmission electron microscopy (TEM) for structural and morphological studies. XRD
analyses reveal that all the samples are polycrystalline SnO, having tetragonal rutile structure with nanocrystallites in the range 10-25 nm. The
TEM images show agglomeration of grains (cluster of primary crystallites). A corresponding selected area electron diffraction pattern reveals the
different Debye rings of SnO,, as analyzed in XRD. Alcohol sensing properties of all the Zn-doped samples were investigated for various
concentrations of methanol, ethanol and propan-2-ol in air at different operating temperatures. Among all the samples examined, the 4 at% Zn-
doped sample exhibits the best response to different alcohol vapors at the operating temperature of 250 °C. For a concentration of 50 ppm, the
4 at% Zn-doped sample shows the maximum response 85.6% to methanol, 87.5% to ethanol and 94.5% to propan-2-ol respectively at the operating
temperature of 250 °C. A possible reaction mechanism of alcohol sensing has been proposed.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Tin oxide (SnO,), an important n-type wide direct band gap
semiconductor (E, = 3.67 eV at 300 K), has been the subject of
great interest for researchers because of its numerous and wide-
ranging applications, such as in flat panel displays, catalysis,
heat mirrors, transparent electrodes preparation, gas sensing,
etc. [1-7]. More recently, this material has received a growing
attention as a nanostructured material due to its interesting
electrical and optical properties arising out of large surface-to-
volume ratio, quantum confinement effect, etc. [8-12].
Morphology, size and size distribution of SnO, nanoparticles
play an important role in deciding their properties. One
important method to modify the characteristics of the
nanoparticles is the introduction of dopants in the parent
system, which, in turn, influences the performance of the gas
sensors based on these nanoparticles. Various dopants like Al,
In, Cu, etc. have been used to improve sensitivity and selectivity
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performance of the gas sensors based on the SnO, nanoparticles
[13-15]. Ménini et al. [13] have investigated the CO response
of a nanostructured SnO, gas sensor doped with palladium and
platinum. Microstructure In/Pd-doped SnO, sensor for low-
level CO detection has been studied by Zhang et al. [14].
Thomas et al. [15] have examined the influence of Cs doping in
spray deposited SnO, thin films for LPG sensors.

Though a large number of studies on the gas sensors based
on SnO, nanoparticles (in various forms) have been carried out,
but to the best of our knowledge, a very little attention has been
paid to the investigation of the Zn-doped SnO, nanoparticles
for gas sensing applications [16]. In recent times, environ-
mental regulations for VOCs have been tightened all over the
world. At high concentrations in air, VOCs with their speedy
evaporation and toxic or carcinogenic nature are extremely
dangerous to human beings [17]. Alcohols (methanol, ethanol
and propan-2-ol) are widely used in many applications. Among
them, methanol is highly toxic and often fatal to human beings,
whereas excessive exposure of propan-2-ol results in headache,
dizziness, nausea, vomiting, etc. Thus, seeing the importance of
health risks, the alcohol sensing properties of the Zn-doped
SnO, nanoparticles have been investigated and reported in this
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paper. For a material to be used as a chemical gas sensor, it
should exhibit high response at low operating temperatures and
the low concentrations of tested gases. Keeping this in view, the
low concentrations (10-50 ppm) of alcohols were tested.

To prepare active nanocrystalline powders, several chemical
techniques have been investigated and reported in the literature.
Among the various methods of preparing nanostructured SnO,,
co-precipitation [18], sol-gel [19], spray pyrolysis [20],
hydrothermal routes [21], etc. are popular. In the present
investigation, we have used co-precipitation method for the
preparation of Zn-doped SnO, nanoparticles as this method
requires little manipulation and no sophisticated equipment.

