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Abstract: High specific surface area (SSAgpr: 141.6 m%/g) SnO, nanoparticles doped
with 0.2-3 wt% Ru were successfully produced in a single step by flame spray pyrolysis
(FSP). The phase and crystallite size were analyzed by XRD. The specific surface area
(SSAggr) of the nanoparticles was measured by nitrogen adsorption (BET analysis). As the
Ru concentration increased, the SS4ger was found to linearly decrease, while the average
BET-equivalent particle diameter (dggr) increased. FSP yielded small Ru particles attached
to the surface of the supporting SnO, nanoparticles, indicating a high SSAggr. The
morphology and accurate size of the primary particles were further investigated by TEM.
The crystallite sizes of the spherical, hexagonal, and rectangular SnO, particles were in the
range of 3—10 nm. SnO, nanorods were found to range from 3—5 nm in width and 5-20 nm
in length. Sensing films were prepared by the spin coating technique. The gas sensing of
H, (500-10,000 ppm) was studied at the operating temperatures ranging from 200-350 °C
in presence of dry air. After the sensing tests, the morphology and the cross-section of
sensing film were analyzed by SEM and EDS analyses. The 0.2%Ru-dispersed on SnO;
sensing film showed the highest sensitivity and a very fast response time (6 s) compared to
a pure SnO; sensing film, with a highest H, concentration of 1 vol% at 350 °C and a low
H; detection limit of 500 ppm at 200 °C.
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1. Introduction

SnO; is one of the most promising materials for sensors and it has attracted the attention of
scientists interested in gas sensing applications under atmospheric conditions. Semiconducting metal
oxides in general, and SnO, in particular, have been investigated extensively for the purpose of
practical applications such as gas leak detecting and environmental monitoring. It is a wide band
gap (3.6 eV) n-type semiconductor and the best-understood prototype of oxide-based gas sensors for
the detection of reducing gases (like CO [1-6], H, [6-12], SO, [13,14], NH3 [15,16], H,S [11,17],
C,HsOH [18]) or oxidizing gases (like NO; [1,5,12], O, [19,20]) in air. The detection of H, gas in
different industrial applications is especially important for safety reasons. The development of a gas
sensor for 10—-10,000 ppm of H; gas is also of high interest since H; is one of the main gases evolving
under pyrolysis in the initial stage of combustion. H, gas leaks easily from gas lines and systems and is
one of the most explosive gases.

The electrical properties of nanocrystalline SnO; strongly depend on crystallite size and surface
state produced by gas adsorption which results in the space charge appearance and band modulation [5].
The flame aerosol synthesis method is one of the most promising routes for the formation of single and
multi-component functional nanoparticles at low cost and high production rate from gases in a flame.
The sizes of the particles range from a few to several hundred nanometers in diameter, depending on
the material and process conditions. The FSP process was systematically investigated using an
external-mixing gas-assisted atomizer supported by premixed methane and oxygen flamelets [21-23].
In flame reactors, the energy of the flame is used to drive chemical reactions of precursors resulting in
clusters which further grow to nanoparticles by surface growth and/or coagulation and coalescence at
high temperatures. Therefore, the FSP is a very promising technique for sensor material fabrication
since it enables primary particle and crystal size control [21-24], which are important to improve the
sensitivity, as well as the controlled in situ deposition of noble metal clusters [2]. FSP also has the
advantage of allowing one to completely manufacture the nanopowder in a single high-temperature
step without affecting the microstructure and noble metal particle size in a subsequent annealing
process [25]. Moreover, the importance of the size control, the required large and easily accessible
surface area (large pore size, no micropores) the desired high crystallinity, the efficiency of noble
metal doping (i.e., Pt, Pd, and Ru) and competitive production rates put high demands on any chosen
method of nanoparticle production for sensor materials.

The gas sensors based on SnO, and metal-doped SnO, nanostructures were found to be good
candidates for detecting both reducing and oxidizing gases of various concentrations. Many
researchers have reported that pure SnO, and metal-doped SnO, could be widely used to detect H,
vapor [6-12]. A summary comparing gas sensing with pure SnO, and metal-doped SnO, prepared by
several synthetic methods is shown in Table 1. The effect of catalytic Ru doping, as well as the sensing
temperature, on the sensor characteristics of sensing films were reported. It has been shown that the
sensor characteristics of sensing films are affected by the particles morphology, Ru doping levels, and
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the operating temperatures, are all important parameters that affect the gas sensing properties in terms
of high sensitivity, fast response and recovery time. FSP and spin coating technique have several
advantages in producing the nano-sized particles and regular sensing films suitable for the gas sensor.
Especially, the Ru additives increase the rate of specific reactions on the surface of SnO, grain due to
spill-over effect of modification of surface energy states. Also, Ru metals were intentionally
introduced for certain gases, promoting the receptor function and thus improving the sensing behaviors
in terms of the selectivity and time factors. Therefore in the present study, it was of interest to apply
FSP for a new production of Ru/SnO, nanoparticles for use as H, gas sensor.

Table 1. Summary on comparison of metal-doped SnO, with several methods for gas sensing.

Authors Method Doping level  Gas Concentration Sensing
performances
Sahm et FSP (nanopowders) Pure SnO, NO; (10-5,000 ppb), NO,; Sensitivity:
al. [1] Drop coating CO (500-10,000 ppm), ~20 to 5,000 ppb at
(sensors) propanol (10-300 ppm) 220 °C
Propanal;
Sensitivity: ~300 to
150 ppm at 220 °C
Madler FSP (nanopowders) 0.2 CO; 50 ppm Sensitivity: 8 to 50
etal.[2] Thermophoretic wt%Pt/SnO, ppm at 350 °C
deposition (sensors)
Salehi [9]  Evaporation, In/Sn0O, H;; 500-3,000 ppm Response to 7% H,
Chemical Vapor at 200 °C of 0.5 s
Deposition,
Spray Pyrolysis,
Sputtering
Ryzhikov ~ Magnetron Pt/Sn0O, H;; 20-20,000 ppm Sensitivity: 630 to
etal. [10]  Sputtering: Sensing 1,000 ppm at 300 °C
film;
Laser Ablation:
Doping process
Niranjan Modified Pechini 0.2-0.7 H,; 700 vol ppm 0.6 wt%Ru/SnO,
etal.[11] Route wt%Ru/SnO, Sensitivity: 150 at
275 °C
Response time: 3 s
at 275 °C

Recovery time:
5-10 min at 275 °C
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2. Experimental
2.1. Flame Synthesis of Nanopowders

The experimental setup for the synthesis of pure SnO,, 0.2—-3 wt%Ru/SnO, nanopowders by FSP is
shown in Figure 1. The flame-spray-made (5/5) pure SnO, was designated as PO while the SnO;
nanopowders doped with 0.2, 0.6, 1, 2, and 3 wt%Ru were designated as P0.2, P0.6, P1, P2, and P3,
respectively. Precursor solutions (0.5 M) were prepared by dissolving appropriate amounts of
tin (II) 2-ethylhexanoate (Aldrich, 95%) and ruthenium (II) acetylacetonate (Aldrich, 97%) used as Sn
and Ru precursors in xylene (Carlo Erba, 98.5%), respectively. In a typical run, the precursor mixture
was fed into a nozzle at a constant feed rate of 5 mL/min using a syringe pump. At the end of the
nozzle the precursor solution was dispersed by 4.30 L/min oxygen forming a spray with a pressure
drop at the capillary tip kept constant at 1.5 bars by adjusting the orifice gap area. A sheath gas flow
of 3.92 L/min of O, was issued concentrically around the nozzle to stabilize and contain the spray
flame. The spray was ignited by supporting flamelets fed with oxygen (2.46 L/min) and
methane (1.19 L/min) which are positioned in a ring around the nozzle outlet. The observed flame
height was approximately 10-12 cm, and it increased slightly with increasing combustion enthalpy.
The combustion enthalpies are directly dependent on the particular solvent, starting materials, and
dopants used. Pure SnO, samples show an light orange and Ru doped samples show light pink color in
the base and middle of the flame, and also light orange on the top of the flame, as shown in Figure 2.
After evaporation and combustion of precursor droplets, particles are formed by nucleation,
condensation, coagulation, coalescence, and Ru deposit on the SnO; support. Finally, the nanoparticles
were collected on a glass microfibre filters (Whatmann GF/A, 25.7 cm in diameter) with the aid of a
vacuum pump (Busch, Seco SV 1040C).

Figure 1. Schematic of the FSP experimental set up for the synthesis of samples PO-P3.
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Figure 2. Spray flame of: (a) pure SnO,, (b—f) 0.2-3 wt% Ru/SnO, nanoparticles
producing 5 ml/min of liquid precursor feed rate and dispersed by O; (5 1/min) at 1.5 bar
pressure drop across the nozzle tip. The flame heights were observed ranging from 10—12 cm

with slight increasing the combustion enthalpy and Ru concentrations.

E

T‘ il

2.2. Powder Characterizations

The powder phases were analyzed by X-ray diffraction (XRD) [Phillips X-'pert] using CuKa
radiation (20 kV, 20 mA) with a scanning speed of 5%minute. The specific surface areas of the
nanopowders were obtained from BET measurements [Autosorb 1 MP, Quantachrome]. All samples
were degassed at 120 °C for 2 h prior to analysis. The diameter of particles were calculated from
dger = 6/SSABET X Psample, Where SSAger is the specific surface area (mz/g), Psamples are the average
density of SnO, (psno2 = 6.85 g/em’ [1]) and the density of ruthenium (pry = 10.65 g/em’ taken into
account for their weight content of different doping [26]). The accurate morphologies of the
nanoparticles and cross-section structures of sensor were analyzed by TEM [JSM-2010, JEOL], SEM
[JSM-6335F, JEOL], and EDS analyses.

2.3. Paste and Sensor Preparations

An appropriate quantity of 0.28 mL homogeneous mixed solution was prepared by stirring and
heating at 80 °C for 12 hr with ethyl cellulose (Fluka, 30—70 mPa.s) as the temporary binder and
terpineol (Aldrich, 90%) as a solvent. The liquid mixture was combined with 60 mg samples of the PO,
P0.2, P1, and P3 nanopowders and mixed for 30 min to form a paste prior to spin-coating. The
resulting paste was firstly spin-coated at 700 rpm for 10 s, and then subsequently at 3,000 rpm for 30 s
on the Al,Os substrates interdigitated with Au electrodes (0.5 x 0.5 cm) to deposit sensing films. The
resulting substrates were annealed in an oven at 150 °C for 1 h with an annealing rate of 1 °C/min and
at 400 °C for 1h with an annealing rate of 1 °C/min for binder removal prior to the sensing test [28].

2.4. Sensor Measurement

The sensor characteristics of sensing films were characterized toward the high concentration of H,
gas (500-10,000 ppm). The flow through technique was used to test the gas-sensing properties of
sensing films. A constant flux of synthetic air of 2 L/min as gas carrier was flown to mix with the
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desired concentration of pollutants dispersed in synthetic air. All measurements were conducted in a
temperature-stabilized sealed chamber at 20 °C under controlled humidity. The gas flow rates were
precisely manipulated using a computer controlled multi-channel mass flow controller. The external
NiCr heater was heated by a regulated DC power supply to different operating temperatures. The
operating temperature was varied from 200 °C to 350 °C. The resistances of various sensors were
continuously monitored with a computer-controlled system by voltage-amperometric technique
with 10 V DC bias and current measurement through a picoammeter. The sensor was exposed to a gas
sample for ~5 minutes for each gas concentration testing and then the air flux was restored for 15 minutes.
The sensitivity (S) is defined in the following as the resistance ratio R./R,[11,27-30], where R, is the
resistance in dry air, and R, is the resistance in the test gas. The response time (7r) is defined as the
time required until 90% of the response signal is reached. The recovery time (7y) denotes the time
needed until 90% of the original baseline signal is recovered. After the sensors fabricated using
samples PO, P0.2, P1, and P3 had been tested with varied the operating temperatures, they were
designated as SO, S0.2, S1, and S3, respectively. Finally, the morphologies, film thickness of sensing
layers and elemental compositions were further analyzed by SEM and EDS line-scan mode analyses.

3. Results and Discussion
3.1. Nanopowder Properties

Figure 3(a) shows the XRD patterns of flame-spray-made pure SnO, and 0.2-3 wt%Pd/SnO;
nanopowders. All samples were highly crystalline, and all peaks can be confirmed to be the
cassiterite-tetragonal phase of SnO,, which matched well with the JCPDS file No. 77-447. Ru peaks
were not found in these patterns (JCPDS file No. 6-663). It can be assumed that the amount of Ru
concentration was very low, which affected the appearance of the Ru peaks.

Figure 3. (a) XRD and (b) BET data of flame-made (5/5) 0-3 wt%Ru/SnO,
as-prepared (P0O-P3).
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The diffraction peak for 0.2 wt% Ru/SnO, nanopowder was the broadest compared to other doping
levels, suggesting relatively well-dispersed smaller Ru particles. As the Ru concentration increased, all
peaks were slightly sharpened and increased in intensity, indicating that the poor-dispersion of larger
Ru particles leads to rough agglomeration at higher Ru doping levels. These results were consistent
with the BET data, as shown in Figure 3(b). The specific surface area (SSAger) drastically increased
from 141.6 m%g (bare SnO,) to 183.8 m%g (0.2 wt%Ru/SnO,). When the Ru concentration
increased (0.2 to 3 wt%Ru), the SSAgpr were found to linearly decrease (183.8 to 113.5 m?/g), with an
increase in the average BET-equivalent particle diameter (dggr) (bare SnO»: 6.2 nm, 0.2-3 wt%Ru/SnO,: 4.7
to 7.6 nm). This trend was consistent with Niranjan ef a/. [11] who studied the effect of Ru
concentration on crystalline SnO, nanoparticles. To explain this result, it can be speculated as follows:
during the processes of Ru particle formation and deposition on the particle support (SnO;) in the
flame, the Ru created a new nucleation center, which in turn changed the nucleation type from
homogeneous to heterogeneous, and deteriorated the deposition formation leading to the
agglomeration of the tiny Ru particles at high doping levels. This can be confirmed from the accurate
morphology by TEM bright-field images. The FSP afforded small Ru particles attached to
the surface of the supporting SnO, nanoparticles indicating a high SSAgpr. The well-dispersed
flame-made 0.2 wt%Ru/SnO; nanoparticles were confined to the SnO, surface. The larger crystallite
diameters indicate clumping and clusters of Ru, translating into a poor dispersion of the Ru
nanoparticles on SnO, support which affected to the decrease of the SSAggr. The SEM micrograph
[Figure 4(a)] and the elemental compositions of the agglomerated nanoparticles formed with the
sample with the highest Ru concentration (P3) are shown by the EDS spectra in Figure 4(b).
Interestingly, the analyzed square regions [Figure 4(b)] were composed of the agglomerated
nanoparticles, the copper grid, and gold sputtering prior to an analysis. The EDS spectra showed
elemental compositions rich in copper (Cu), caused by the contamination of copper foil, poor gold
(Au) caused by the contamination of gold sputtering which used to prepared the samples prior to an
analyzing, tin (Sn), oxygen (O), and poor ruthenium (Ru) elements.

