CHAPTER V
NANOSTRUCTURED MIXED OXIDES AS GAS SENSORS FOR CARBON
MONOXIDE (CO) MONITORING

5.1 Abstract

Nanostructured powders of Nb-doped TiO, (TN) and SnO, mixed with Nb-
doped TiO; in two 2 different atomic ratios: 10 to 1 (TSN 101) and 1 to 1 ratio (TSN
11), were synthesized using reverse micelle microemulsion of nonionic surfactant
(brine  solution/1-hexanol/Triton  X-100/cyclohexane). The powders were
characterized by transmission electron microscopy (TEM ), X-ray diffractometry
(XRD) and BET surface area analysis. Thick films were fabricated for gas sensors
and characterized by XRD and field emission scanning electron microscopy (FE-
SEM). The effect of the film morphology and firing temperature on CO sensitivity
was studied. The gas response of TSN 11 was clearly higher (about 11) than that
obtained with TN and TSN 101. The firing temperature had only a weak effect on
film cristallinity. All types of sensors showed good thermal stability. No change in
film morphology was observed after CO sensing measurements. Moreover, the
electrochemical impedance spectroscopy (EIS) measurements were investigated to

better understand the nanostructured mixed metal oxide properties.
5.2 Introduction

Metal-oxide semiconductor films have been widely studied as sensors for
pollutant gases [1-5]. Some of them show a significant change in conductivity upon
exposure to different gases such as O,, CO, H,, etc .[1, 2, 5-8]. In particular,
isostructural single oxides such as TiO, and SnO, have been investigated and also
commercialized for harmful gas monitoring [2, 9-12]. However, in some crucial
applications, such as combustion exhaust monitoring at high temperatures (above
500°C), the single oxide sensors showed poor performance. For example, at high

temperatures, SnO, suffers from structure instability and poor selectivity, while
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Ti0,-sensors show low sensitivity [10]. Therefore, the use of heterometallic oxides
(mixed metal oxides or doped metal oxides) has recently emerged as promising for
gas sensors because it is possible to combine the best positive sensing properties of

each oxide [3, 7, 24-26].

In particular, SnO, mixed with TiO, has been observed to be a good
combination due to their similar structures (rutile phase) and closed lattice
parameters. The phase diagram for SnO,-TiO, binary composition predicts an
immiscibility domain, where favourable conditions are created for spinodal or
chemical decomposition (formation between modulated phase and TiO; or SnO,-rich
phases) [27]. The substitution of Sn for Ti in the lattice structure in solid solution
(spinodal region) is proven to aid the formation of solid solutions, alter the structure
and contribute to the thermal stability of TiO, [13-18]. This may lead to an

improvement in gas sensing properties.

On the other hand, it has been observed that doping with suitable cations
with low bulk solubility can also modify the electronic properties for gas interaction
on the exposed surface as a result of grain boundary and surface segregation [13, 14,
19, 28]. Previous results showed that substitution of cations, such as Nb, Ta or Cr,
can enhance gas sensing properties of TiO, [29-32]. Nb-ions were found to affect the
equilibrium reaction between the point defects in bulk of sensing materials, therefore
the gas-sensor performance can be enhanced [29-32, 46-49]. Beside the effect of
surface defects, Ta"™ or Nb" dopants can also reduce the number of oxygen
vacancies, thus retarding the phase transition of TiO, from anatase to rutile [11, 29,

46-47].

Moreover, the physical properties of a gas sensors can be improved by
reducing the size of metal oxides to a nano-meter scale [5]. One reason is that the
surface-to-bulk ratio for the nano-sized metal oxides is much larger than that of bulk
metal oxides, leading to an enhancement of surface properties. Another reason is that
the conduction type of the metal oxide is determined by grain size. When the grain
size (D) is small enough (D < 2L, L is the space-charge depth), the metal oxide

resistivity is determined by grain control and the conduction becomes a surface
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conduction. Thus, grain-size reduction becomes one of the main factors in enhancing

the gas sensing properties of semiconducting oxides [33-35].