2. Experimental

The Zn-doped SnO, nanoparticles were synthesized by the
chemical co-precipitation route. All the chemicals used were of
analytical grade. Firstly, stannic tetrachloride hydrated
(SnCly-5H,0) was dissolved in distilled water to prepare
0.1 M solution. Zinc acetate dihydrate [Zn(CH3COO),-2H,0]
was then added to the solution as the source of Zn-dopant. The
dopant concentration (at% Zn to Sn) was varied from 0O to
4 at%. Ammonia solution was then added into the solution
under constant agitation to form white slurry. The slurry was
filtered and washed thoroughly with distilled water several
times to remove the chloride ions completely from the
precipitate. The resulting precipitate was dried at 90 °C and
then calcined at 600 °C for 10 h in air. The dried mass was then
crushed into fine powder. The structural analysis of the SnO,
powder was carried out using PANalytical X’Pert Pro X-ray
Diffractometer with Cu Ka radiation (A = 1.5418 A) as X-ray
source at 40 kV and 30 mA in the scanning angle (26) from 20°
to 65°. The morphologies and dimensions of the powders were
determined by transmission electron microscopy (TEM) which
was done on a Philips model Tecnai-20 using an accelerating
voltage of 200 kV.
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The fine powders, both undoped and Zn-doped, separately
were pressed into pellets of 12 mm diameter and 2.5 mm
thickness at a pressure of ~15 MPa using a hydraulic press.
These pellets were sintered at around 600 °C for 5 h in air. High
temperature silver paste was used for making ohmic contacts on
the two flat surfaces of the sintered pellets. The alcohol sensing
properties of the pellets were carried out in an experimental set
up shown in Fig. 1. The experimental set-up was so designed
that there was a complete dry air (free from humidity) in the
surrounding areas of the experimental films to be examined.
Therefore, the effect of humidity on the sensor response has not
been taken into account in the present investigation. The pellet
was mounted on a home-made two-probe assembly which was
inserted coaxially inside a resistance-heated furnace. The
temperature of the pellet was monitored using a chromel-
alumel thermocouple with the help of a Motwane digital
multimeter (Model: 454). The electrical resistance of the pellet
was measured before and after exposure to alcohol vapour by a
62 Digit USB Digital Multimeter (Keithley Model: 2100). The
measurement of alcohol concentration was carried out by
taking required amount of liquid alcohol in a Hamilton micro
syringe and then injecting it into the enclosure. The response of
the pellet towards alcohol vapour was studied at different
operating temperatures in the range 150-250 °C for various
concentrations ranging from 10 ppm to 50 ppm in air.

3. Results and discussion
3.1. Structural and morphological studies

XRD patterns of the 0 at%, 1 at%, 2 at%, 3 at% and 4 at%
Zn-doped SnO, nanoparticles are shown in Fig. 2. All the
diffraction peaks in the pattern can be indexed as the tetragonal
rutile structure of the polycrystalline SnO, in the standard data
(JCPDS File No. 72-1147) for samples. No phase correspond-
ing to zinc or other zinc compound is found in the pattern. It is
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Fig. 1. Experimental set-up for alcohol sensing studies.
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Fig. 2. XRD spectra of the 0 at%, 1 at%, 2 at%, 3 at% and 4 at% Zn-doped
SnO, nanoparticles.

observed that the intensities of all the peaks are diminished on
doping with zinc, indicating their lower crystallinity as
compared with the undoped SnO, nanoparticles. Poor crystal-
linity in the Zn-doped nanoparticles is attributed to the fact that
the Zn incorporation in the parent system enables more
nucleation sites which, in turn, inhibit the growth of crystal
grains, resulting increase in the lattice strain.

Another effect of Zn doping in SnO, nanoparticles is the
shift of the diffraction peak positions towards lower values of 20
compared to the peak position observed in the undoped sample.
Such a decrease in 26 arises due the fact that the ionic radii of
Zn** and Sn** are 0.074 and 0.069 nm, respectively and
therefore the lattice spacing (d) between the planes is expected
to increase when the Zn>* ions are substituted into the Sn** sites
in the parent system. This is found in agreement with the XRD
results where d-spacing of the lattice planes in the zinc doped
samples increases.