Figure 4. (a) SEM micrographs of P3 samples. The EDS spectra for the square region
indicated in (b) P3 sample contain Ru deposited on SnO, support spin-coated on the
Au/Al,O5 substrate.

Electron Image 1
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Figure 5 (a—f) show TEM bright-field images of PO-P3. The corresponding diffraction patterns are
shown in the insets. The diffraction patterns illustrated spot patterns corresponding to the
tetragonal-cassiterite structure of SnO,, indicating the SnO, nanoparticles were highly crystalline, in
good agreement with the XRD data. The TEM bright-field images of the FSP (5/5)-made
nanoparticles, indicate polyhedral aggregates of primary particles. The morphologies of flame made (5/5)
SnO; and 0.2-3 wt% Ru/SnO; nanoparticles contained mainly spherical particles, with diameters
ranging from 3-10 nm, with occasional rectangular, hexagonal (3—10 nm) and rod-like (3—5 nm in
width, and 5-20 nm in length) particles. Ru nanoparticles were not found in these micrographs. This is
because Ru is very small when compared with the size of SnO, nano-support. The primary particle
diameters observed by TEM were consistent with the dggr. From these data, it can be clearly seen that
the amount of Ru concentrations would not affect to change the size of SnO, nanoparticles. We could
assume this doping formation from the Hume-Rothery rules [31-33], which commonly used to explain
the solid mixtures called solid solutions.

Figure 5. (a) shows TEM bright-field images of highly crystalline flame-made (5/5) SnO,
nanoparticles (P0) and (b—f) 0.2-3 wt%Ru/SnO, nanoparticles (P0.2-P3) with the same
magnifications. Insets show the corresponding diffraction patterns of the nanoparticles.

In the doping of materials, atoms of the solvent (host material; Sn) are successfully replaced by the
solute-atoms (the doping atom; Ru) from their lattice positions (interstitial solid solutions are not
discussed here). In the other words, one material gets dissolved in the other, without disturbing the
crystal structure, except for lattice distortions (expansions or compressions). For the formation of solid
solutions, according to the Hume-Rothery rules, some criteria have to be fulfilled: (1) the atomic radii
of the solute (Ru = 178 pm) [34] and solvent (Sn = 145 pm) [34] atoms must differ by no more
than 15% (~22.75%). If not, it is likely to have a low solubility. This is the first rule which must be
considered. The atomic size factor was said to be unfavorable; (2) the solute and solvent should have
similar electronegativity (Ru = 2.2, Sn = 1.8) [33], compared to the host. If the electronegativity
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difference is too great, the metals will tend to form intermetallic compounds instead of solid solutions.
Its solubility in the host would therefore be limited, because of the so-called electronegative valency
effect; (3) a metal with lower valency is more likely to dissolve one which has a higher valency, than
vice versa (relative valency effect). The valence electrons are the electrons in the last shell or energy
level of an atom. Maximum solubility occurs when the solvent (Sn) [35] and solute (Ru) [36,37] have
the same valency. Moreover, the thermodynamic instability of the lower oxidation states of Ru was
discussed by Wiley et al. [36-38] to explain their inability to synthesize oxygen deficient Ru-bearing
perovskites for catalysis. Although spectroscopic data indicated that other oxidation states (Ru**, Ru™",
Ru’") could exist in oxides, species other than Ru*" generally occurred in mixed-valence phases
dominated by Ru*". Exceptions exist, however, and Ru”" and even Ru’" occurred in oxide compounds
where there were essential structural constituents and the only Ru species. For this reason, a more
precise generalization that Ru*” was the lowest valence in oxides which was not induced by the special
defect equilibrium. Metals with lower valency will tend to dissolve metals with higher valency;
and (4) the crystal structures of solute (Ru = hexagonal) and solvent (Sn = tetragonal) must match.
Thus the size of particles in the doped sample were not affected by Ru due to the fact that Ru could not
get in solid solution into the unit cell of SnO, crystal structure.

3.2. Gas Sensing Properties

Figures 6(a-c) show the plot of sensitivity (S) and response times (7is) versus hydrogen
concentrations ranging from 500—10,000 ppm for the sensors S0, S0.2, S1, and S3 during a forward
cycle at operating temperature ranging from 200-350 °C. It was found that the sensitivity increased
with operating temperature to the maximum at 350 °C [Figure 6(c)]. Interestingly, the temperature of
maximum sensitivity was found to shift towards lower Ru concentrations, which can be attributed to
the effect of particles size and the specific surface area, as a result of a well-dispersed Ru incorporation
into the SnO; matrix. At the operating temperature of 200 °C, the sensitivity of all Ru doping materials
was seen to be higher than that of pure SnO,. The sensitivity (filled symbols, left axis) increased and
the response time (open symbols, right axis) decreased with increasing H, concentrations. Moreover, it
was found that the highest Ru concentration (3 wt%) showed the best sensing performance in terms of
sensitivity (S = 8.6) and response time. The response time of a 3 wt% Ru/SnO, sensor for 10,000 ppm
at 200 °C was 16 s (open circles, right axis), which was better than pure SnO, (178 s) (open diamonds,
right axis) and the other doping levels (0.2 wt% Ru/SnO, = 70 s (open rectangles, right axis),
and 1 wt% Ru/SnO, = 22 s (open triangles, right axis)). On the other hand, both the operating
temperatures of 300 °C and 350 °C had better sensing performance than 200 °C in terms of sensitivity
(filled symbols, left axis) and faster response time (open symbols, right axis). Also, in the case of Ru
doping the best performance was achieved at a sensor operating temperature of 350 °C. However, the
situation was completely different when more Ru was added. Here, 1 wt% (300 °C) and 3 wt% Ru/SnO,
(350 °C) also displayed evidently reduced sensing performance in terms of sensitivity. Note that these
tests were performed with a set of four sensors placed in the chamber. The sensitivities of all sensors
were found to increase rather linearly with increasing H, concentrations. As the Ru concentration
increased from 0.2 to 3 wt%Ru, the lowest Ru concentration (S0.2) the sensor behaviors improved in
terms of the best sensitivity (to 10,000 ppm, S = 27) (filled rectangles, left axis) and very fast response
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times (7 = 6 s) (open rectangles, right axis) at 350 °C, which evidently were better than S1, and S3.
The sensor S0.2 showed very fast response to H, gas, whereas the response of the pure SnO, sensor
(S0) was somewhat sluggish. Figures 6(b) and 6(c) indicate the dependence of the sensitivity on the Ru
concentration at an operating temperature of 300 °C and 350 °C, respectively. The amount and
distribution of Ru species in the SnO, support were important parameters governing the sensitivity,
being maximum (S = 27) at 350 °C for a SnO; containing 0.2 wt% Ru. The sensitivity consistently
increased with increasing H, concentration. The role of the Ru in enhancing the sensitivity and
response rate of the sensor could be due to the electronic interaction between the sensitizer and the
semi-conducting material. Ru acts as a catalyst and enhances the reaction rate, especially because
Yo — YRu < Yo — Xsn, Where y, represents the electronegativity value (o, Ysn, Yru = 3.5, 1.8, 2.2,
respectively) [11]. Thus, when oxygen is adsorbed on the Ru zones of strong localization at elevated
temperatures, the potential between the SnO, grains may be raised and as a result, the total resistance
increases as compared with the sample without Ru. The decrease of the amount of Ru concentration
leads to well-dispersed Ru on the SnO, surface arising from the chemisorbed oxygen species.
Moreover, Figure 7(a) shows the response to high concentrations of H, (500-10,000 ppm) of sensors
which were functionalized in situ with 0.2 wt% Ru. Doping the SnO, with 0.2 wt% Ru results in a
much steeper calibration curve and the highest sensor signal compared to pure SnO, [see Figure 7(a)].
The higher sensor signal, and especially the higher sensitivity (i.e., the steeper response curve),
demonstrate an enhanced sensor performance.

Figure 6. (a—c) Sensing performance in the terms of the sensitivity (filled symbols, left
axis) and corresponding response times (open symbols, right axis) of pure SnO, (S0)
sensors and doped with 0.2, 1, 3 wt% (S0.2, S1, S3) sensors as a function of H,
concentration in dry air at (a) 200, (b) 300, and (c) 350 °C. The sensitivity increased and
the response times decreased with increasing H, concentration.
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Figure 7. (a) Sensing performance in the terms of the sensitivity (filled symbols, left axis)
and corresponding response times (open symbols, right axis) of 0.2 wt%Ru/SnO, (S0.2)
sensors as a function of H, concentration in dry air at 200 °C (circles), 300 °C (rectangles),
and 350 °C (triangles). The sensitivity increased and the response times decreased with
increasing H, concentration and operating temperature. (b) Selectivity histogram of pure
SnO; and containing 0.2 wt%Ru for different gases (0.2%vol) at 350 °C.
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Figure 6 shows the selectivity histogram for 0.2 vol% of different gases at an operating temperature
of 350 °C. The sensors SO and S0.2 exhibited similar selectivity towards the flammable H, and C,H;
gases and toxic CO gas. This can be attributed to the identical reducing behavior of both gas types.
The S0.2 sensor has a good gas selectivity for 0.2 vol% H, of 7 at 350 °C. The sensitivity of S0.2
sensor of C;H;, and CO gases were 2.3 and 1.8 at 0.2 vol% H; at 350 °C. Thus, the gas sensitivity of
S0.2 sensor was higher than that of C;H, and CO gases. The H, selectivity of S0.2 sensor was
substantially higher compared to pure SnO; gas sensor (S0). On the other hand, C;H, and CO gases
sensitivity/selectivity of S0.2 sensor was also evidently deteriorated compared to that of pure SnO, gas
sensor (S0). Ru cannot improve the sensing performance and is unsuitable for use as dopant in SnO,
sensor for both C,H, and CO gases. This is because the absorption configurations of the gas molecules
and the surface fragmentation reactions on the Ru sites are responsible for the similar sensitivity values
towards all gases.

3.3. SEM-Film Thickness Sensing Layer

The microstructures of high density Al,O; (dark view) substrate interdigitated with Au electrodes
(bright view) was evidently seen as the phase boundaries in Figure 8(a). The cross-section, film
thickness, and surface morphology of the sensing film layer (S0.2) after a sensing test at 200-350 °C
were observed using SEM analysis as shown in Figure 8(b). The film thickness of sensing film was
about 10 um, which was of tremendous benefit to the H, gas sensing properties. The microstructure of
high density Al,Os substrate was visible. The square emphasized the investigation selected area at high
magnification to an aggregated of primary particles after sensing test. The particle sizes of
nanoparticles slightly changed after annealing and sensing test were also shown in the inset. In
addition, the trends in the elemental composition of the agglomerated nanoparticles formed of sample
P0.2 was shown by the EDS line scan mode in Figure 8(c). Interestingly, the analyzed regions
composed of the nanoparticles, the copper grid, and gold sputtering prior to an analysis. The line scan
across the agglomerate for sensor P0.2 is indicated in Figure 8(c). The elemental-line histograms are
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shown as a series of solid lines corresponding to a rich in copper (Cu) caused by the contamination of
copper grid, poor gold (Au), tin (Sn), oxygen (O), and ruthenium (Ru) elements. After annealing
process, a denser film layer was formed. Regularities and preciseness in the film thickness stem from
the spin coating technique.

Figure 8. (a) the phase boundaries of microstructures of high density Al,Os3 (dark view,
left) substrate interdigitated with Au electrodes (bright view, right), (b) The film thickness
was approximately 10 um (P0.2) spin-coated onto Au/Al,O; substrate (side view)
cross-section after sensing at 350 °C in dry air (S0.2). The square emphasizes how the
particle sizes are slightly changed after the annealing and sensing test was also shown in
the inset and (c) EDS elemental-line scan analysis.

= Aluminum Ka1
Carbon Ka1_2
= Ruthenium La1

4. Conclusions

FSP was successfully performed for the synthesis of pristine SnO, and 0.2-3 wt% Ru/SnO;
nanopowders for a H, gas sensing application. The effect of Ru content on the doping of SnO,
nanoparticles can be assumed according to the Hume-Rothery rules. It was noticed that the Ru could
not form into the crystal structure of SnO; in solid solution, thus the size of particles in the doped
samples were not affected by the Ru atoms. The fabricated sensors were prepared by the spin coating
technique. It can be concluded that the highest sensitivity and very fast responses to H, gas were
obtained by the incorporation at the lowest concentration of Ru (0.2 wt%) and the highest operating
temperature (350 °C). The response time was within 6 s for 1 vol% H, in presence of dry air.
The 0.2 wt%Ru/SnO, sensor has good gas selectivity for 0.2 vol% H, at 350 °C.
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1. Introduction

Due to elevated atmospheric pollution, effective and inexpen-
sive systems for detection and quantification of environmentally
hazardous gases have been progressively more important. Cur-
rently, standard air pollution measurements are still based on
time-consuming and expensive analytical techniques such as
optical spectroscopy and gas chromatography/spectroscopy. Gas
sensors have been considered promising alternatives for envi-
ronmental measurements due to their low cost, high sensitivity,
fast response and direct electronic interface. However, their per-
formances including accuracy, selectivity and reliability must be
further improved to meet the requirements of standard air pollu-
tion measurement.

