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Semiconducting tin oxide precursor powders were synthesized via three different chemical
processing routes. The influence of powder processing conditions on the physical
properties, e.g., particle size, surface area and phase composition of both uncalcined and
calcined materials, was investigated. These powders were used to fabricate gas sensors
using thick-film screen-printing technology. The effect of precursor powders, sintering
conditions, sensor temperature and Pd catalyst on the carbon monoxide, methane,
propane and ethanol gas sensing characteristics of the sensors were investigated. Sensors
were also fabricated using tin oxide powders obtained from a commercial source and their
gas sensing properties were also investigated. The data indicates that the powder
processing methodology, sensor fabrication conditions and Pd catalyst can profoundly
influence the physical characteristics as well as the gas sensing properties of the sensors.
C© 2003 Kluwer Academic Publishers

1. Introduction
With increasing world population and industrialization,
air pollution from transportation, industrial, and resi-
dential sources is continually on the rise. The air pollu-
tion/greenhouse gas emissions from the above sources
is known to cause global warming, acid rain and pho-
tochemical smog with resulting damage to the environ-
ment and living beings. Intelligent systems based on
sensors and controls offer an opportunity to increase
the efficiency of energy usage in various combustion
systems and reduce the emission of greenhouse gases
(GHG) that cause global warming, smog and acid rain.
In addition, sensors and controls (S&C’s) can be used
for process control to improve productivity and prod-
uct quality in various industrial sectors. Applications
exist in air quality monitoring and control, energy effi-
ciency, industrial process control, transportation, health
& safety (e.g., to detect toxic, flammable and explosive
gases in mines and industrial/residential environments),
medical diagnostics, material recycling, etc. There is
an ongoing need for the development of fast, sensitive,
rugged, reliable and low-cost sensors for applications in
harsh environments found in automotive, metallurgical
processing, aerospace, glass, ceramics, pulp and paper,
energy production/generation, etc. industries. The au-
tomotive industry is an excellent example, wherein on-
line oxygen sensors and a three-way catalyst, in con-
junction with a microprocessor-based control circuit,
provide >10% increase in fuel efficiency and commen-
surate reduction in GHG’s.
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Current sensing technologies based on electrochem-
istry, calorimetry, chromatography and spectroscopic
techniques are either too expensive or cumbersome to
use. Solid-state gas sensors based on semiconducting
materials are attractive because of their low cost, small
size, ease of fabrication and compatibility with elec-
tronic systems. The electrical properties of most of the
semiconducting materials are known to be influenced
by the adsorption and/or reaction of various gases in
the environment. This property of semiconducting ma-
terials is typically exploited in gas sensing measure-
ments. Semiconducting oxide materials such as ZnO,
TiO2, Fe2O3, WO3, and SnO2 are commonly investi-
gated materials for gas sensing applications. Among
these, tin oxide (SnO2) is perhaps the most widely
investigated. It generally behaves as an n-type semi-
conductor (i.e., electrons are majority charge carriers)
with a wide band-gap, �E = 3.6 eV, due to slight
non-stoichiometry which arises from the variable ox-
idation states of tin [1]. The major drawback with tin
dioxide-based semiconducting gas sensors is their non-
selectivity, i.e., the inability to provide clearly distin-
guishable response signals when exposed to a mixture
of reducing gases, e.g., CO, CH4, C3H8, H2, etc. Also,
environmental factors such as variations in tempera-
ture and humidity can often adversely influence the
sensor response [2–6]. These problems can often be
resolved by using higher operating temperatures, by
adding dopants or other metal oxides to the tin oxide,
or by changing the base semiconducting oxide [7–13].
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The gas sensing properties of these materials are
known to be influenced by the material formulation,
precursor raw materials, as well as various fabrication
and processing conditions that affect the microstructure
of the precursor powders and the gas sensing elements.
This report provides data on the tin oxide-based gas
sensors prepared from precursor powders synthesized
via three different precipitation routes and also those
fabricated using commercial tin oxide powders. Pre-
cursor powders have been synthesized using both high-
and low-concentration solutions of chemical reagents
(i.e., SnCl4·5H2O and NH4OH) for precipitation reac-
tions. In addition, a homogeneous precipitation method
that involves precipitation of SnCl4·5H2O using a urea
solution has also been used for the synthesis of SnO2
precursor powders. The effect of reagent/solution con-
centration on the physical properties of precipitated and
as-calcined powders, and on the sintered thick-film sen-
sor elements produced from these powders, has been
investigated. To our knowledge, no systematic study of
the influence of chemical reagents/solution concentra-
tions on the properties of tin oxide precursor powders
and sintered sensor elements has been previously re-
ported. Also, even though several semiconducting ma-
terials (including SnO2) have been synthesized via the
homogeneous precipitation method to provide high sur-
face area precursor powders, reports on their utiliza-
tion for gas sensor applications, appear to be absent.
The paper also gives detailed information on the syn-
thesis and processing of tin oxide powders via three
different chemical processing methods to produce high
surface area tin oxide precursor powders. Such details
are often missing in the literature. Here, data is pro-
vided about the influence of various powder synthesis
and processing conditions on the surface area/particle
size, phase composition and crystal size (as determined
by X-ray diffraction technique) of both uncalcined and
calcined materials. The influence of precursor pow-
ders, sintering temperature, sintering time, Pd-catalyst,