The lattice constants (a = b, and c¢) have been calculated
from the most prominent peaks using the equation [22]:

1 (BP+E) P
2 @ Ta

The crystallite size (D) and the lattice strain (¢) of the SnO,
nanoparticles have been determined using the Debye—Scherrer
formula (2) [22] and the tangent formula (3) [22]:

0.9x

b= (Bcosb) @

(D

c?

Table 1
Structural properties of the undoped and Zn-doped SnO, nanoparticles.

&= p
4tanf

where A is the X-ray wavelength equal to 1.5406 A, 6 is the
Bragg diffraction angle and g (radians) is the full-width at half
maximum.

The lattice constants, the crystallite size and the lattice strain
thus obtained are listed in Table 1. It is observed that the
crystallite size of the SnO, nanoparticles decreases on Zn
doping. This is due to enhancement in the densities of
nucleation centres in the doped samples which results in the
formation of smaller crystallites [23]. The lattice constants, a
and ¢, are found to increase with the zinc doping. This is
attributed to the replacement of Sn** ions by Zn>* ions during
formation of the Zn doped SnO, nanoparticles since the radius
of Zn** ion is larger than that of Sn** ion (rz,>* = 0.074 nm and
ren™t = 0.069 nm).

The porosity (P) (listed in Table 1) of the sintered pellets has
been determined using the equation [24]:

3)

. ( _&> x 100% 4)
P
where
nM
- 5
Px = 32e (5
and
m m
= —= — 6
Pa = = 2 ©

Here, n is the number of molecules per unit cell, M the
molecular weight, a and c the lattice parameters, N the
Avogadro’s number while m, v, r, and h are the mass, volume,
radius, and thickness of the pellet respectively.

The bright-field TEM images and the corresponding
selected area electron diffraction (SAED) patterns of the
synthesized SnO, nanoparticles are shown in Fig. 3(a—c). It is
clear from the figures that the grains are segregated together to
form large sized agglomerates (cluster of primary crystallites).
The TEM images reveal that the Zn doped samples present
smaller particle sizes than the undoped sample (listed in Table
1). A corresponding selected area electron diffraction pattern
(shown in the inset) reveals the different Debye rings of SnO,,
as analyzed in XRD.

3.2. Alcohol sensing studies

On exposing the sample to alcohol vapour of desired
concentration in air to be examined, the pellet resistance was

Lattice strain (&) Porosity (%) Particle size by TEM (nm)

S. no. SnO, nanoparticles a (1&) c (10%) Crystallite size (D, nm)
1. Undoped (0 at% Zn) 4.685 3.163 25
2. 1at% Zn 4.707 3.166 13
3. 2 at% Zn 4721 3.178 17
4. 3 at% Zn 4.721 3.187 15
5. 4 at% Zn 4784 3.194 11

0.0065 529 37.4
0.0085 61.7 19.3
0.0071 574 22.7
0.0083 54.5 -
0.0108 51.8 -
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Fig. 3. (a—c) Bright-field TEM images and the selected area electron diffraction
(SAED) patterns of the 0 at%, 1 at% and 2 at% Zn-doped SnO, nanoparticles.

found to decrease. When the pellet was exposed to air, the pellet
resistance recovered its original value. In the present
investigation, the sensor response (S) has been defined as the
ratio of change in pellet resistance upon exposure to alcohol to
the pellet resistance in air (at the same operating temperatures)
and is given by the equation:

s—Ra=Re  100% (7)

Rq

where R, is the pellet resistance in air and R, is the resistance
upon exposure to alcohol vapour.

It is well accepted that the response of the semiconductor
gas sensors is attributed to the chemisorption of oxygen on
the oxide surface and the subsequent reaction between
adsorbed oxygen species and tested gas, which causes the
resistance change [25]. The same mechanism has been used
to explain the alcohol-sensing properties of the SnO,
nanoparticles.