Over the past decades, several kinds of gas sensors have
been developed based on different sensing materials and various
transduction platforms. The main classes of gas-sensing materi-
als include metal-oxide semiconductors, intrinsically conducting
polymer, conducting polymer composite, metal-oxide/polymer
composite and other novel materials. These materials can be
applied on different transduction units including chemiresistive,
surface acoustic wave (SAW), quartz crystal microbalance (QCM),
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optical transducers and metal-oxide-semiconductor field-effect
transistor (MOSFET) [1].

Among these, chemiresistive semiconducting metal oxides are
among the most potential candidates due to their very low cost,
high sensitivity, fast response/recovery time, simple electronic
interface, ease of use, low maintenance and ability to detect large
number of gases [2]. There are two main types of semiconduct-
ing metal oxide sensors including n-type whose majority carrier
is electron (such as zinc oxide, tin dioxide, titanium dioxide, iron
(IIT) oxide, etc.) and p-type whose majority carrier is hole (such as
nickel oxide, cobalt oxide and few others) [3]. Majority of semicon-
ducting metal oxides are n-type because electrons are naturally
produced via oxygen vacancies. Potential applications of these
chemical sensors include environmental monitoring, automotive
emission monitoring and aerospace-vehicle health monitoring [4].

Chemiresistive semiconducting metal oxide gas sensors
undergo resistance change upon exposure to reducing gases by the
oxidative interactions with the negatively charged chemisorbed
oxygen. The gas sensing characteristics such as gas response,
responding speed, and selectivity are greatly influenced by the
surface area, donor density, agglomeration, porosity, acid-base
property of the sensing material, the presence of catalysts, and the
sensing temperature [2]. The response of metal oxide sensor gen-
erally depends on film thickness and operating temperature. The
response to particular gas can be greatly improved by adding a cat-
alytic metal to the oxide but excessive loading can reduce response
[5]. The grain size of the oxide also affects the response and selectiv-
ity to specific gases because grain boundaries are acting as electron
scattering centers [6]. When the grain size (D) is twice smaller than
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the electron depletion layer thickness (L) (D=2L), i.e. the depletion
region extends over the entire grain, the sensor resistance would
be quickly modulated by the change of depletion width due to gas
interaction [7-9]. Thus, smaller grain metal oxide sensors would be
more sensitive than larger ones. Consequently, nanocrystalline and
nanostructured materials are great candidates for highly sensitive
gas Sensors.

Recently, a number of nanostructured materials such as quasi-
1D metal oxides (Q1D-MOXs), carbon nanotubes, nanoparticles and
nanoporous structures have been developed for gas-sensing appli-
cations. Q1D-MOXs have crystalline structures with well-defined
chemical composition, surface terminations, free from disloca-
tion and other extended defects. Q1D MOX nanostructures have
a variety of morphologies including nanowires [10], core-shell
nanowires [11], nanofibers [12], nanobelts [4], hierarchical hol-
low nanostructures [13], nanorods [14] and mesoporous films
[15]. Q1D-MOX nanostructures exhibit several advantages with
respect to their traditional thin/thick film counterparts includ-
ing very large surface-to-volume ratio, dimensions comparable to
the extension of surface charge region, superior stability owing to
their high crystallinity [16], relatively simple preparation meth-
ods [17] and possible functionalization of their surfaces with target
specific receptor species [18]. In addition, Q1D-MOX may exhibit
physical properties which are significantly different from their
coarse-grained polycrystalline counterparts because of their nano-
sized dimensions. Due to the increase of their specific surface
area, surface effects are dominated, leading to the enhancement
of surface related properties such as catalytic activity or surface
adsorption, which are key properties for superior chemical sensors
production.

There have been several review articles on theory, prepara-
tion, characterization and applications of semiconducting metal
oxide gas sensors. However, there has been no article that reviews
the properties and performances of semiconducting metal oxides
towards a broad range of environmentally hazardous gases. This
review article devotes to semiconducting metal oxide gas sen-
sors for nine important environmentally hazardous gases including
NO,, NO, N,0, H;S, CO, NH3, CHg, SO, and CO,. In addition, com-
parative performance and methods to achieve high selectivity and
stability towards these gases are discussed.

2. Environmentally hazardous gases

Environmentally hazardous gases include toxic gases such as
H,S, CO and NH3, green house gases such as N,O, CH4 and CO,
and special gases such as NO,, NO and SO, which are both toxic
and green house gases. A summary of the physical property, source
of emission, toxicity and threshold limit value (TLV) of environ-
mentally hazardous gases reported by the American Conference
of Government Industrial Hygienists are shown in Table 1. TLV is
defined as the maximum concentration of a chemical allowable for
repeated exposure without producing adverse health effects [19].

Nitrogen oxides (NO, and NO) are toxic gases produced through
combustion chemical plants and automobiles. Among them, nitro-
gen dioxide (NO,) is the most hazardous gas with TLV of 3 ppm.
NO, also plays a major role in atmospheric reactions that produce
ground-level ozone, a major component of smog [20]. In case of
exhaust gases from power stations, the main component of air-
emitted NOy mixture is nitric oxide (NO, 90-95% in total) ranging
from O to 4000 ppm [21]. NO is relatively less toxic compared to
NO,. However, NO also causes acid rains, photochemical smog and
production of ozone. The detection and the emission control of
nitrogen oxides are crucial means to reduce their noxious effects
on environmental and human beings.

Hydrogen sulfide (H,S) the most dangerous manure gas, is clas-
sified as a chemical asphyxiant because it chemically interacts
immediately with blood’s haemoglobin and blocks oxygen from
being carried to body'’s vital organs and tissues [22]. It is produced
from the anaerobic decomposition of organic materials such as
manure. Its characteristic rotten-egg smell is easy to be detected
at low concentrations. At higher concentrations, H,S will paralyze
the sense of smell giving someone a false sense of security and
it will cause instant paralysis and death when the concentration
exceeds TLV value. From the safety point of view, in situ detection
and monitoring of H,S is very important in petrochemical and coal
manufacturing industries [23].

Carbon monoxide (CO) is a colorless toxic gas, with no odor,
making it undetectable to humans. It is produced due to the incom-
plete combustion of fuels. It is commonly found in the emission
in the emission of automobile exhaust. The gas has been shown
to bind irreversibly to the iron center of haemoglobin, the oxygen
transport molecule in blood. The irreversible binding means that
oxygen can no longer be absorbed, which causes damage to human
body by a reduction in cellular respiration and high levels of CO
exposure results in death. TLV is sometimes reported elsewhere as
immediately dangerous to life and health (IDLH) and the value for
CO adopted by the National Air Quality Standards by the UK gov-
ernment in January 2000 is currently at a concentration of 10 ppm
for 8 h of exposure [24]. Even at concentrations well below IDLH
level, CO can have negative effects on human health.

Ammonia (NH3) is a colorless gas with a characteristic pungent
odor. Ammonia contributes significantly to the nutritional needs of
terrestrial organisms by serving as a precursor to food and fertiliz-
ers. Ammonia, either directly or indirectly, is also a building block
for the synthesis of many pharmaceuticals. It is also used in clean-
ing products [25]. Despite its usefulness, ammonia is both caustic
and hazardous to human especially when its concentration exceeds
TLV value of 25 ppm.

Sulfur dioxide (SO5) is a colorless gas [26]. It smells like burnt
matches. It can be oxidized to sulfur trioxide, which in the presence
of water vapor is readily transformed to sulfuric acid mist. SO, can
be oxidized to form acid aerosols. SO, is a precursor to sulfates,
which are one of the main components of respirable particles in
the atmosphere. Health effects caused by exposure to high levels
of SO, include breathing problems, respiratory illness, changing
in the lung’s defenses, worsening respiratory and cardiovascular
disease. People with asthma or chronic lung or heart disease are
the most sensitive to SO,. It also damages trees and crops. SO,
along with nitrogen oxides are the main precursors of acid rain.
This contributes to the acidification of lakes and streams, acceler-
ated corrosion of buildings and reduced visibility. SO, also causes
formation of microscopic acid aerosols, which have serious health
implications as well as contributing to climate change.

Carbon dioxide (CO,) is a colorless, odorless non-flammable
gas and is the most prominent greenhouse gas in Earth’s atmo-
sphere with contribution of 76% in the Earth’s atmosphere besides
methane (13%), nitrous oxide (6%) and fluorocarbon (5%) [20]. It is
recycled through the atmosphere by the process photosynthesis,
which makes human life possible. Photosynthesis is the process of
green plants and other organisms transforming light energy into
chemical energy. Light Energy is trapped and used to convert car-
bon dioxide, water and other minerals into oxygen and energy rich
organic compounds [27]. Carbon dioxide is emitted into the air
as human exhales, burns fossil fuels for energy and deforests the
planet. Every year humans add over 30 billion tons of carbon diox-
ide in the atmosphere by these processes and it is up 30% since
1750.

Methane (CHg) is an odorless, colorless flammable gas. It is used
primarily as fuel to make heat and light. It is also used to manu-
facture organic chemicals. Methane can be formed by the decay of
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Table 1
The physical property, source of emission, toxicity and threshold limit value (TLV) of environmentally hazardous gases.
Gas Physical property Source of emission Toxicity or TLV? Reference
environmental impacts
NO; Reddish-brown gas with Produced by all Irritating the lungs and 3ppm Air Quality Control, Ministry of
a pungent and irritating combustion in air lower resistance to Environment, Ontario [20]
odor respiratory infection
Able to form gaseous Produced from the Corrode metals, fade
nitric acid and toxic transportation sectors fabrics and degrade
organic nitrates and industrial processes rubber and can damage
tree and crops, resulting
in substantial losses
(when chemically
transformed to nitric acid
NO Nonflammable and an Produced by all Irritating to eyes and 25ppm Material Safety Data Sheet [72]
oxidizer combustion in air respiratory system
Corrosive Severe symptoms may be
delayed (possible for
several hours), cyanosis,
increased difficulty in
breathing, irregular
respiration, lassitude and
possible death due to
pulmonary edema in
untreated cases
Accelerates the
combustion of
combustible material
N,O Colorless with a sweet Produced from breaking Causing greenhouse 50 ppm Hopwood and Cohen [73]
odor down of nitrogen based effect
fertilizer
Released naturally from
oceans
H,S Colorless, toxic and Occurring naturally in Damage in breathing 10 ppm Kaur et al. [66]
flammable gas crude petroleum, natural system
gas, volcanic gases, hot
springs
Smells like rotten eggs Produced from bacterial
breakdown of organic
matter or wastes
Produced by human and
animal
Other sources from
industrial activities
include food processing,
cooking ovens, craft
paper mills, tanneries,
and petroleum refineries
co Colorless, odorless, A byproduct of the Preventing oxygen from 50 ppm Hazard fact Sheet #1 [22]
tasteless, and incomplete burning of being absorbed into the
non-irritating gas gasoline, wood coal, oil, bloodstream. Without
propane or any other sufficient oxygen in the
substance that contains bloodstream, vital organs
carbon will stop functioning
Produced whenever
combustion occurs
(combustion engine)
NH;3 Colorless gas with a Produced by the Irritates the eyes at levels 25ppm www.en.wikipedia.org/wiki/Ammonia
pungent odor decomposition of animal in the range of [25]
manures 20-50 ppm
CHy Colorless and odorless Generated by an aerobic Non-toxic 1000 ppm www.eoearth.org/article/Methane [74]
gas digestion of organic
material and if stored can
be used as a fuel source
for internal combustion
engines
Combustible gas In covered and in-barn
storages, methane can
become trapped and the
concentration can reach
dangerously explosive
levels
Lighter than air
SO, Invisible gas with a Industrial activity as a Irritates the nose, throat, 5ppm Air quality fact sheet [26]

nasty, sharp smell

main source

and airways to cause
coughing, wheezing,
shortness of breath, or a
tight feeling around the
chest
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Table 1 (Continued)

Gas Physical property Source of emission

Toxicity or TLV?

Reference

environmental impacts

Present in motor vehicle
emissions (result of fuel

Easily form sulfuric acid,
sulfurous acid and sulfate

particles combustion)
CO, Colorless and odorless All open flame,
gas non-vented space,

heaters also contribute
carbon dioxide to the
surrounding air as one of
the products of
combustion

Part of the ensiling
process (during this
respiration process,
oxygen is converted to
water and CO;)

Can create an oxygen
deficiency and [75]
asphyxiation or

suffocation

5000 ppm www.eoearth.org/article/carbondioxide

Main cause of
greenhouse effect

Source: American Conference of Government Industrial Hygienists [76].
2 TLV, Threshold limit value.

natural materials and is common in landfills, marshes, septic sys-
tems and sewers. Methane can form an explosive mixture in air at
levels as low as 5%. Methane can also be found in coal gas. Methane
is a powerful greenhouse gas produced both naturally and through
human activities. Nitrous oxide (N,O) also called laughing gas is
extensively used for surgical operations as an anesthetic gas [28]. It
is not toxic like NO, and NO but N, O is a green house gas with very
high global warming coefficient, which is about 300 times as large
as that of CO,, causing serious ozone layer disruption. Environmen-
tal monitoring of greenhouse gases is essential to help slowdown
global warming.

3. General gas-sensing mechanisms of semiconducting
metal oxide sensors towards environmentally hazardous
gases

Initially, oxygen is absorbed on the metal oxide surface when
the film is heated in air. At lower temperatures, the surface reac-
tions proceed too slowly to be useful. The adsorption of oxygen
forms ionic species including 05, 0~ and 02-, which have acquired
electrons from the conduction band. The adsorption kinematics are
explained by the following reaction paths [29-31]:

0,(gas) « O,(absorbed) (1)
0,(absorbed) + e~ < 0,7, (2)
0, +e” & 207 3)
0 +e” & 0% (4)

The oxygen ions O,, O~ and 02~ are stable below 100°C,
between 100 and 300°C and above 300°C, respectively [32].
Correspondingly, they would be desorbed from the surface at tem-
peratures of 80, 130 and 250°C, respectively. The electron transfer
from the conduction band to the chemisorbed oxygen results in
the decrease in the electron concentration in the film. For n-type
semiconducting metal oxide, an increase in the resistance of metal
oxide film is observed. On the other hand, the resistance of p-type
metal oxide is reduced. The operating temperature dependence of
the sensing properties could result from changing of the adsorption
and desorption rates of oxygen ions on metal-oxide surface [33].