Figure 1 Flow charts for the synthesis and processing of tin oxide powders.

and gas concentration, on the electrical conductance,
sensitivity and response/recovery times of the thick-
film gas sensors produced from these powders is also
discussed.

2. Experimental
2.1. Preparation of precursor powder
Fig. 1 illustrates the preparation of SnO2 precursor
powders synthesized via three different precipitation
routes. SnO2 precursor powders were also obtained
from a commercial supplier (Strem Chemicals, USA).
The first precipitation method designated here as Sn-
HC, used relatively higher concentrations of chemical
reagents. For this purpose, 0.52 M aqueous solution
of SnCl4·5H2O was slowly added to 5.85 M NH4OH
solution with constant stirring. The second precipita-
tion process (Sn-LC) involved the use of dilute NH4OH
(∼0.4 M) and SnCl4·5H2O (0.1 M) solutions. For this
purpose, 0.1 M aqueous solution of SnCl4·5H2O was
added dropwise into 1 L of ammonia solution over a
period of 1.5 h with constant stirring. The third precip-
itation process (Sn-HM) is also known as the homo-
geneous precipitation method [14]. In this process, the
precipitation occurs via a highly uniform increase in
the pH of the solution and this uniformity is achieved
by thermal decomposition of urea according to the fol-
lowing reaction:

(NH2)2CO + 3H2O → CO2 + 2NH+
4 + 2OH− (1)

For the homogeneous precipitation process, 0.5 M
urea solution was added dropwise to 0.025 M
SnCl4·5H2O solution with stirring over a 10-min pe-
riod. The mixture was then heated slowly to 80◦C and
allowed to react for 4 h. The urea decomposes slowly
releasing ammonia and carbonate ions into the solution.
The gradual and uniform rise in pH results in nucleation
and growth of uniformly-sized and shaped particles of
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the metal oxy-basic carbonate. The remaining process-
ing steps used to obtain tin oxide precursor powders
via the above three processing methods are shown in
Fig. 1. The as-calcined powders Sn-LC and also those
obtained from a commercial source (Sn-CM) were
also impregnated with (0.5–1) mol% Pd-catalyst by
attrition-milling the calcined powders for two hours in
acetone/isopropanol solution containing the required
amount of Pd-acetate dopant. The powders were then
rotary-evaporated to remove the solvent and heat-
treated in a furnace at 400◦C for two hours to decom-
pose the organics.