3.2.1. Methanol sensing

Fig. 4(a—e) presents the methanol response characteristics
of the Zn-doped SnO, nanoparticles as a function of the
operating temperatures. In case of the undoped sample, at
lower concentrations the response first increases rapidly with
the operating temperature up to 175°C and thereafter
increases slowly. At lower concentrations, there is a sparse
surface coverage of methanol molecules on the sample which
react effectively with the available oxygen species resulting a
rapid increase in response. On the other hand, at higher
concentrations there is a dense surface coverage of methanol
molecules which prevents subsequent adsorption of atmo-
spheric oxygen and therefore there is a gradual change in
response. The 1 at% Zn doped sample begins to attain
saturation at the higher operating temperatures beyond
200 °C for all concentrations, whereas the other Zn-doped
samples show a tendency of enhanced response with the
operating temperature beyond 200 °C for all concentrations.
The increase in response is found to be most pronounced in
case of the 4 at% Zn doped sample. Variation in response
with the operating temperature as well as the methanol
concentration depends on the availability of atmospheric
oxygen species on the sample surface and the chemical
activation of methanol molecules at different operating
temperatures. Adsorption of atmospheric oxygen on the
sample surface mainly depends on the operating temperature
and the surface-to-volume ratio of the crystallites. Among all
the samples examined, the 4 at% Zn doped sample show the
maximum response (85.6%) at 250 °C for a concentration of
50 ppm methanol in air.

When the sample is heated in ambient at a temperature
higher than 150 °C, at first atmospheric oxygen is absorbed on
the surface of SnO,. The adsorption of oxygen forms ionic
species such as 0>, 0, and O~ which acquire electrons from
the semiconducting layer and which desorb from the surface at
80, 150 and 500 °C, respectively. The reaction kinetics is as
follows [5,26]:

0, (air) < O,(ads) (8)
O,(ads) + e~ < O, (ads) 9)
O, (ads) + e < 207 (ads) (10)

The possible reaction mechanism of methanol molecules
with the adsorbed oxygen species may be written as follows
[27]:

CH;0H(gas) + O™ (ads) — CH,0 + H,0 + e~ an
CH,0 + O(bulk) — HCOOH + O(vacancies) (12)
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Fig. 4. (a—e) Methanol response characteristics of the 0 at%, 1 at%, 2 at%, 3 at% and 4 at% Zn-doped SnO, nanoparticles as a function of operating temperature.

Here, methanol is oxidized to formaldehyde and subse- 3.2.2. Ethanol sensing
quently formic acid, and liberates electrons into the conduction Fig. 5(a—e) presents the ethanol response characteristics of
band, thereby decreasing the resistance of the pellet upon the Zn-doped SnO, nanoparticles as a function of the operating
exposure to methanol vapour. temperatures at various concentration of ethanol in air. Here, in
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Fig. 5. (a—e) Ethanol response characteristics of the 0 at%, 1 at%, 2 at%, 3 at% and 4 at% Zn-doped SnO, nanoparticles as a function of operating temperature.

all the Zn-doped samples, the response increases steadily with
the operating temperature at all the concentrations. However,
for 3 and 4 at% Zn doped samples, the increase in response is
fast in the higher temperature region 225-250 °C. This is
because of greater adsorption of atmospheric oxygen at the

higher operating temperatures in case of the 3 and 4 at% Zn-
doped samples due to their smaller crystallite sizes. In this
case, the maximum response 87.5% is observed at the
operating temperature of 250 °C for an ethanol concentration
of 50 ppm.
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Fig. 6. (a—e) Propan-2-ol response characteristics of the 0 at%, 1 at%, 2 at%, 3 at% and 4 at% Zn-doped SnO, nanoparticles as a function of operating temperature.
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The possible reaction mechanism of ethanol molecules with
the adsorbed oxygen species may be written as follows [28,29]:

CH;CH,0OH(gas) + O~ — CH3CHO + H,O + e 13)
CH;CHO + O(bulk) — CH3COOH + O(vacancies)  (14)

In this case, the formation of acetaldehyde and subsequently
acetic acid due to the oxidation of ethanol, leads to the
liberation of electrons into the conduction band, resulting in a
decrease in the sample resistance.