Thus, the aim of this work is an attempt to merge both the'advantages of
mixed metal oxides and nanocrystalline materials for better sensing properties of gas
sensors. Typically, precipitation, sputtering techniques and mostly sol-gel techniques
were used to synthesize nano-structured heterometallic oxides [33, 36-40, 42].
Among those techniques, our previous studies showed interesting results using the
microemulsion of anionic surfactant for synthesizing nanostructured Nb-doped TiO;
[30, 41]. However, NaCl needs to be added to the system to control the
microstructure of reverse micelles. This leads to a difficulty for synthesizing
complex systems of mixed metal oxides (more than three metal oxides) and
sometimes causes impurity in the synthesized powder. Thus, in this study, the
microemulsion system of nonionic surfactant (TX-100) was used instead of ionic
surfactant, AOT [41] and was addressed as an alternative and as an effective method
of synthesizing such complex types of metal oxides, i.e. Nb-doped TiO; (TN) and
SnO, mixed with Nb-doped TiO, with 2 different ratios: 10 to 1 (TSN 101), and 1 to
1 ratio (TSN 11). The nanostructured metal oxides were characterized and the

sensing properties are presented.

5.3 Experimental

5.3.1 Metal Oxide Preparation

High purity nonionic surfactant, Triton X-100, and 1-hexanol (+98 %)
were obtained from Fluka (Switzerland). The analytical reagents (AR), consisting of
99.0 % cyclohexane as an oil phase and 99.5% acetone, were purchased from Lab-
Scan (Thailand). Ammonium hydroxide (NH4OH, AR grade) was purchased from
J.T.Baker (N.J., U.S.A.), and niobium (V) chloride and tin (IV) chloride
pentahydrate from Sigma-Aldrich (Germany). Titanium dioxide (TiO, P25) was
obtained from Degussa (Frankfurt, GmbH) and 40% hydrofluoric acid (HF) from
Riedelde Haén AG. Perchloric acid (56%, HC1O4) was purchased from Carlo Erba
(Italy). Hydrochloric acid (36.46 % wt, HCI) was obtained from VRW (England). All
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reagents were used without further purification. Deionized water was used
throughout the experiments.

Titanium tetrachloride solution (TiCly) in concentrated HCl was
prepared by dissolving and heating TiO; in concentrated aqueous HF solution until a
clear solution was obtained. Then a few milliliters of HClO4 was added to remove
excess HF from the solution. Finally, titanium tetrachloride in concentrated HCl

solution was obtained by adding HCI. The reactions are:

TiO, + 4HF 5> TiF4+2H;0 (5.1)
2TiF, + HCIOs+ 7THCI -~ >  2TiCly + 4F, + 4H,0 (5.2)

The oil phase was prepared by mixing 66.78 g of TX-100 and 53.00 g
of n-hexanol with 210.33 g of cyclohexane. Then the solution was mildly stirred for
30 minutes. For the aqueous phase, the preparation was performed under N;
atmosphere. The aqueous phase was prepared by weighing (g) NbCls and (g) SnCly
pentahydrate followed by the addition of 10 ml of 36.46% wt of HCI and 5 ml of 1.6
M TiCl, and then adding deionized water until 25 ml of solution was obtained (Table
5.1). After the addition of 3.84 ml of aqueous phase in the string oil phase, a
microemulsion was formed in a few seconds, which was indicated by a clear
solution. Then, the microemulsion was continuously stirred and equilibrated at 30°C
for 1 day. The obtained microemulsion was separated for precipitation in the
controlled system fixed at 30°C. Then, precipitation was carried out by bubbling
ammonia, prepared by bubbling air through a concentrated NH4OH solution, into the
microemulsion. The as-synthesized mixed oxide was separated by high-speed
centrifuge at 10,000 rpm. It was then washed with cyclohexane, twice with ethanol
and acetone, and finally by water to remove the remaining surfactant from the as-
synthesized particies. The as-synthesized mixed oxide was dried and calcined for 5 h
at 650°C.

5.3.2 Sensor Fabrication

Thick-film sensors were fabricated by suspending mixed oxide

powders, TN, TSN 101 and TSN 11, with printing oil and depositing the resulting
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slurry on an alumina substrate with comb-type Au electrodes. TN was fired at 650°C,

TSN 101 was fired at 650°C and 850°C and TSN 11 was fired at 650, 750 and 850°C.

5.3.3 Materials Characterization

The phase analysis of the powders was performed by using an X-ray
diffractometer (XRD, Phillips X-Pert Pro 500) at room temperature. Peak positions
were compared with the standard files to identify crystalline phases. The size and
shape of particles were observed using a transmission electron microscope (TEM,
Jeol 2010, Tokyo, Japan). The Brunauer-Emmett-Teller (BET) specific surface area
of TiO, was measured by using a surface area analyzer (Autosorb I, Quanta Chrom,
U.S.A). The powders were first outgased to remove moisture and volatile adsorbates
under vacuum at 300°C for 3 h before starting the analysis to determine the surface
area. An Autosorb ANYGAS Version 2.10 was used to analyze the results. The
effect of firing temperatures on the phase transformation of metal oxide films on
alumina substrates was studied by grazing angle XRD-thin film mode and the
morphology of the films was observed by field emission scanning electron
microscopy (FE-SEM Leo Supra 35).