2.2. Fabrication of sensor elements
The calcined powders obtained by the above three
methods as well as those from the commercial supplier
were first ground using a mortar and pestle to achieve
consistent and fine particles. The sensor fabrication
procedure included the sequential screen-printing of
inter-digital gold electrodes onto an alumina substrate
(25 mm × 25 mm dimension, laser-scribed into 9
equal squares) followed by the superposition of a gas-
sensitive layer using an Aremco Accu-Coat 3200 screen
printer. The gold inter-digital electrodes (having comb-
type structure) were printed on an alumina substrate
using gold paste, 3066 Au, obtained from Ferro Inc.
These electrodes were fired at 850◦C for 10 min us-
ing heating and cooling rates of 25◦C/min. Electrical
contacts to the electrodes were made using platinum
wires. The pastes used for the screen-printing of a gas-
sensitive layer consisted of the calcined powders pro-
duced by the above four methods. These powders were
mixed with an organic vehicle (produced in-house by
mixing binder, plasticizer, solvent, etc.) in the ratio of
65 wt% powder to 35 wt% organic vehicle. The paste
was made using a three-roller mill from Charles Ross &
Sons Company. A schematic of the sensor design and
the details of the measurement set-up are given else-
where [15, 16]. The sensing elements produced from
each of the four precursor powders were sintered at 725,
775 or 850◦C, for a periods of 10, 20 or 30 min using
heating and cooling rates of 25◦C.

2.3. Materials/sensors characterization
X-ray diffraction (XRD) measurements were carried
out to determine the crystal structure or phase com-
position of the materials. The crystallite sizes (Rx)
of the calcined and sintered materials were calculated
from the XRD peak broadening of the [110] peak at a
diffraction angle of ∼26.55 degrees 2θ using Scherrer’s
equation [17]:

Rx = 0.9λ/(β cos θ ) (2)

where λ is the wavelength (1.5406 Å for Cu Kα radi-
ation), β is the full-width-half-maximum (FWHM) of
a peak in radians and θ is the diffraction angle. The
specific surface area of powders was measured by the
BET method of nitrogen adsorption using a Quantasorb
instrument from Quantachrome Corp. The mean parti-
cle size Rm in nanometers (nm) was calculated from

surface area data using the following equation:

Rm = 6/(ρt Sa) (3)

where ρt is the true density (g/m3) and Sa is the surface
area of the powder (m2/g).

The thermal behavior of the powders was investi-
gated at a heating rate of 10◦C/min in flowing air using a
Netzch STA449C Jupiter DTA/TGA/DSC instrument.
Gas-sensing experiments were carried out in a stain-
less steel sample holder apparatus equipped with a re-
sistance heater connected to a programmable tempera-
ture controller. The sample holder can accommodate up
to eight samples for simultaneous electrical resistance
measurements. An inlet and an outlet were provided
to enable the selected test gases to flow into and out
of the sample holder. A Hewlett-Packard data acquisi-
tion system, HP 34970A combined with a multiplexer
HP34901A and HP Benchlink data logger software was
used to collect the data. The gas flow was controlled us-
ing mass flow controllers and a 4-channel readout from
MKS instruments. A Type K thermocouple placed close
to the sensor chip indicated the operating temperature.
The electrical resistance of each sensor element was
measured in air (Ra) and in the sample gas (Rg), (in
this case CO, CH4, C3H8, C2H5OH), over a tempera-
ture range of 200◦C to 550◦C. For resistance measure-
ments a load resistance (RL) was connected in series
with the sensor and a circuit voltage (∼5 volts) was ap-
plied across them. The resistance of the sensor, RSample,
was obtained by measuring the voltage drop across the
standard load resistance using the following equation:

RSample = (Vc/Vout − 1) · RL (4)

where RL denotes the load resistance value (ranging
from 10 K� to 1 M�), Vc is the applied voltage (5 V)
and Vout is the voltage drop across the load resistance.
Gas sensitivity, S, at a particular temperature was eval-
uated using the relationship, S = Ra/Rg. For gas sensi-
tivity measurements, the sample was heated to a chosen
temperature where it remained for the duration of the
test. At this particular temperature, the resistance was
measured at various concentrations (100–1000 ppm) of
the test gas in dry air. First, air was run for about 10–
20 min to establish a baseline by measuring the sample
resistance every 10 or 30 s depending on how fast the
sensor responds. Thereafter, 100–1000 ppm of the test
gas (e.g., CO, CH4, C3H8, or ethanol) in dry air was run
for a fixed length of time (5 or 10 min) while resistance
of the samples was measured every 10 or 30 s. This
was followed by resistance data measurements in air
every 10 or 30 s for a period of 10 min. A constant gas
flow rate of 120 sccm was maintained and the flow rates
were adjusted for both air and the test gas accordingly
to obtain the desired concentrations.