Environmentally hazardous gases can be separated into two
groups based on oxidizing and reducing effects. NO,, NO, N,O and
CO, gases are oxidizing while H,S, CO, NH3, CH4 and SO, gases
are reducing. When metal oxide surfaces are exposed to oxidiz-
ing gas such as NO,, NO, N,0 and CO,, these gases react with the
adsorbed O~ ions as well as adsorb directly on the surface of metal

oxide surface. The oxidizing reactions between metal oxide and
these oxidizing gases follow the reaction paths [23,34-39]:

NO,(gas) + e~ — NO2?~(ads) (5)
NO2~(ads) + O~ (ads) + 2e~ — NO(gas) + 20%(ads) (6)
NO(gas) + e~ — NO~(ads) (7)
2NO~(ads) — Nj(gas) + 20 (ads) (8)
N,0O(gas) + e~ — N0 (ads) (9)
N0 (ads) — Ny(gas) + O~ (ads) (10)
CO,(gas) + e~ — CO2%~(ads) (11)
C0?%~(ads) + O~ (ads) + 2e~ — CO(gas) + 20%(ads) (12)

The adsorption of O~ is very interesting step in metal-oxide
gas sensor, because the O~ ions assist the adsorbed oxidizing ions
to take the electrons from the metal oxide surface. The concen-
tration of electrons on the surface of metal oxide decreases and
the resistance of n-type metal oxide layer increases accordingly.
In contrast, the resistance of p-type metal oxide surface decreases
because extracted electrons result in generation of holes in valence
band. The gas-sensing response for n-type semiconducting oxide
to oxidizing gas (S, ) is normally defined as:

R

Sox= . (13)

On the other hand, the response for p-type semiconducting
oxide to oxidizing gas (SP) is given by:

p _ Ra

b = 7o (14)
where Rog and R, are the electrical resistances of the sensors mea-
sured in the presence of oxidizing gas and pure dry air, respectively.

The response of the metal oxide sensor to oxidizing gas is rel-
atively high due to adsorbed O~ ions at the temperature range of
250-350°C. As the temperature increases, however, the dominant
process becomes the adsorption of O~ ions, then the response of the
metal oxide sensor decreases. Furthermore, progressive desorption
of all species occurs and the response decreases at high tempera-
ture range. For these reasons, the response of metal oxide sensor
tends to decreases as temperature increases.

When the metal oxide surface is exposed to reducing gases, the
gas reacts with the chemisorbed oxygen thereby releasing elec-
trons back to the conduction band. The overall reducing reactions
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between NHj3, H,S, CO, SO, and CHy4 gases, and the chemisorbed
oxygen species (O~ and 02-) are given by [28,40-52]:

2NH3 430~ (ads) — Ny +3H,0 + 3e~ (16)
2NH3 + 302 (ads) — Ny +3H,0 + 6e~ (17)
H,S + 307 (ads) — H,0 + SO, +3e~ (18)
H,S + 302 (ads) — Hy0 + SO, +6e~ (19)
CO + O (ads) — COy +e~ (20)
CO + 0% (ads) — COy+2e~ (21)
SO, +07(ads) — SO3 +e~ (22)
SO, + 0% (ads) — SO3 +2e~ (23)
CH,4 +40~(ads) — 2H,0 + CO, +4e~ (24)
CH,4 +40% (ads) — 2H,0 + CO, +8e~ (25)

As a result, the concentration of electrons on the surface of
metal oxide increases and the resistance of n-type metal oxide
layer decreases. In contrast, the resistance of p-type metal oxide
surface increases because generated electrons recombine with
holes, decreasing in the hole concentration. Thus, the gas-sensing
response for n-type semiconducting oxide to reducing gas (S;) is
defined as:

n Ra
St = Rig (26)
On the contrary, the response for p-type semiconducting oxide
to reducing gas (Sfd) is given by:
R:,
S = RTg (27)
where Rrg and R, are the electrical resistances of the sensors mea-
sured in the presence of reducing gas and pure dry air, respectively.
In addition to the response, the gas-sensing characteristics of
metal oxide semiconductor can be characterized by response and
recovery times. The response time, Tyes is typically defined as the
time required to reach 90% of the steady response signal while the
recovery times, Trec denotes the time needed to recover 90% of the
original baseline resistance [5]. However, only response value is
considered meaningful for general comparison of different reports
in the following section because it is derived from steady-state val-
ues while response or recovery time obtained from different works
are not comparable because of different gas flow configurations.

4. Semiconducting metal oxides as environmentally
hazardous gas sensors

The gas sensing properties of differently-prepared metal oxides
and loaded metal oxides towards nine environmentally hazardous
gases including NO,, NO, N,O, H,S, CO, NH3, CHy, SO, and CO,
are listed in Tables 2-10, respectively and individually discussed in
following subsections.

4.1. Nitrogen dioxide sensors

Sensors for NO, detection have been the most widely studied
because NO, is regarded as the most dangerous gas. Table 2 shows a
summary of NO, gas-sensing properties of loaded/unloaded metal
oxide semiconductors. From most reported data, unloaded WO
is demonstrated as the most promising metal oxide for NO, gas
sensing. Nevertheless, its performances considerably depend on its
structure and preparation method. The structure of modern WO3
gas sensors may be classified into two main types, thick/thin films
and nanoparticles.

Thick/thin WO3 film gas sensors have been developed by many
groups using various preparation methods. Following highlights
important results achieved to date. WO3 sensitive films fabricated
by atmospheric plasma spraying technique with a heat-treatment
gave the response of 77-450 ppb NO, at 130°C [34]. In addition,
the obtained WO3 sensors were found to exhibit different sensing
behaviors depending on operating temperature and NO, concen-
tration. The electrical resistance of WO3 sensor increased at low
working temperature and high NO, concentration in humid air. On
the other hand, the resistance decreased when NO, concentration
was lower than 93 ppb and the working temperature was higher
than 130°C.

Shen et al. [53] reported the deposition of WO3 thin films using
reactive direct current magnetron sputtering with different dis-
charge gas pressures. Gas sensing properties of W03 thin films
in reaction to 1 ppm NO, gas and 1000 ppm H, gas were investi-
gated at operating temperature in the range of 50-300 °C. The peak
response for NO, was found to be 460 at 200°C.

Ghimbeuetal.[54] presented a simple and cost effective electro-
static spray deposition technique for the fabrication of WO3 films
to detect different pollutant gases. The films obtained from tung-
sten ethoxide as precursor produced good quality films in terms of
microstructure and morphology. The films were able to detect very
small amount of NO; (less than 1 ppm) at low operating tempera-
ture (150 °C). However, the sensor could be easily interfered by H,S:
the films were highly sensitive to low H,S concentrations (10 ppm)
at low operating temperature of 200 °C. The sensing films had rel-
ative selectivity to H,S in the presence of other gases (20 ppm SO,
and 1 ppm NO,).

NO, sensors based on WO3 nanoparticles have recently
gained much attention and been reported by several researchers
[15,34,35]. Tungsten oxide nanoparticles were synthesized and
characterized using high resolution TEM by Heidari et al. [15]. The
material was deposited on patterned alumina substrates through
low frequency AC electrophoresis and used as NO, sensor, present-
ing a stable device sensitive to NO, in a dilute range. The highest
response was 50-500 ppb at 200 °C. However, a lower response was
seen at higher temperature due to decreased adsorption at those
temperatures.

Meng et al. [35] prepared WO3 nanoparticles using gas evapora-
tion method with tungsten filament under low pressure of oxygen
gas. With gas sensor made of WO3 nanoparticles smaller than
100 nm, the highest response time to 1 ppm NO, was 4700 at 50 °C.
The response of unloaded WO3 nanoparticles to ppb level of NO,
was also reported by Heidari et al. [15] and Zhang et al. [34], which
were relatively lower than Meng'’s report. Thus, WO3 nanoparti-
cles prepared by gas evaporation method represent the best NO,
reported to date.

Apart from WOs, ZnO is another potential candidate for NO,
sensing. Baratto et al. [55] reported the gas sensing properties of
ZnO nanopowders synthesized by an aerosol method. Two differ-
ent nanopowder morphologies, fibre-mats and cauliflower, were
obtained. Both sensors showed high response against sub-ppm
concentration of NO, at low operating temperature. At 100 °C, the
fibre nanopowder showed a high response of 50 towards 0.4 ppm of
NO,, while that of cauliflower nanopowder was 8. The fibre-mats
nanopowder sensor could detect 0.1 ppm of NO, with a relative
response of 3 with no interference from CO or ethanol, which could
be due to low working temperature.

Tamaekong et al. [56] reported the synthesis of unloaded ZnO
by flame spray pyrolysis (FSP) for NO, sensing at 1, 5 and 10 ppm
with response of 2.7, 6.2 and 11.8 respectively. Unloaded ZnO and
Nb/ZnO nanoparticles containing 0.25, 0.5 and 1 mol% Nb were pro-
duced in a single step by FSP by Kruefu et al. [57]. The influence
on a low dynamic range of Nb concentration on NO, response
(0.1-4ppm) of thick film sensor elements was studied at the
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Table 2
A summary on the gas sensing properties of unloaded/loaded metal oxide semiconductors for NO; gas.
Sensing material Method Gas concentration Sensing performance Reference
Unloaded WO3 nanorods/microspheres Hydrothermal 20 ppm Response: 525 to 20 ppm [14]
at 350°C
Unloaded W03 Low frequency AC 50-500 ppb Response: 50 to 500 ppb at [15]
electrophoretic deposition 200°C
Unloaded ZnO DC magnetron reactive 5ppm Response: ~6 to 5 ppm at [28]
sputtering 300°C
Unloaded W03 Atomspheric plasma 0-450 ppb Response: 77 to 450 ppb at [34]
spraying 130°C
Unloaded W03 Evaporation of W filament 1ppm Response: 4700 to 1 ppm at [35]
50°C
Unloaded W03 Reactive magnetron direct 1ppm Response: ~460 to 1 ppm [53]
current sputtering at 200°C
Unloaded W03 Electrostatic spray 0.25-1ppm Response: 30 to 1 ppm at [54]
deposition 150°C
1.67 wt% Pd/TiO, Calcination of electrospun 0.8-2.8 ppm Response: 28 to 2.1 ppm [77]
PVP/TiO,/Pd composites NO; at 180°C
Unloaded ZnO Hydrothermal 1ppm Response: ~1.8 to 1 ppm at [78]
300°C
0,11 and 15 wt% WOs3/TiO, Screen printing 0-300 ppm Response: 145 (15 wt% [79]
WO3) to 500 ppm at 180°C
Table 3
A summary on the gas sensing properties of unloaded/loaded metal oxide semiconductors for NO gas.
Sensing material Method Gas concentration Sensing performance Reference
Unloaded W03 Reactive RF-sputtering 0-440 ppm Response: 40 at 250°C; [36]
Pt/WOs3 Response: 70.4 at 150°C;
Pd/WO;3 Response: 100.3 to 10 ppm at
200°C;
Au/WO0Os3 Response: 78 to 440 ppm at 200°C
Unloaded WO3 Commercial WO3, spray method 40 ppm/300°C Response: 7.1 (commercial WO3) [37]
Pb/WO03 Calcination of loaded-samples and 40 ppm/300°C Response: 10.6 (spray method)
infrared pressing
Ag/WO03 Response: 8.0;
Sr/WO3 Response: 8.3 at 250°C and 21.5 at
300°C;
La/WO03 Response: 12.8
Response: 3.8
Zn0O-In, 03 composites Co-precipitation (powder) 7.8-19.5 ppm Response: 60 to 19 ppm at 200°C; [64]
65 to 10 ppm at 150°C
Drop coating (sensors)
Unloaded W03 Screen printing 2-300 ppm Response: ~3.7 to 163 ppm at [80]
300°C

operating temperatures ranging from 250-350°C in the presence
of dry air. The optimum Nb concentration was found to be 0.5 and
0.5 mol% Nb exhibited an optimum NO; response of ~1640 and a
very fast response time (27s) for NO, concentration of 4 ppm at

Another approach for the enhancement of gas-sensing espe-
cially towards NO, can be achieved by the use of organic
materials [21,58-63]. For instance, ZnO nanowire incorporated
with poly(3-hexylthiophene) (P3HT) by Saxena was reported

300°C.