3.2.3. Propan-2-ol sensing

Fig. 6(a—e) shows the propan-2-ol response characteristics of
the Zn-doped SnO, nanoparticles. As compared to the undoped
sample, the response is found to be less in the 1 at% and 2 at%
Zn-doped samples, and more in case of the 3 at% and 4 at% Zn-
doped samples at all the operating temperatures for all the
concentrations. Maximum response 94.5% is observed in this
case at 250 °C for 50 ppm concentration. It is observed that at a
particular operating temperature, the response increases with
concentration, implying sufficient availability of adsorbed
oxygen species on the sample surface. In this case the possible
reaction mechanism may be written as follows [30]:

(CH3),CHOH(gas) + O~ — (CH3),CO + H,0 + e~
15)

(CH3),CO + O(bulk) — CH3CH,COOH + O(vacancies)
(16)

In this case propionaldehyde is first formed due to oxidation
which later oxidized to propanoic acid, creating oxygen
vacancies in the system and therefore the sample resistance
decreases.

3.2.4. Comparison of alcohol sensing

For comparison of alcohol sensing, we have examined the
responses of the 4 at% Zn-doped sample as it exhibits the
maximum response to methanol, ethanol and propan-2-ol.
Fig. 7(a—c) shows the response characteristics of the 4 at% Zn
doped sample as a function of alcohol concentration at three
different operating temperatures viz. 150 °C, 200 °C and 250 °C.
Itis clear from the figure that at the lower operating temperatures
of 150 °C and 200 °C, the response to propan-2-ol is more than
those to methanol and ethanol for all the concentrations. This is
attributed to the fact that the alcohols with increased —CH,—
groups are more easily decomposed and oxidized than those with
fewer one [31,32]. Therefore, propan-2-ol having the maximum
number of —CH,— groups is easily decomposed and thus reacts
effectively with the adsorbed oxygen species, causing release of
electrons which, in turn, increases the response.

The transient response characteristics of the 4 at% Zn-doped
sample for 50 ppm concentration at three different operating
temperatures of 150 °C, 200 °C and 250 °C are shown in
Fig. 8(a—c).Itis observed that at 150 °C, the response time is least
for ethanol, followed by methanol and propan-2-ol respectively
while at 200 °C, the response time is minimum for propan-2-ol
and it is equal for both methanol and ethanol. At 250 °C, the
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Fig. 8. (a—c) Transient response characteristics of the 4 at% Zn-doped sample
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200 °C and 250 °C.

response time is found to be minimum and equal for both propan-
2-o0l and methanol. The response time depends on many factors
like the molecular weight of the detected gas or vapour, the
operating temperature which influence the chemical reactivity of
the detected gas with the adsorbed oxygen species, etc. [33].
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4. Conclusion

The Zn-doped SnO, nanoparticles synthesized by the
chemical co-precipitation route are found to have tetragonal
rutile structure with crystallite sizes in the range 10-25 nm.
The SAED pattern reveals the different Debye rings of SnO,, as
analyzed in XRD. On investigation of the alcohol sensing
properties of the Zn-doped nanoparticles for various con-
centrations of methanol, ethanol and propan-2-ol at different
operating temperatures, it is concluded that the 4 at% Zn-
doped sample exhibit the best response to different alcohol
vapors at the operating temperature of 250 °C. For a
concentration of 50 ppm, the 4 at% Zn-doped sample shows
the maximum response 85.6% to methanol, followed 87.5% to
ethanol and 94.5% to propan-2-ol respectively at the operating
temperature of 250 °C. Higher response to propan-2-ol is
attributed to the fact that the alcohols with increased —CH,—
groups are more easily decomposed and oxidized than those
with fewer one.
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