3. Results and discussions
3.1. X-ray diffraction and thermal

analysis studies
Fig. 2 shows typical X-ray diffraction (XRD) patterns of
tin oxide powders calcined at 550◦C for two hours. The
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Figure 2 XRD patterns of tin oxide powders calcined at 550◦C for 2 h.

Figure 3 Crystallite sizes of calcined powders & sintered chips calcu-
lated from XRD data.

calcined powders displayed only the cassiterite phase.
Compared to the commercial powders, the XRD pat-
terns of the powders prepared in-house by the three pre-
cipitation methods displayed relatively broader diffrac-
tion peaks, indicative of smaller grain/crystallite size.
The crystallite sizes (Rx values) of the calcined tin oxide
powders calculated from the [110] XRD peak using the
Scherrer formula are shown in Fig. 3. It is clear that the
tin oxide powders synthesized via chemical process-
ing routes (i.e., Sn-HC, Sn-HM and Sn-LC) provide
substantially smaller grain/crystallite sizes (Rx Val-
ues) compared to those obtained from the commercial
source (Sn-CM). For gas sensor applications, a smaller
particle size is desirable as it provides a greater surface-
to-bulk-volume ratio resulting in increased adsorption
of gases at the sensors surface leading to enhanced sen-
sitivity of the gas sensors. The chemically precipitated
powders (Sn-LC and Sn-HM) synthesized using dilute
solutions of precipitating agents (NH4OH and urea, re-
spectively) provide finer powders with grain sizes of
10.1 nm and 10.8 nm respectively, whereas Sn-HC pow-
ders prepared using higher concentration NH4OH as a
precipitating agent, produced slightly larger grain size
powders (12.35 nm in size). Compared to the chem-
ically processed materials, powders obtained from a
commercial source exhibited much larger crystallite
size (30.15 nm). Although all of the powders in this
study were calcined at 550◦C for two hours, the rela-
tively large crystallite sizes obtained for the commercial

Figure 4 The DTA and TGA plots for Sn-HM dried precipitates.

powders indicate that synthesis and processing condi-
tions, different from those used in-house for the pro-
duction of precursor powders, may have been used by
the commercial supplier.

Fig. 4 shows a typical simultaneous DTA/TGA plot
for as-dried powders produced in-house via precipi-
tation methods. The TGA curve depicts a substantial
weight loss with increasing temperature to 550◦C due
presumably to the loss of physically adsorbed water and
elimination of ammonia. However, little weight loss in
the TGA curve is observed above 550◦C, indicating
completion of reactions involving a weight change. The
DTA curve showed a broad endothermic peak at about
100◦C due to the evaporation of physically adsorbed
water. An exothermic peak around 330◦C is related to
the decomposition of NH+

4 in the powder.
The sensor elements were printed using pastes that

were made from the calcined powders produced via the
above four methods. The XRD patterns of the sensor
chips sintered in air at 725◦C for 10 min are shown in
Fig. 5. The calculated crystallite sizes (Rx values) for
these sensor chips are also shown in Fig. 3. As expected,
the high sintering temperature used for the firing of the
sensor chips (725◦C for 10 min) resulted in grain size
growth of the calcined powders. Compared to calcined
powders, the sintered chips exhibit 10–30% increase
in grain size. The XRD patterns of the sintered sen-
sor chips also displayed XRD peaks arising from the
alumina substrate. This occurred because the sensor

Figure 5 XRD patterns of sintered SnO2 thick-film sensor chips.
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Figure 6 Specific surface area & particle size of calcined and uncalcined
powders.

element did not fully cover the alumina substrate and a
small part of the alumina was exposed to XRD.