to exhibit enhanced NO, selectivity, which could be attributed

Table 4
A summary on the gas sensing properties of unloaded/loaded metal oxide semiconductors for N,O gas.
Sensing material Method Gas concentration Sensing performance Reference
Unloaded W03 Coprecipitation 10-300 ppm Response: 1.32 to 300 ppm at [8]
450°C
Unloaded SnO, Coprecipitation 10-300 ppm Response: 1.66 to 300 ppm at [8]
450°C
0.5 wt%-loaded (Sr, Ca, 10-300 ppm Sr/Sn0O; gave highest response
Ba,Bi,Sm)Sn0O, of 4.3 to 300 ppm at 500°C
Unloaded ZnO 10-300 ppm Response: 1.21 to 300 ppm at [8]
450°C
Au/SnOy ArF excimer laser-induced 10-100 ppm Response: 11.5 to ~100 ppm at [81]
metal-organic CVD 210°C
Sn0, plasma treated thick film Screen printing 10-100 ppm Response: ~0.58 (O, plasma) [65]
to 100 ppm at room
temperature
Cubic spinel based Precipitation ~1660 ppm Response: 19% to ~1660 ppm [82]
nano-crystalline magnesium at300°C

zinc ferrite
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Table 5
A summary on the gas sensing properties of unloaded/loaded metal oxide semiconductors for H,S gas.
Sensing material Method Gas concentration Sensing performance Reference
Unloaded In,03 Hydrothermal 50 ppm Response: 125 at 268.5°C [45]
to 50 ppm, recovery time of
7s
Unloaded WO3 Electrostatic spray 1-10 ppm Response: 1200 to 10 ppm [54]
deposition at 200°C
Single crystal In, O3 whiskers Carbothermal 200 ppb-10 ppm Response: 36 to 10 ppm at [66]
room temperature
0.05-2 wt% Cu/SnO, Spray pyrolysis 1000 ppm Response: 910 for 1.19 wt% [67]
Cu loading compared to 12
of unloaded SnO; at 200°C
16 nm Ag/SnO, DC magnetron sputtering 1ppm Response: 5900 to 1 ppm at [83]
200°C
Unloaded WOs, (Pt, Au, Au-Pt)-loaded W03 RF sputtering 1-50 ppm Pt/WO; gave highest [84]
micro-electro-mechanical response of 300 and 1250
system (MEMS) to 10 ppm and 50 ppm at
220°C, respectively
Unloaded ZnO Electrostatic spray 1-12ppm Response: 1.8 to 12 ppm at [85]
deposition (ESD) 450°C
Table 6
A summary on the gas sensing properties of unloaded/loaded metal oxide semiconductors for CO gas.
Sensing material Method Gas concentration Sensing performance Reference
Mesoporous In, 03 nanofibers Calcination of electrospun 100 ppm Response: 500 at 300°C to [12]
InOAc/PVA composites 100 ppm
Unloaded ZnO DC magnetron reactive 100 ppm Response: ~1.2 to 100 ppm at [28]
sputtering 400°C
Unloaded WOs3 (Pt, Pd, Au)-loaded WO3 Sol-gel (powders) 400-800 ppm Pt/WO0s3, Response: ~1 and 1.2 to [40]
400 and 800 ppm at 450°C,
respectively
2-10at% Nb/TiO, 5-10at% Cu/TiO, Flame spray pyrolysis 50-750 ppm 2 at% Nb/TiO, gave highest [41]
response of 2.5 to 450 ppm at
400°C
Unloaded ZnO Direct evaporation 50-500 ppm Response: 7.8 to 100 ppm at 350°C [42]
0.2 wt% Pt/SnO, FSP (nanopowders) 50 ppm Response: 8 to 50 ppm at 350°C [46]
Thermophoretic deposition
Mesopourous ZnO Pyrolysis 2-10ppm Response: ~0.5 to 10 ppm at 350°C [47]
In/Pd/SnO, =5:1:50 Sol-gel 1-50 ppm Response: 20 to 50 ppm at 140°C; [48]
3to1ppm
TiO, nanofibers Calcination of electrospun 1-15ppm Response: 2.6 to 15 ppm at 200°C [68]

TiO2/PVP composites

to the reduction of the organic materials by the metal oxide
semiconductors [63].

4.2. Nitric oxide sensors
NO sensors have been relatively less studied compared to NO,

sensors due to its less abundance and lower toxicity. Table 3
lists NO gas-sensing properties of loaded/unloaded metal oxide

semiconductors. Among metal oxides, WO3 loaded with metal cata-
lysts are among the most effective materials for NO gas sensing [36].
For instance, WO53-based thin film NOy sensors were fabricated by
reactive RF-sputtering with evaporated activator layers of Pd, Pt,
Au. The best performances were obtained at 150, 200, 250 and
300°C for Pt/WO3, Pd/WO03, Au/WO3 and unloaded WOs, respec-
tively. The activation of WO3-sensors with noble metals enhanced
sensor selectivity towards NOy with respect to the reducing gases

Table 7
A summary on the gas sensing properties of unloaded/loaded metal oxide semiconductors for NH; gas.
Sensing material Method Gas concentration Sensing performance Reference
Unloaded TiO, DC magnetron sputtering 5000 ppm Response: 7000 to 500 ppm NH3 at [43]
250°C
5-15 wt% MWCNTSs/SnO; Spin coating/heat 60-800 ppm Response: 27 to 200 ppm (15 wt% [44]
treatment MWCNTSs) of NH3 at RT
h-WO0; Annealing 10-50 ppm Response: 6 to 50 ppm NH3 at [69]
300°C
Sn0,-ZnO (0-15wt% ZnO Thick films 50 ppm/170-330°C Response: ~3 (10 wt% ZnO loaded [70]
Sn0,) at 300°C, 50 ppm Response
time: ~2s
ZnO hollow spheres Thick films 25,50 and 75 ppm Response: 7.9, 11.1 and 20.4 to 25, [71]
50 and 75 ppm at 220°C
Unloaded W03 RF sputtering (sensors) 10ppm Response: 0.5 to 10 ppm at 200°C [86]
LaCogsFep203 0.3 wt% Pd Sol-gel citrate 50-500 ppm Response: 0.95 (0.3 wt% Pd) to [87]
200 ppm NH3 at 250°C
Single nanowire SnO, Vapor-solid growth 25-100 ppm Response: ~0.35 at 100 ppm, [88]

method

260°C
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Table 8
A summary on the gas sensing properties of unloaded/loaded metal oxide semiconductors for CH4 gas.
Sensing material Method Gas concentration Sensing performance Reference
7 wt% Sb/ZnO Screen printing 1000 ppm Response: ~25 to [51]
1000 ppm at 360°C
SnO, Thin films on 1%/room temperature - 700°C Response: ~23 at 500°C to [52]
micromachined SOI wafers 1% Response time: 5-10 ms
Sn0,-Zn0 (0-15wt% Zn0O) Thick films 50 ppm/170-330°C Response: ~1 (10 wt% ZnO [70]
loaded Sn0O;) at 300°C to
50 ppm Response time:
~2s
Unloaded W03 RF-sputtering (sensors) 1000 ppm Response: <0.5 to [86]
1000 ppm at 300-500°C
Unloaded SnO; Thin films on alumina 1000 ppm/450-500°C Response: 0.4 [89]
Pt/SnO; substrates by CVD Response: 0.72
Mo/Sn0O; Response: 1.03
Cu/SnO, Response: 1.50 to
1000 ppm, 500 °C Response
time: ~5s
Table 9
A summary on the gas sensing properties of unloaded/loaded metal oxide semiconductors for SO, gas.
Sensing material Method Gas concentration Sensing performance Reference
Unloaded W03 Electrostatic spray 20ppm Response: ~3 to 20 ppm at [49]
deposition 350°C
Unloaded SnO; and 0-1 wt% V,05/Sn0, Simultaneous precipitation 5-100 ppm Response: ~35 to 100 ppm [50]
at 350°C for Unloaded
Sn0, and Response: ~70 to
100 ppm at 350°C for
0.15wt% V,05/Sn0;
Unloaded W03 Pyrolysis 800 ppm Response: 12 to 800 ppm at [90]
400°C
Pt-loaded WO3 RF magnetron sputtering 1ppm Response: ~5.9 to 1 ppm at [91]
on micro-hotplate 200°C, 50 pwm of electrode
substrate gap
Unloaded SnO; and 1-4 at% Cu/SnO, ESD technique 20 ppm Response: ~1.0 to 20 ppm [92]
at 400°C to unloaded SnO,
and 1-4 at% Cu/SnO,
1 mol% Ni/SnO, Pechini method 0-150 ppm Sensor response: ~0.95 to [93]
32 ppm to 1 mol% Ni/SnO,
Unloaded ZnO A solution method 100 ppm Response: <0.5 to 100 ppm [94]
at300°C

(CO, CHgy, Hy, SO,, H,S and NH3) and improved response/recovery
times.

Chen et al. reported NO sensors based on WO3 powders loaded
with different promoters (Pb, Ag, Sr and La) [37]. Among the pro-
moters tested, Ag/WO3; showed the best NO response of 50 ppm
over the temperature range of 150-350 °C. Ag promoter could dra-
matically enhanced sensitivity and decreased the optimal working
temperature of the compressed WO3 powder sensor. One of Ag
promotion’s roles was to provide metal surface for the conversion
from NO to NO,. Another role of Ag included the increase of oxygen
defective WO3_, sites atand near the interface between Ag particles
and WOs particles as inferred from XRD and TEM analyses.

Other metal oxides have also been studied for NO sensing.
Among them, In,03-Zn0O composites synthesized by Lin et al. [64]
were found to exhibit appreciable NOy gas-sensing characteristics.
Response to NO gas was reported to be 60 for 19 ppm NO at 200°C

and 65 for 10 ppm NO at 150 °C. Other sensors with lower responses
are listed in Table 3.

4.3. Nitrous oxide sensors

There have been only few reports for the detection of N,O
as revealed in Table 4. Among metal oxides, loaded SnO, was
reported to be the most sensitive to N;O [23]. The N,O response
of SnO, loaded with 0.5 wt% SrO exhibited N,O response 3 times
as high as that of unloaded SnO,. It could detect N, O in air in the
concentration range of 10-300 ppm at 500°C. In addition, gold-
loaded polycrystalline tin oxide (SnOy) grown by ArF excimer
laser-induced metal organic chemical vapor deposition showed
response of 11.5to~100 ppm N0 at210°C[65]. Other N, O sensors
with lower responses are shown in Table 4.

Table 10

A summary on the gas sensing properties of unloaded/loaded metal oxide semiconductors for CO; gas.
Sensing material Method Gas concentration Sensing performances References
BaTiO3-CuO RF-sputtering 500-5000 ppm Response: 18 to 5000 ppm at 300°C [38]
Unloaded SnO; Ultrasonic spray pyrolysis 1000 ppm Response: 16.07 to 1000 ppm at 350°C [39]
WOs-loaded TiO, Screen printing 1000 ppm Response: ~0.18% to 1000 ppm at 600 °C [79]
Unloaded ZnO Sputtering Total pressure (N, and CO,) of 8.5 mbar Response: 2.17 at 100°C [95]
Co-loaded SnO, Conventional spray pyrolysis 1000 ppm Response: ~25% to 1000 ppm at 275°C [96]
La-coated SnO, Coating and heat-treating 500-2500 ppm Response: ~1.43 to 2500 ppm at 400°C [97]
Sn0,/Pd D.C. sputtering 3000 ppm Response: ~24% to 3000 ppm at 450 °C [98]
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4.4. Hydrogen sulfide sensors

Sensors for H,S detection have also been widely studied and
H,S gas-sensing properties of unloaded/loaded metal oxide semi-
conductors are summarized in Table 5. A wide variety of metal
oxides have been studied for H,S sensing. Among these, In,03
whiskers prepared by carbothermal method exhibited remarkable
performances with capability to detect H,S at ppb level at room
temperature [66]. The response to 10 ppm H,S was reported to be
~36. The results showed that single crystal whiskers were selec-
tive and could be used to sense very low concentrations (200 ppb)
of H,S. Unloaded In, 03 showed response of 125-50 ppm at 268.5 °C
with a short recovery time of 7 s [45].

1.19 wt% Cu-loaded SnO; was reported to be another promising
H, S sensors having a high response of 910 for 1000 ppm H,S, which
is significantly higher than 12 for unloaded SnO, at an operating
temperature of 200 °C [45]. The response for other gases such as
CO, NH3, ethanol and kerosene vapors was found to be negligible.
Therefore, Cu-loaded SnO, was not only highly sensitive but also
highly selective towards H,S. WO3 films produced by electrostatic
spray deposition was also demonstrated to be another good H,S
sensors with a high response of 1200 to low concentrations of H,S
(10 ppm)at 200°C[54].The films also showed lower gas response to
other gases (20 ppm SO, and 1 ppm NO; ) suggesting the possibility
for selective detection of H, S from a mixture comprising these three
gases. The highest H,S response of 5900 was recently obtained from
a porous SnO; film catalyzed with 16 nm Ag nanoparticles at 200 °C
[67]. The film was formed by DC magnetron sputtering, and coated
with Ag activating film.

4.5. Carbon monoxide sensors

CO sensors have also been widely reported because CO is the
most abundant toxic gas. Table 6 summarizes CO gas-sensing prop-
erties of unloaded/loaded metal oxide semiconductors. It can be
seen from Table 6 that Pt/SnO, nanopowders [46], mesoporous
ZnO [47], In/Pd/SnO;, nanopowders [48] and TiO, nanofibers [68]
could be potential candidates for CO sensors with high response at
concentration well below TLV of CO (50 ppm).

Maddler et al. [46] reported the synthesis of Pt-loaded SnO,
nanoparticles with different sizes and Pt loading content by FSP.
The nanoparticles were used to fabricate semiconducting gas sen-
sors for low level CO detection, i.e. CO concentration as low as 5 ppm
in the absence and presence of water. It was found that a low Pt
concentration (0.2 wt%) seemed to lead to a better dispersion of Pt.
The sensors were proven to be suitable for low level CO detection
(<10 ppm according to European legislation and <50 ppm according
to US) with good stablility.

Wagner et al. [47] presented the synthesis and gas sensing prop-
erties for CO and NO, of mesoporous zinc oxide at concentration
between 2 and 10 ppm at a relative humidity of 50%. In most coun-
tries the legal thresholds for long-term exposure to these gases
without health damage are specified to 30 ppm CO and 5 ppm NO>.
The experiments showed that the mesoporous sensors exhibited
significantly higher sensitivities to both gases than bulk ones and
the sensors could detect CO and NO, at concentrations well below
legal thresholds.

Zhang et al. [48] synthesized In/Pd-loaded SnO, via a sol-gel
method and deposited on a SiO, coated silicon substrate with Pt
electrodes. The In/Pd-loaded SnO, sensors showed excellent CO-
sensing performances at alow operating temperature of 140 °C. The
sensor could detect a very low CO concentration of 1 ppm (with a
response value of 3). In addition, the response and recovery times
were only 15 and 20, respectively. The results demonstrated that
the sensor was a potential candidate for low level CO detection.

Titanium dioxide (TiO,) nanofibers were fabricated by elec-
trospinning a hybrid solution, which was a mixture of TiO, sol
precursor, polymer, and solvent as reported by Park et al. [68]. The
structure and CO sensing properties of TiO, nanofibers were inves-
tigated. By calcining at 600°C, the polymeric components were
decomposed and a multi-layered random network structure of
TiO, nanofibers was obtained. Polycrystalline TiO, nanofibers were
found to contain both tetragonal anatase and rutile TiO, phases.
The diameter was ranging from 400 to 500 nm and the grain size
was about 15 nm. The TiO, nanofibers-based sensor exhibited good
response to CO concentration as low as 1 ppm at 200°C.

4.6. Ammonia sensors

NH3 sensors have also been widely reported because of its
wide applications. Table 7 lists NH3 gas-sensing properties of
unloaded/loaded metal oxide semiconductors. It can be seen that
there are several promising candidates for NH3 sensors. A thin sen-
sitive TiO, film deposited by a DC reactive magnetron sputtering
onto a silicon substrate with interdigitated electrode was reported
to be a highly sensitive NH3 sensor with very high response of 7000
to 500 ppm ammonia at 250°C and very good selectivity [43]. A
SnO,/MWCNTs composite thin film fabricated by microelectronic
thin film process was another promising NH3 sensor with good
response at room temperature (RT) [44]. The response to 200 ppm
NH;3 at RT was ~27 for 15 wt% MWCNTs/SnO; sensor.

Szilagyi et al. [69] reported the preparation of hexagonal tung-
sten oxide (h-WO3) sensor. h-WO3 was found to be sensitive to
various levels (10-50 ppm) of NH3 with the shortest response and
recovery times of 1.3 and 3.8 min, respectively at 50 ppm NHs. At
this NH3 concentration, the sensor had significantly higher sensitiv-
ity than h-WO3 materials prepared by other wet chemical methods.

The gas-sensing properties of the SnO, nanoparticles, ZnO
microrods and the nanocomposite of SnO, nanoparticles loaded
with 5-15wt% ZnO microrods were investigated by Zhang et al.
[70]. The gas-sensing properties of the SnO, nanoparticles were
found to be greatly improved by loading with ZnO micro-
rods. The sensing properties of the 10wt% ZnO-loaded SnO, to
trimethylamine (TMA), dimethylamine (DMA), CO, H,, NH3, LPG,
NO,, benzene, toluene, ethanol, methanol, acetone, formaldehyde
(HCHO), methylamine (MA) and water were examined. A response
to 50 ppm NH3 of ~3 and very short response time of ~2s were
obtained at 300°C.

ZnO hollow spheres were successfully prepared using carbon
microspheres as templates by Zhang et al. [71]. Gas sensor fabri-
cated from as-prepared ZnO hollow spheres were tested to NHs,
NO, and other gases. Obtained results showed that ZnO hollow-
sphere sensors exhibited different behaviors between NH3 and
NO,. The optimum operating temperature for NH3 was 220°C,
which was lower than that for NO; (240°C). At 220°C, the sen-
sor showed the responses of 7.9, 11.1 and 20.4-25, 50 and 75 ppm
NHs, respectively. Other NH3 sensors with relatively low responses
can be found from Table 7.

4.7. Methane sensors

A number of metal oxide materials have been studied for CHy
detection. However, only a few of them are found to be effective
for CH4 detection as illustrated in Table 8. Among these, SnO, thin
films on micromachined silicon-on-insulator (SOI) wafer showed a
good response of 23-1 vol.% CHy4 at 500 °C with very short response
time of 5-10ms [52]. ZnO:Sb based screen printed thick-film gas
sensors for Hy, CO and CH,4 detections were fabricated by Dayan
et al. [51]. Films were realized on an alumina substrate by mixing
ZnO with lead borosilicate glass frits as a binder and Sb as a cata-
lyst. 7wt% Sb-loaded ZnO film showed a relatively high response



K. Wetchakun et al. / Sensors and Actuators B 160 (2011) 580-591 589

to 1000 ppm CH,4 of 25 compared to that of unloaded ZnO at
~300°C.

4.8. Sulfur dioxide sensors

Sensors for SO, detection have also been widely studied and
SO, gas-sensing properties of unloaded/loaded metal oxide semi-
conductors are summarized in Table 9. Among these, Pt-loaded
WO3 and V,05-loaded SnO, are among the most promising can-
didates. Unloaded WO3 film could detect SO, gas at 20 ppm with
a response of ~3 at 350°C [49] and Pt loading could signifi-
cantly enhance SO, detection with higher response to ~5.9 at
lower SO, concentration and operating temperature of 1 ppm and
200°C, respectively. For vanadium oxide loaded tin dioxide, the
sensor could detect SO, at concentration down to 5 ppm for leak
detection [50]. Such sensors were quite selective in the presence
of other gases like CO, CH4 and butane. Other metal oxide gas
sensors with relatively lower SO, response can be found from
Table 9.

4.9. Carbon dioxide sensors

A number of metal oxide materials have been studied for CO,
detection. However, only a few of them are found to be sensitive for
CO,, detection as illustrated in Table 10. Among these, BaTiO3-CuO
mixed oxide and unloaded nanostructured SnO, thin films are con-
sidered promising candidates with relatively high CO, response.
Semiconducting BaTiO3-CuO mixed oxide thin films deposited by
RF-sputtering on alumina substrate was used to detect CO, by mean
of impedance measurement [38]. A good response to 5000 ppm
CO, of 18 was obtained at 300 °C. Recently, unloaded nanostruc-
tured SnO, thin films on glass substrate prepared by ultrasonic
spray pyrolysis showed a high response to 1000 ppm of CO; of 16 at
350°C [39]. Other sensors with lower CO, responses can be found
from Table 10.

5. Conclusions

In conclusion, semiconducting metal oxide gas sensors for nine
important environmentally hazardous gases including NO,, NO,
N, 0, H,S, CO, NH3, CHy, SO, and CO, have been comprehensively
reviewed. These gases are either toxic or green house gases. Among
them, NO,, NO, N,O and CO, gases are oxidizing while H,S, CO,
NH3, CHy, and SO, gases are reducing. The gas sensing proper-
ties of differently-prepared metal oxides and loaded metal oxides
towards nine environmentally hazardous gases have been individ-
ually compared and discussed. From the survey, unloaded WO3
nanostructures are the most promising candidates for NO, sensing
while metal catalyst loaded WO3 and gold-loaded SnO, sensors
are among the most effective for NO and N,O sensing, respec-
tively. As for H,S detection, Cu-loaded SnO, are reported to be
not only highly sensitive but also highly selective towards HS.
For CO sensors, Pt-loaded SnO, nanopowders, mesoporous ZnO,
In/Pd/Sn0O, nanopowders, and TiO, nanofibers are among potential
candidates. The most potential NH3 sensor is found to be sputtered
TiO, thin films with very high response and very good selectiv-
ity. For CH4 detection, only a few of sensors including SnO, thin
films and ZnO:Sb based screen printed thick-film are found to be
effective. Among reported SO, sensors, Pt-loaded W03 and V,05-
loaded SnO, are among the most promising candidates. Lastly,
BaTiO3-CuO mixed oxide and unloaded nanostructured SnO, thin
films are considered promising candidates with relatively high CO,
sensing response.
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ABSTRACT

Flame-spray-made SnO, thick films fabricated by spin coating method were studied for toxic
and flammable gas-sensing applications. From physical characterization by X-ray diffraction,
Brunauer-Emmett-Teller analysis, scanning and transmission electron microscopy, SnO, nanoparticles
were found to have non-agglomerated spherical, hexagonal, rectangle (3-10 nm), and rod-like (3-5 nm
in width and 5-20 nm in length) morphologies with large specific surface area of 141.6 m?/g. The sensing
films were prepared by spin coating on Al, 03 substrate with interdigitated Au electrode. The sensing films
were tested toward some important toxic (NO,, CO, SO, ) and flammable (H;, C;H,) gases. It was found
that SnO; sensing film showed excellent response and selectivity for NO, at a low operating temperature
of 200°C. In addition, the response linearly increased and the response time drastically decreased with
increasing gas concentration. Therefore, the spin-coated flame-spray-prepared SnO, sensor is one of the
most promising candidates for highly sensitive and selective detection of noxious NO, gas.

Flammable gas

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Environmental controlling system for most risky areas is ori-
ented toward the regulation, precise investigation and control of
noxious gases in the atmosphere. Since the first report of semi-
conductor gas sensors in 1962 [1], they have been extensively
researched for detecting small amounts of inflammable and toxic
gases in air. For environmental and safety purposes, effective gas
sensors were highly required for accurate monitoring of poisonous
and hazardous gases such as CO, SO, and NO, in domestic as well as
industrial areas. SnO, has constantly gained attention from many
engineers and scientists interested in gas sensing under atmo-
spheric conditions. SnO, gas sensors are in high demand for many
applications including environmental monitoring, prevention of
leakage and incomplete combustion [1-27]. SnO,, is a wide band
gap (3.6 eV) n-type semiconductor [1,26] and the best-understood
prototype of oxide-based gas sensors for the detection of toxic gases
e.g. CO [2-7],S05 [9-11], NOy [2,6,11-20] or flammable gases e.g.
CyH; [21], Hy [8,22-29] under an atmosphere.

* Corresponding author at: Department of Physics and Materials Science, Faculty
of Science, Chiang Mai University, Chiang Mai 50202, Thailand.
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Owing to focalized risk and hazards, the detections of flammable
gases like H, and acetylene (C;H,) are a subject of growing impor-
tance in both domestic and industrial environments. In particular,
the detection of H, gasis very important for several industrial appli-
cations due to safety reasons. H is one of the most flammable and
explosive gases that can easily leak from gas sources and systems.
The development of a gas sensor for 10-10,000 ppm of H, is also
of high interest since H, is one of the main gases evolving under
pyrolysis in the initial stage of combustion [26].

Regarding toxic gases, CO monitoring is critical for combustion
process control in machine as well as for safety and environmen-
tal purposes. SO is another highly toxic and common air pollutant
and its monitoring is also very important. The needs to monitor
these pollutions in urban agglomerates or in the working atmo-
sphere have kept increasing. Specifically, NO, is a highly toxic and
major component of the outdoor air pollutions. It is also very sig-
nificant because of its destructive effects on human’s respiratory
system. Furthermore, air pollution by nitrogen oxide (NOy) includ-
ing NO and NO, have become an important environmental issue.
In fact, NO, associated with other pollutants like volatile organic
compounds (VOCs) is responsible for the formation of ozone [13]
in lower atmosphere and smog in urban areas while chemical reac-
tion of between NO, and water vapor causes the nitric acid rain.
Therefore, the development of the gas sensor to detect NO, in a low
range of concentrations for environmental monitoring has become
increasingly important.
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The major problem of SnO,-based sensors is the lack of rela-
tive selectivity [1,15], which occurs because chemisorbed oxygen
ions (responsible for controlling the conductivity on the sensing
surface and grain boundary) reacts with a wide range of gases. The
presence of reducing gases increases the sensing film conductance
while the existence of the oxidizing gases decreases it. Hence, the
range of applications of these gas sensors is limited due to their poor
selectivity, response and response time. The sensor response and
selectivity may be improved by employing nanostructures in sensor
design. However, selective-nanomaterials produced by most cur-
rently available synthetic approaches tend to undergo aggregation
into large clusters, thus reducing their accessibility and compro-
mising properties associated with their nanoscale dimensions [1].

Flame aerosol synthesis or flame spray pyrolysis (FSP) is one
of the most promising routes for the formation of single and
multi-component functional nanoparticles at low cost and high
production rate [30]. The sizes of the particles can be ranging
from a few to several hundred nanometers in diameter, depend-
ing on the material and process conditions. The FSP process has
been systematically investigated using an external-mixing gas-
assisted atomizer supported by premixed methane and oxygen
flamelets [30-32]. Since it enables primary particle and crystal size
control at nanometer scale, it is thus a very promising technique
for sensor material fabrication. Furthermore, it bears the unique
advantage that nanopowders can be completely manufactured in
a single high-temperature step and particle structure and size will
not be affected in a subsequent annealing process [30,31]. Also,
the importance of size control, required large and easily accessi-
ble surface area (large pore size) and desired high crystallinity put
high requirements on the method of nanoparticles production for
sensor materials. Therefore, it is interesting to apply flame spray
pyrolysis (FSP) for production of nanoparticles to be used in envi-
ronmental gas sensors. In the present study, the applicability of
FSP in synthesis of SnO, nanoparticles for environmental gas sens-
ing is presented. The aim is to demonstrate that the FSP process
in general can be successfully applied for sensor material produc-
tion and to specifically evaluate the selectivity performance of the
environmental gas sensors.

2. Experimental
2.1. Synthesis and characterizations of SnO, nanopowder

The experimental set up for the synthesis of unloaded SnO,
nanopowder by FSP is shown in Fig. 1. Precursor solution (0.5 M)
was prepared by dissolving appropriate amount of tin(Il) 2-
ethylhexanoate (Aldrich, 95%) as Sn precursor in xylene (Carlo Erba,
98.5%). The precursor mixture was fed into a nozzle at a constant
feeding rate of 5 ml/min using a syringe pump. At the end of the
nozzle, the precursor solution was dispersed by 4.3 1/min of oxy-
gen forming a spray with a pressure drop at the capillary tip kept
constant at 1.5 bars by adjusting the orifice gap area. A sheath O,
flow of 3.921/min was supplied concentrically around the nozzle
to stabilize and control the spray flame. The spray was ignited by
supporting flamelets fed with oxygen (2.461/min) and methane
(1.191/min), which were positioned in the ring around the nozzle
outlet. A stable light orange spray flame was formed when igniting
the precursor spray having a visible flame height of approximately
10cm. After evaporation and combustion of precursor droplets,
particles were formed by nucleation, condensation, coagulation
and coalescence. Finally, the nanoparticles were collected on a glass
microfibre filters (Whatmann GF/A, 25.7 cm in diameter) with an
aid of a vacuum pump (Busch, So SV 1040C).

The nanopowder phase was analyzed by X-ray diffraction
(XRD) [Phillips X-"pert] using Cu Ko radiation (20kV, 20 mA) with

a scanning speed of 5°/min. Using the standard matching approach,
the crystalline phase and size of the particles were identified. The
corresponding grain sizes were then calculated from the measured
full width at half maximum (FWHM) of XRD peaks using the Sher-
rer’s equations [33]. The Brunauer-Emmett-Teller (BET) specific
surface area (SSAggr) was measured by nitrogen adsorption at
78K [Autosorb 1 MP, Quantachrome] after degassing at 120°C
for 2 h prior to analysis in nitrogen. Assuming uniform spherical
particles within an aggregate, the average equivalent diameter
of the primary particles was calculated from the relationship:
dger = 6/SSABET X Psno,, Where SSAger was the specific surface

area (m2/g)and Psno, Was the average density (0sp0, = 6.85 g/cm3
[2]). After gas-sensing measurement, the morphologies and
cross-section of sensor structures were examined by transmission
electron microscopy (TEM) [JSM-2010, JEOL] and scanning electron
microscopy (SEM) [JSM-6335F, JEOL].