3.2. Surface area measurements
and transmission electron
microscopy (TEM)

Surface area measurements were performed using the
BET method on powders produced via the above four

Figure 7 TEM micrographs of the powders: (a) Sn-LC uncalcined, (b) Sn-LC calcined at 550◦C/2 h, (c) Sn-CM uncalcined, and (d) Sn-CM calcined
powders.

processing routes. Both the calcined (550◦C for 2 h)
and uncalcined (dried at 135◦C for 12 h) powders were
used for surface area measurements. Data on the pow-
der surface area measurements and the mean grain size,
calculated using Equation 3 are displayed in Fig. 6. As
shown in Fig. 6, both the calcined and as-dried powders
from the commercial source exhibit a small surface area
(≤7.0 m2/g) and a fairly large grain size (>120 nm),
whereas, as-dried and calcined powders produced via
chemical precipitation routes exhibited much larger
surface areas and smaller grain sizes. The uncalcined
powders, Sn-LC and Sn-HM precipitated from dilute
solution exhibited surface area values ≥268 m2/g and
very small particle size (<3.5 nm). The data also in-
dicates that the calcination of these powders at 550◦C
for two hours results in almost an order of magnitude
reduction in both the surface area and the particle size
of the powders. On the other hand, the uncalcined and
calcined Sn-HC powders provided relatively smaller
surface areas of 191 m2/g and 27.7 m2/g, respectively.

Fig. 7a and b show the TEM micrographs of the un-
calcined and calcined Sn-LC powders respectively. The
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Figure 8 Typical response plot and sensitivity data for SnO2 sensors (Sn-LC at 500◦C).

uncalcined Sn-LC powder displayed fairly small grain
sizes ranging from 4–8 nm. The grain size increased to
10–20 nm upon calcination of these powders at 550◦C
for two hours. In contrast, the TEM of the uncalcined
and calcined commercial powders, Fig. 7c and d, re-
spectively, showed relatively much larger grains rang-
ing from 100–150 nm in size. The grain size values
for these samples obtained from TEM micrographs are
very similar to those calculated from surface area mea-
surements as shown in Fig. 6.

3.3. Electrical conductance
and sensitivity data

A typical response plot in air and propane for thick-
film gas sensors produced from the above four precur-
sor powders is shown in Fig. 8. The sensitivity, “S” of
the gas sensors was obtained from the ratio of the re-
sistance in air to that in a reducing gas e.g., propane
(S = Rair/Rgas) using response plots similar to Fig. 8.
As expected, the sensitivity of the sensor increases with
an increase in the propane gas concentration, which is
typical behaviour for n-type semiconductor gas sen-
sors. The high sensor resistance in air is due to the
extraction of electrons from the sensor surface by the
adsorbed oxygen. The sensor resistance is, however,
lowered when exposed to a reducing gas, e.g., CO, CH4,
C3H8 or C2H5OH, due to the oxidation of the reducing
gas at the sensor surface, releasing electrons back into
the semiconductor material. Fig. 9 shows the influence
of the powder processing method on the sensitivity of
the gas sensors at various temperatures when exposed to
500 ppm ethanol in dry air. These sensors were sintered
at 725◦C for 10 min. Compared to commercial mate-
rial, sensors produced from the powders processed in-
house via chemical precipitation routes exhibited sub-
stantially higher sensitivity to ethanol. This could be
due to the higher surface area or smaller particle size
observed for the powders processed in-house. The peak
sensitivity of the sensors also appears to be influenced
by the powder processing method. For example, sam-
ples Sn-LC and Sn-HM displayed the highest sensitiv-
ity at ∼350◦C, whereas, sensors made from Sn-HC and
Sn-CM powders exhibited peak sensitivity at ∼400◦C.

Figure 9 Effect of precursor powders on the sensitivity of gas sensors
in 500 ppm ethanol in dry air.