2.2. Paste and sensor preparations

An appropriate quantity of 0.28 ml homogeneously mixed solu-
tion of ethyl cellulose (Fluka, 30-70 mPas) as a temporary binder
and terpineol (Aldrich, 90%) as a solvent was prepared by stirring
and heating at 80°C for 12 h. The liquid mixture was combined
with 60 mg of SnO, nanopowders and blended for 30 min to form a
paste prior to spin coating. To deposit the sensing film, the result-
ing paste was spin-coated at 700rpm for 10s and at 3000 rpm
for 30s on the Al,03 substrates with interdigitated Au electrodes
(0.5cm x 0.5 cm). For binder removal prior to the sensing test, the
coated substrates were annealed in an oven at 150°C for 1 h and at
400°C for 1 h with a heating rate of 1°C/min [34-38].

2.3. Gas-sensing measurement

The gas-sensing characteristics of SnO, sensing films
were characterized over high concentration ranges for CO
(20-1000 ppm), SO, (20-500ppm), H, (500-10,000 ppm), and
CyH, (500-10,000 ppm). In contrast, it was tested specifically
within a low concentration range for NO, (2-20 ppm). The stan-
dard flow through technique was used to test the gas-sensing
properties of SnO, films. A constant flux of synthetic air of 2 1/min
as gas carrier was flowed to mix with desired concentration of
pollutants dispersed in synthetic air. All measurements were
conducted in a temperature-stabilized sealed chamber at 20°C
under controlled humidity. The gas flow rates were precisely
manipulated using a computer controlled multi-channel mass
flow controller. An external NiCr heater was heated by a reg-
ulated DC power supply to different operating temperatures
between 200°C and 300°C. The resistances of various sensors
were continuously monitored with a computer-controlled system
by voltage-amperometric technique with 10V DC bias and current
measurement through a picoammeter. The sensor was exposed
to a gas sample for ~5 min for each gas concentration testing and
then the air flux was restored for 15 min.

The response (S) are defined as the resistance ratio, Rg/Ra
[2,11-20] for oxidizing gases and Ra/Rg [2-7,11,22-27,38] for
reducing gases, where R, is the resistance in dry air with the
absence of analyte gas and Ry is the resistance in the presence of
analyte gas. The response time (Tres) is defined as the time required
until 90% of the response signal is reached while the recovery
time (Trec) denotes the time needed until 90% of the original base-
line signal is recovered [34-38]. It should be noted that 100% of
the response signal is taken as the maximum response upon gas
exposure due to sensors’ sluggish responses at some conditions
especially at a low operating temperature. Thus, the response here
differs from the standard response time and it will only be used to
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Fig. 1. Schematic of the FSP experimental set up and flame appearance for the synthesis of SnO, nanoparticles. Spray flame of SnO, was performed using 5 ml/min of liquid
precursor feed rate and dispersion by O, (51/min) at 1.5 bar pressure drop across the nozzle tip. The light orange flame height was observed to be approximately 10 cm.

compare different sensors within the conditions of these experi-
ments. After the gas-sensing measurement, the morphologies and
film thickness of sensing layers were further analyzed by SEM anal-
ysis.

3. Results and discussion
3.1. Particles properties

Fig. 2 shows the XRD patterns of flame-spray-made pure SnO,
nanoparticles. It can be seen that the nanoparticles is highly
crystalline and all peaks can be confirmed to be the cassiterite-
tetragonal phase of SnO, from their excellent matching to the
JCPDS file No. 77-447 [symmetrical group: Pgyjmnm] with lattice
constants of a=b=0.4735nm and c=0.3185 nm. The average grain
sizes (dxrpave) Were calculated using Sherrer’s equation [33] for
comparison with the average BET-equivalent particle diameter
(dger). The estimated particle sizes were estimated from dominant
peaks of (110), (102), and (211) planes to be 2.9nm, 11.1 nm,
and 10.6 nm, respectively. Fig. 3 illustrates the TEM bright-field
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Fig. 2. XRD patterns of flame-spray-made SnO, nanoparticles.

image of flame-spray-made unloaded SnO, nanoparticles. The
corresponding electron diffraction pattern is shown in the inset.
From the TEM bright-field image, SnO, primary nanoparticles are
polyhedral, non-agglomerated and well dispersed. In addition,
flame-spray-made SnO, nanoparticles are mainly spherical with
typical diameters ranging from 3 to 10 nm and occasionally rect-
angular, hexagonal (3-10 nm) and rod-like (3-5 nm in width, and
5-20nm in length). From the measured SSAggr for SnO, nanopar-
ticles of 141.6 m?/g, the average BET-equivalent particle diameter
is determined to be 6.2 nm. The particle diameters from BET and
TEM analyses are in good agreement and are in the same range as
XRD grain sizes (dggr = 6.2 nm, drgy =3-10 nm, dxrp ave =3-11nm).
The small primary particle size and correspondingly large specific

Fig. 3. TEM bright-field image of flame-spray-made SnO, nanoparticles. Non-
agglomerated particles can be observed. The corresponding electron diffraction
pattern was shown in the inset.
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Fig. 4. Change in resistance of SnO, sensor upon exposure to (a) CO, (b) SO, and (c)
NO; in forward cycle at 200°C and 300°C.

surface area of flame-spray-made SnO, nanoparticles are highly
preferred properties for gas-sensing.

3.2. Gas sensing properties

3.2.1. Sensing of toxic gases (CO, SO,, NO;)

Fig. 4 shows the change in resistance of sensors under exposure
to toxic gases at high (CO and SO;) and low (NO;) concentration
ranges at the operating temperature of 200°C and 300 °C during
forward cycle. It can be seen that the resistances decrease (Fig. 4(a):
CO, Fig. 4(b): SO,) and increase drastically (Fig. 4(c): NO,) during
the gas exposure with increasing gases concentrations, which are
typical n-type semiconducting behaviors toward reducing and oxi-
dizing gases, respectively. As the CO and SO, gas concentrations and
the operating temperatures increases, the trends of responses to CO
and SO, gases of SnO, sensor are increased correspondingly while
the response times are almost constant. It is caused by the sens-
ing mechanism of reducing gases. The behavior may be explained

by taking into account the fact that the oxide surface is populated
by a variety of physisorbed and chemisorbed molecules. The pres-
ence of these species modulates the electrical behavior of the active
layer in the response to reducing and oxidizing gases [13,16-18]. At
the sensing temperature of 200°C and 300 °C, the oxygen species
composed of O~ and O, are dominant in the sensing mechanism.
Firstly, it is generally accepted that CO adsorption on the sensing
surface involves large electrostatic states [4] and produces elec-
trons leading to an increase in conductivity. CO reacts with oxygen
adsorbed on the SnO, sensing surface according to the reaction [4]
(Eq. (1)):

CO(g) + Oags~ — COz +€~ (1)

On the other hands, NO, is well known to be an oxidizing gas
and then, as expected for most of the n-type metal oxide semi-
conductors, a decrease of the current and increase of resistance
are evidently observed for all NO, concentrations [13,14,18]. NO,
can be absorbed or interact with the adsorbed oxygen on the SnO,
sensing layer according to the reaction [18] (Eq. (2)):

NO,(gas) + e~ — NO + Ouqs~ 2)

This reaction reduces the electron concentration near the sens-
ing surface and consequently the resistance of the layer increases.
The gas sensor performance is usually evaluated by passing a con-
tinuous flow of balancing air containing the analyte gas over the
sensing layer. Nevertheless, this method plays an important role in
providing a constant reaction rate as the adsorption and desorption
coefficients strongly depend on the flow parameter. Specifically,
when the sensor is exposed to NO, gas, NO, molecules can dif-
fuse more quickly to react with oxygen species on the surface of
SnO, nanoparticles. As a result, the change in resistance of SnO,
sensor would reach the maximum in a shorter response times for
NO, when compared to the other gases. When NO, concentrations
is varied from 2 to 20 ppm at the operating temperatures of 200 °C
and 300°C, the response times of the sensor are increased with
decreasing NO, concentrations.

Fig. 5 shows the plot of response (S) and response times (Tres)
for the SnO, sensor versus concentrations of CO (200-1000 ppm,
Fig. 5(a)) SO, (20-500 ppm, Fig. 5(b)) and NO, (2-20 ppm, Fig. 5(c))
from forward cycles at operating temperatures of 200 °Cand 300 °C.
In Fig. 5, it is clear that the responses (filled symbols, left axis)
increase and the response times (open symbols, right axis) decrease
with increasing analyte concentrations for all gases. For both CO and
SO, (Fig.5(a) and (b)), it can be seen that the sensor has better sens-
ing performances at 300 °C than 200 °C with higher response (filled
symbols, left axis) and shorter response time (open symbols, right
axis). On the other hand, the best NO, sensing performance in terms
of the response (S=1640) and response time (26s) are obtained
at high concentration (20 ppm) and low operating temperature
(200°C) while the response (S=230) and response time (33s) to
the same concentration at 300 °C are considerably poorer (Fig. 5(c)).
It is clear that the extreme sensor response to NO, (20 ppm) evi-
dently manifests the drastic three-orders of magnitude change in
resistance and it can still moderately respond at a low concentra-
tion of 2 ppm (Figs. 4(c) and 5(c)). While the reduced CO and SO,
sensing reveals very low response at 20 ppm, oxidized NO, sensing
offers much higher response at the same concentration, enabling
more accurate detection of the small leakage in an atmosphere. The
Sn0, sensor shows very fast response to CO whereas the responses
to SO, and NO; are somewhat sluggish. The recovery times for these
gases (not shown) are quite long within 3-10 min. This is due pos-
sibly to slow desorption of gas species from highly porous SnO,
nanostructures.

Therefore, sensor structure, gas concentration, operating tem-
perature and gas type are all important parameters governing
the sensing performance. Our observed results are consistent
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with Sahm et al. [2] who reported CO, NO, and propanol gas
sensors fabricated by drop coating of flame-made SnO, nanopar-
ticles. The sensors were tested with high concentrations of CO
(500-10,000 ppm) and propanol (10-300 ppm) and low concentra-
tion of NO, (10-5000 ppb). The NO, response was reported to be
~20at 5000 ppb and 220 °C. The SnO; sensor could quickly respond
to NO, at low temperature and low concentration in the range

of ppbs. Moreover, Mddler et al. [3] mentioned the CO gas sen-
sors made by thermophoretic deposition of flame-made unloaded
Sn0O, and 0.2% Pt/SnO, nanoparticles. The thickness of sensing film
deposited for 150 s was about 30 + 3 pm. While the unloaded SnO,
sensor gave a low response of 2.5-50 ppm CO at 400 °C under ambi-
ent controlled humidity of 50% r.h. (at 20°C), the 0.2% Pt/SnO,
sensor exhibited relatively high CO response of 8-50 ppm CO in dry
air at 350 °C with good reproducibility. Thus, Pt loading enhanced
the CO sensing performance.

Furthermore, Sharma et al. [13] reported SnO, thin film sensor
could provide good response to NO, (1-50 ppm) at low operating
temperature of 100 °C. The sensor was characterized with several
gases including NH3, CHy, liquid petroleum gas (LPG), H, and H,S.
The SnO, sensor was found to be highly selective toward NO, and
exhibited larger resistance increase after interaction with NO, at
a 100°C. In addition, NO, sensing by SnO, hollow-sphere sensors
was presented by Zhang et al. [16]. They reported the effect of the
calcination temperature on their crystallite size and gas sensing
properties. It was found that the SnO; hollow spheres calcined at
450°C with crystallite size of 12.7 nm were the most sensitive to
NO,.The sensor exhibited relatively high selectivity for NO, against
ethanol, gasoline, acetone, CCl4 and NH3 when operated at 160°C.

Moreover, Karthigeyan et al.[17] studied the effect of theoretical
work function on NO, response of SnO,, films at low temperatures
under different humidity conditions. The films were evaluated in
wet air containing different concentrations of NO,. The sensor
showed a good response to NO, with the work function change
of about 100 mV toward 5 ppm of NO, at 130°C. In addition, the
influence of humidity on the response of SnO, sensing film was
found to be very low. The high response to 5 ppm of NO, suggested
an opportunity to study the sensor characteristics at ppb-level
concentrations. Finally, Starke et al. [18] reported SnO; sensors fab-
ricated using laser ablated nanocrystalline metal oxide as potential
NO, detectors with particular emphasis on their potential cross
sensitivity to NO. The investigation focused on the advantageous
performances in terms of the response, selectivity, and response
time when responded to a low concentration range for environ-
mental monitoring. The results indicated that it could be used for
NO, detection with great selectivity at low operating temperature.
Therefore, the SnO, sensor has been one of the most suitable can-
didates for the efficient detection of toxic gases especially NO, at a
low operating temperature.

3.2.2. Sensing of flammable gases (CoH, and H)

The C,H; and H; gas sensing were performed at different oper-
ating temperatures of 200°C and 300°C in the forward cycle.
The changes in resistance under exposure to C;H, and H, are
shown in Fig. 6(a) and (b). The results show a typical characteris-
tic for a rutile-SnO; as an n-type semiconductor whose resistance
decreases upon exposure to reducing gases. It is seen that the sen-
sor evidently exhibits relatively high response to C;H, and H,
at the operating temperature of 300°C with detection limits of
200 ppm and 500 ppm for C,H, and H,, respectively. Furthermore,
the resistances are drastically decreased with increasing operat-
ing temperature and gas concentration. It can be observed that
the sensor can constantly recover to its original baseline (R,) upon
H, release at 300°C (Fig. 6(b)) whereas slight drifts in the orig-
inal baseline are seen for the CoH, case (Fig. 6(a)). The results
confirm that there is no phase transformation from n-type to p-
type semiconductors or grain growth, which might occur at a
higher temperature. In addition, the recovered stabilization toward
flammable gases is improved at higher operating temperature.

Fig. 7(a) and (b) shows the relationship between the response
(filled symbols, left axis) and response time (open symbols, right
axis) versus operating temperature and gas concentrations of
C,H, and Hs, respectively. It demonstrates that the response to
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Fig. 6. Change in resistance of SnO, sensor upon exposure to (a) CoH; and (b) Hy in
forward cycle at 200°C and 300°C.

10,000 ppm of C;H; is slightly lower than that to 10,000 ppm of H,
and both responses decrease rapidly with decreasing gas concen-
trations. At the lower operating temperature of 200°C, the SnO,
sensor has approximately the same response to 10,000 ppm C,H>
and Hy of ~1.7, which is considerably lower than those at 300°C
(§=6.3 for C;H; and S=7.8 for H,). Thus, the increase of operat-
ing temperature is beneficial for responses toward CoH; and H,.
The response times for C;H, and H, decrease nonlinearly with
concentration at 200 °C (open circles, right axis) and 300 °C (open
rectangles, right axis) operating temperature. At the lower oper-
ating temperature of 200 °C, the response times for 10,000 ppm of
CyH, and H; are 2355 and 78s, respectively and they are signifi-
cantly reduced to 34 s and 14 s, respectively, at the higher operating
temperature of 300 °C while the recovery times (not shown) are
quite long ranging from 4 to 10 min.

These results show that the higher temperature results in the
higher and faster response for both gases. This phenomenon can be
explained by the variation of saturation time and mean residence
period of C;H, and H, molecules on the film surface [39]. At low
temperature, the thermal energy of adsorbed C;H; and H; species
are low, leading to long response and recovery times. As the tem-
perature increases, the thermal energy increases accordingly and
the time required for C;H, and H, molecules to completely cover
the film surface decreases. Moreover, SnO, is a nonstoichiometric
oxide having oxygen vacancies and electron donor states [21,39].
Normally, O, molecules are dissociated and chemisorbed on the
surface of SnO,. Chemisorption causes electron transfer from the
conduction band to the chemisorbed oxygen, which results in the
decrease of sensor conductance. C;H, and H; are both reducing
gases, which can react with adsorbed oxygen and release the elec-
trons from the oxygen back into the conduction band, leading to the
decrease of the sensor resistance, thus generating electrical signals.
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of Sn0, sensors as a function of (a) C;H, and (b) Hy concentrations in dry air at
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From the data, the SnO, sensor is unsuitable for the flammable
gas sensing due to its low response at relatively high gas con-
centrations. The sensing improvement may be carried out by
incorporation of catalysts and electronic dopants. In comparison
with literatures, Qi et al. [21] reported electrical response to C;H,
from unloaded SnO, and Sm,03/Sn0, sensor. It was found that the
response increased and reached its maximum at 180°C and then
decreased rapidly with increasing temperature. At the optimum
operating temperature of 180 °C, 6 wt% Sm,03/Sn0, sensor showed
the maximum response of about 63.8, which was higher than that
of unloaded SnO, (3.8), indicating that the addition of Sm,03 was
beneficial for C;H; sensing. In addition, Bamsaoud et al. [28] stud-
ied H, and acetone vapor sensing from nano-particulate SnO, based
resistive films. The sensor was tested in low concentration ranges of
H, (0.1-1 and 1-10 ppm) and a high sensitivity of 200 x 10-3/ppm
was obtained at 265°C in the lowest concentration range of H,
(0.1-1 ppm). The selectivity for H, against relative humidity, CO,,
CO and LPG gases was reported to be quite high. The sensor showed
nearly zero response to 300 ppm of CO, and high response to
11 ppm of acetone vapor at 200 °C. Thus, they could be used as H;
sensor at the operating temperature of 265°C and as an acetone
sensor at the operating temperature of 200 °C. Moreover, the influ-
ence of SnO, morphology on gas sensing properties was reported
by Lingmin et al. [29]. The one-dimensional (1D) SnO, nanocrystals
were synthesized by thermal evaporation method with modifying
technological parameters and the responses to C;Hs OH, CO, H, and
CH,4 were studied at operating temperatures ranging from 150 °C to
350°C. It was concluded that excellent gas-sensing response from
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Sn0, nanowires sensors could be attributed to its large aspect ratio,
good thermal stability and multimodel porosity.

3.3. Environmental selectivity
Resistive gas sensors with metal oxide layers are frequently
used for monitoring environmental gases particularly toxic gases

in air due to their high response and good long term stability. The
cross sensitivities of the sensor toward different concentrations of

Table 1

CO, SO,, NO,, C,H, and H; were measured at 200°C and 300°C
(Fig. 8). The sensor evidently shows much less response to CO, SO,
C,H; and H; than to NO,, indicating high selectivity for NO,. The
selectivity experiment for SnO, sensing film was carried out by
monitoring changes in resistance upon exposure to several gases
in both high and low concentration ranges. The toxic gases (CO, SO,
and NO,) and flammable gases (H, and C;H;) were comparatively
tested at the concentrations of 20 ppm for CO, SO, NO,, 500 ppm
for Hy and 200 ppm for C; H; at the operating temperature of 200 °C.
The flammable gases were tested at relatively high concentrations
because their responses were negligible at the low concentration
of 20 ppm. From Fig. 8, the SnO, sensor is evidently highly selec-
tive toward NO,, as it exhibits much higher resistance increase after
interaction with NO, gas molecules at the low operating tempera-
ture of 200°C. On the other hand, there are much small decreases
in the sensor resistance upon exposure to other interfering gases
including toxic gases (CO and SO, ) and flammable gases (H, and
CyHa).

A summary of gas-sensing performance of unloaded SnO, pre-
pared by various synthetic methods is shown in Table 1. It can be
seen that spin-coated FSP-prepared SnO,, film in the present work
exhibits much better NO, selectivity than those prepared by sput-
tering and other FSP-prepared SnO, films deposited by drop coating
and thermophoretic deposition but it still has lower NO, selec-
tivity than SnO, hollow nanosphere prepared by hydrolyzation
and screen printing. The sensor characteristics including response
and response/recovery time of sensing films can considerably be

Summary of gas-sensing performances of unloaded SnO, materials prepared by various synthetic methods.

Authors Methods Materials Gas conc. Sensing performances
Response (S) tres Selectivity
Sahm et al. [2] FSP (nanopowders) Pure SnO, NO, NO;; ~20 to - NO;; S~20to
5000 ppb at 5000 ppb
220°C
Drop coating (sensors) (10-5000 ppb), CO
(500-10,000 ppm),
propanol
(10-300 ppm)
Propanal; ~300
to 150 ppm at
220°C
Maddler et al. [3] FSP (nanopowders) 0.2 wt%Pt/SnO, CO; 50 ppm 8-50 ppm at - -
Thermophoretic deposition 350°C
(sensors)
Sharma [13] RF sputtering SnO; NO;; 1-50 ppm Response to 1.6 min NO;; S=2.9x 10* to
2.9 x 10 NO, 5000 ppb
at 100°C of
1.6 min
NH3; 200 ppm CHgy;
200 ppm
H,; 200 ppm Other gases; S<100
LPG; 200 ppm H;S;
200 ppm
Zhang et al. [16] Hydrolyzation SnO; hollow-sphere NO;; 5-100 ppm Response to 90s NO,; S=2471 to
(nanopowders) NO, at 160°C 50 ppm
Screen printing (sensors) (12.7nm) Ethanol; 50 ppm (5ppm)
Methanol; 50 ppm
Gasoline; 50 ppm 1150; 5 ppm 20s Other gases; S<10
Acetone; 50 ppm CCly; 2031; 20 ppm (20 ppm)
50 ppm
NH3; 50 ppm 2471; 50 ppm 10s
2229;100ppm  (50ppm)
RH=20-35% 5s
(100 ppm)
Present work FSP (nanopowders) Pure SnO; NO;; 2-20ppm Response to 20 ppm of NO; NO;; 200°C, 20 ppm
Spin coating 20 ppm of NO,
(sensors) CO; 20-1000 ppm ~1640, 200°C 265,200°C S=1640
SO,; 20-500 ppm ~230,300°C 33s5,300°C

H,; 500-10,000 ppm

CyH;; 500-10,000 ppm

Other gases; S<10
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Fig. 9. The change in resistance versus time plot of different toxic gases at 20 ppm concentration for flame-spray-made SnO; sensing film at 200°C.

affected by the particle morphology, size and distribution as well
as operating temperature. The main advantage of FSP includes
ability to produce well-controlled nanosized particles with high
crystallinity structure suitable for gas sensing. However, the dif-
ferences between our result and those of other flame-spray-made
SnO, films suggest that the method for deposition of FSP nanopar-
ticles on substrate is also very important. Spin coating technique
used in this work has produced better results than other methods
including drop coating and thermophoretic deposition. A plausible
reason is that spin coating can produce uniform porous film with
high particle density, resulting in relatively larger specific surface
area and higher gas adsorption.

The selectivity results can be further explained from the adsorp-
tion and desorption mechanisms of NO, at the surface of SnO,
sensing film. Theoretically, NO, oxidizing molecules trap free elec-
trons from the surface after adsorption, resulting in an increase of
sensor resistance. At a low operating temperature (200 °C), the pre-
dominant oxygen species on the SnO, surface are still 0, ~ but NO,
gas molecules interact directly with Sn ionic sites instead of react-
ing with O, species [19,20]. SnO; responds to NO, gas according
to the following reactions (Eq. (3)) [19]:

desorption

NO, + Sn2+2 4500 gy 3+_No, ) "R 53 _0-) 4 NO 3)

NO, gas molecules adsorb on the surface of SnO, sensor and
attact available Sn sites and form NO,~ species by taking away
electrons from the conduction band of SnO,. The reduction in the
charge carrier concentration in the conduction band of SnO; results
inanincrease of sensor resistance (Rg) as observed in Fig. 4(c). How-
ever, this process will undergo a reversible oxidizing interaction at
Sn sites available on the surface of SnO, film [13,20]. Therefore,
the resistance in the NO, gas (Rg) depends upon the availability of
Sn sites on the surface of SnO-, layer, which in turn are influenced
by the presence of physisorbed oxygen. During the recovery state,
these adsorbed NO,~ species desorbs as NO gas molecules leaving
chemisorbed oxygen species behind (Eq. (3)). These oxygen species
have trapped electrons, hence the SnO, surface is still deficient of
free electrons and the original value of the resistance in dry air (R;)
is not yet regained. Subsequently, the chemisorbed oxygen species
left behind on the SnO, surface are released as O, gas according to
(Eq. (4)) [13]:

desorption

2503t —07) " =580t 1 0, (4)

The entire process takes a long time and hence quite slow
recovery taking approximately 3-8 min is observed at a low oper-
ating temperature (Fig. 7(c)). However, the recovery process for
SnO, thin film sensor becomes faster with increasing temperature
because electron-transfer reactions (Egs. (3) and (4)) are thermally

activated [13,19,20]. The operating temperature plays an important
role in controlling the productivity of free electrons and oxygen
species. For NO, oxidizing gas, lower temperature results in less
free electrons and oxygen species, leading to the lower conductiv-
ity. As observed from Fig. 9, the change of resistance curve in the
logarithm scale is rapidly changing upon exposure and release of
NO, (20 ppm) while the curves are slowly turning after exposure
and release of CO (20 ppm) and SO, (20 ppm). In addition, it is obvi-
ous from the left logarithm scale plot that CO and SO, responses are
negligible compared to NO,. The response to NO, is very high with
a value of 1640, while the responses to CO and SO, are only 1.12
and 1.25, respectively. Thus, the sensor is much more sensitive to
NO, than to CO and SO,. It can be concluded that the flame-spray-
made SnO,, sensor has a high selectivity for NO, against other toxic
and flammable gases.

3.4. Cross-section of sensing film

The cross-section, film thickness, and surface morphology of the
SnO, sensing layer after annealing and sensing at 200 °C and 300 °C
were examined using SEM analysis as shown in Fig. 10. It can be
seen that the film thickness of sensing film is approximately 5 um
(side view), which benefits tremendously to gas-sensing proper-
ties. The SnO, sensing layer is crack-free and contains very high
density nanoparticles. The regularity in the film thickness stems
from the uniformity of binder-powder mixing, spin coating and
binder removal annealing process. After annealing and repeated

Fig. 10. SEM micrographs of SnO; sensing film spin-coated on an Al,O3 substrate
with interdigitated Au electrodes after annealing at 400°C and gas-sensing mea-
surement at 200°C and 300°C in dry air. The film thickness was approximately
5um.
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gas-sensing measurement at 200 °C and 300 °C, a denser film layer
was observed as seen in Fig. 10.

4. Conclusions

In conclusion, highly selective and sensitive sensors for
environmental monitoring were fabricated by spin coating of
flame-spray-made SnO, nanoparticles. The sizes and dimensional
structures (outer diameter of nanoparticles and 2D film thickness)
played an important role in increasing the specific surface area of
sensing layer. The nanoparticles were found to have a high spe-
cific surface area (SSAger: 141.6 m2/g), which could significantly
enhance surface ionization reaction from adsorption and desorp-
tion of oxygen and gas species. The continuous sensing film was
achieved leading to the connectivity of nanoparticles’ properties.
The SnO, sensor was tested to toxic gases (CO, SO,, NO;), and
flammable gases (CoH,, Hy) with different concentration ranges.
The SnO, sensor exhibited much higher response and selectivity
to NO, (to 20 ppm, S=1640) against other gases at low concen-
tration and low operating temperature of 200 °C. From the results,
the sensor could constantly recover to its original baseline, con-
firming that there was no phase transformation from n-type to
p-type semiconductors or grain growth, which might occur at a
higher temperature. In addition, the recovered stabilization toward
gases was improved at higher operating temperature. Moreover,
the extreme sensor response to NO, (20 ppm) evidently manifested
the drastic three-orders of magnitude change in resistance and it
could still moderately respond at a low concentration of 2 ppm.
Therefore, the SnO, sensor was one of the most suitable candi-
dates for the efficient detection of NO, at low ppm-level and low
operating temperature.
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