Sensors produced from Sn-HC powders showed the
highest sensitivity (S ≈ 26) in ethanol. No discern-
able correlations however, could be found with regards
to the influence of the powder processing method and
the peak sensitivity of the sensors. For example, the
sensors produced from Sn-LC powders (and not the Sn-
HC samples) showed the highest sensitivity in 500 ppm
methane (S ≈ 2.7 at 450◦C) and 500 ppm CO (S ≈ 5.7
at 425◦C) gas environments.

Fig. 10 shows the sensitivity data at various temper-
atures in 500 ppm propane for Sn-HM sensors sintered

Figure 10 Sensitivity data in 500 ppm propane for Sn-HM samples sin-
tered at 725, 775 and 850◦C respectively, for 10 min.
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for 10 min at 725, 775 and 850◦C respectively. It can be
seen that the sensitivity of the sensors decreased with
an increase in sintering temperature. This could be at-
tributed to a slight increase in the crystallite size with
an increase in sintering temperature, as observed from
the XRD data. The peak sensitivity temperature also
appears to shift towards a higher value with an increase
in sintering temperature. For example, Sn-HM samples
sintered at 725◦C showed peak sensitivity in propane
at ∼400◦C, whereas those sintered at 850◦C displayed
peak sensitivity at ∼450◦C. The samples sintered for
longer time periods generally exhibited lower sensitiv-
ity values in propane.

3.4. Effect of Pd-dopant
The addition of noble catalytic metals (e.g., Pd, Pt)
is known to increase the sensitivity of tin oxide-based
gas sensors towards reducing gases. Sn-CM and Sn-
LC powders produced in this study were doped with
0.5–1 mol% Pd and the influence of Pd dopant on the
sensitivity of the gas sensors in propane and ethanol
was studied. Fig. 11 shows the sensing behaviour of
Pd-doped Sn-CM samples in 500 ppm ethanol in air
at various temperatures. Compared to undoped ma-
terial the sensitivity to ethanol increased with the
addition of Pd dopant at lower temperatures. The
peak sensitivity also shifted towards lower tempera-
tures with an increase in Pd concentration. At higher
temperatures, however >400◦C, the undoped mate-
rial exhibited slightly higher sensitivity to ethanol. A
similar shift in peak sensitivity and an increase in
sensitivity at lower temperatures was also observed
in propane gas. Compared to undoped samples, Pd-
doped sensors exhibited a large (up to an order of
magnitude) increase in resistance in air at tempera-
tures <400◦C. The Pd-doped samples also displayed
a slight increase in resistance values (compared to un-
doped material) in a reducing gas, however, the mag-
nitude of the resistance increase in a reducing gas
was substantially lower, resulting in a net increase in
the sensitivity of the gas sensors. It has been pro-
posed [19–21] that doping of tin oxide with Pd cata-
lyst results in electronic interaction in which gas ad-
sorption on the catalyst removes electrons from the
catalyst which, in turn, removes electrons from the
supporting semiconductor, thus controlling intergran-

Figure 11 Effect of Pd dopant on the sensitivity of Sn-CM sensors in
500 ppm ethanol in dry air.

ular resistance and hence, the sensitivity of the gas
sensors.

3.5. Response and recovery time data
The sensors were exposed to 500 ppm of carbon monox-
ide, methane, propane and ethanol gas in dry air at
various temperatures and the response and recovery
times were calculated from response plots similar to
that shown in Fig. 8. The response time is defined here
as the time it takes for the conductance of the gas sen-
sor to increase to 90% of the maximum conductance
when 500 ppm of a reducing gas is introduced into an
environment of air. The recovery time is the time re-
quired for 90% reduction in conductance when the re-
ducing gas is turned off and air is re-introduced into the
chamber (i.e., time to reach 10% of maximum conduc-
tance value in a reducing gas). The conductance data
for these experiments was recorded every 10 s. Both
the response and recovery data for these sensors (in
Table I) show strong dependence on the method of pro-
cessing precursor powders, sensor operating tempera-
ture, and gas composition. For example Sn-LC samples
prepared from precursor powders synthesized via the
precipitation of dilute solutions and sintered at 850◦C
for 10 min provided a response time of ∼10–15 s at
450◦C in 500 ppm methane, whereas sensors produced
from commercial powders (Sn-CM ) under the same
conditions exhibited a response time of ∼40 s. It ap-
pears that the sensors made from the precursor pow-
ders having smaller particle sizes provide relatively
shorter response times. As noted above, compared to
commercial powders Sn-LC powders exhibited sub-
stantially smaller particle sizes. Also, Sn-LC sensors in
500 ppm propane showed response and recovery times
of 60 and 330 s respectively at an operating temper-
ature of 350◦C. However, at 450◦C the same samples
exhibited response and recovery times of 25 and 40 s,
respectively. Doping the sensors with Pd generally had
a stronger influence on recovery time rather than re-
sponse time. For example, Sn-CM sensors displayed a
response and recovery time of 40 and 120 s, respec-
tively when operated at 450◦C and exposed to 500 ppm
of propane gas in dry air. However, Sn-CM samples
doped with 0.5% Pd showed a response and recovery
time of 40 and 50 s respectively, under same operating
conditions. Similarly, un-doped Sn-LC samples under
the same operating conditions showed response and re-
covery time values of 25 and 40 s, respectively, whereas
the Pd-doped Sn-LC samples exhibited response and re-
covery times of 20 and 25 s, respectively. It appears that

TABLE I Response and recovery time data in 500 ppm of test gas

Sensor Test Response Recovery
Sample I.D temperature (◦C) gas time (s) time (s)

Sn-LC 450 CH4 10–15 40
Sn-CM 450 CH4 40 110
Sn-LC 350 C3H8 60 330
Sn-LC 450 C3H8 25 40
Sn-CM 450 C3H8 40 120
Sn-CM + 0.5% Pd 450 C3H8 40 50
Sn-LC + 0.5% Pd 450 C3H8 20 25
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doping the sensors with Pd helps improve the kinetics
of oxidation more favourably than the reduction pro-
cesses at the surface of gas sensors. The response time
of the gas sensors also showed a strong dependence on
the composition of the gas or the gas environment. For
example, at 400◦C, Sn-HM sensors (that were sintered
at 725◦C for 10 min) in the presence of 500 ppm of
CO, ethanol, propane and methane exhibited response
times of 15, 20, 40 and 120 s, respectively.

4. Conclusions
The powder synthesis methods and processing condi-
tions used in this study appear to have a strong influ-
ence on the morphology and microstructural proper-
ties of the powders used to fabricate sensor elements.
The as-synthesized and dried precursor powders pro-
duced by the three precipitation methods used in this
study provided powders having very high surface ar-
eas (>190 m2/g) and small particle sizes (3–4.5 nm).
Calcination of these powders at 550◦C for 2 h provided
single-phase tin oxide with almost an order of magni-
tude reduction in surface area and particle size values.
However, these calcined, precipitated powders exhibit
surface area values that are still 7–8 times larger than
those exhibited by commercial powders. TEM stud-
ies of the powders also confirmed small (nano) parti-
cle sizes as calculated from surface area measurements.
The relatively larger particle/crystallite size and smaller
surface area observed for the commercial powders sug-
gests that most likely different processing or heat treat-
ment conditions than those applied in this study were
used by the commercial supplier to produce their pow-
ders. The sensitivity of the sensors toward various gases
(e.g., CO, CH4, C3H8, C2H5OH) was found to be de-
pendent on the powder synthesis method as well as the
gas concentration, gas composition and sensor tempera-
ture. The peak sensitivity of these sensors also showed
dependence on the powder synthesis and processing
conditions. For example, in 500 ppm ethanol, Sn-LC
and Sn-HM samples displayed the highest sensitivity
at ∼350◦C, whereas sensors made from Sn-HC and
Sn-CM powders exhibited peak sensitivity in ethanol
at ∼400◦C. The response and recovery times for these
sensors also showed strong dependence on the method
used to synthesize tin oxide precursor powders, sensor
operating temperature, doping of the powders with Pd
catalyst, as well as the gas composition or environment
that the sensors were exposed to.
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