5.3.4 Gas Sensing Measurements

The gas sensing characteristics were examined in a conventional gas-
flow apparatus equipped with a controlled heating facility. The sensors were
alternatively exposed to air or CO (20-1000 ppm in air) at the total flow rate of
200mL/min, at 550°C. The films were left under 550°C with 5 mL/min air flow rate
overnight before sensing CO. After CO was applied into the flow system, an increase
in conductivity of metal oxides was observed and thus an increase in current was
detected. The step response was observed by switching the flow from air to gas and
gas to air. The gas response is defined as the ratio of Rai,/Rgas where Rgir and Ry, are

the resistances in air and under gas exposure, respectively.

Impedance measurements were performed in a frequency domain
between 0.01 and 1-10” Hz using a Frequency Response Analyzer Solartron 1260.
The impedance study of TSN 11 and TSN 101 films was carried out at 550°C, the
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same temperature that was used for dc gas measurements. The sensors were exposed
to both oxidizing and reducing gases (1000 ppm CO in air, O, air, and 1000 ppm
NO; in air).

5.4 Results and Discussion

5.4.1 Structural and Microstructural Analysis of TiO, Powder

Results obtained for pure TiO, and Nb-TiO, prepared using
microemulsions have been reported in previous papers [30, 41]. Briefly, pure TiO;
clearly showed a phase transformation from anatase to rutile structure at 650°C while
Nb-TiO, was presented in anatase phase even at 850°C. In comparison with previous
results of pure anatase, the XRD patterns of Nb-TiO, (TN), low loading SnO, mixed
Nb-TiO; (TSN 11) and high loading SnO, mixed Nb-TiO, (TSN 101) powders were
investigated at 650°C (Figure 5.1). The XRD pattern of TN showed no phase
transition from anatase (20= 25.7) to rutile (20 = 27.5) structures at 650°C. This
result confirmed the effect of Nb stabilizing anatase structure, which agreed well
with the relevant literature [41, 46-49]. For TSN 11 and TSN 101, no rutile phase
was observed as well. In addition, beside the anatase structure, it was found the peak
of a mixed solid solution between rutile structure of SnO; and TiO,, at 20 between
26.5 and 27.5 (plane 110). The effect of temperature on the phase transition will be
later carefully observed at higher temperature (650°, 750° and 850°C) when the

powder was used for sensor film preparation.

From XRD data, the crystal size of powders was determined using the
Scherrer formula. The 2 theta at 25.7 was used in case of TN and the peak between
26.5-27.5 was used in case of TSN 101 and TSN 11. The results are shown in Table
5.2. The finest crystallite size of 19 nm was obtained for TSN 11, while the largest
(at 650°C) crystal size of almost 44 nm was obtained for TSN 101.

The results of TEM observations indicated that TN featured an almost
uniform morphology in anatase structure (with the characteristic plane 101 of 3.52

A) (Figure 5.2). The average crystal size was about 14 nm. For TSN 101, there were



67

two different mean crystal sizes, 50 nm and 10 nm. Moreover, high resolution TEM
revealed a shift in d-spacing of this mixed oxide sample between rutile structure of
TiO; and SnO, (characteristic plane 110, d =3.25 A), which also agreed well with the
XRD pattern of powder (Figure 5.3). For high loading SnO, mixed Nb-TiO, (TSN
11), the results showed very fine and uniform powder with the mean crystal size of
10 nm. High resolution TEM also revealed both anatase phase (d = 3.52 A) and the
mixed solid solution phase at a shift in d-spacing of 3.3 A (Figure 5.4). The larger the
atomic ratio of Sn to Ti, the larger the d-spacing observed. This shift indicated the
solid solution between TiO, and SnO, [16-17, 38]. The formation of both anatase
phase and solid solution can be explained, as indicated in the literature [16-17, 38],
because chemical decomposition (formation between the modulated phase and TiO,
or SnO,-rich phases) can occur if the condition does not favour thermodynamic or
equilibrium conditions, which can easily occur in the fast precipitation (less than 60

seconds) of the microemulsion environment.

Table 5.3 shows the overall properties of the synthesized mixed oxide
powders. The finest crystal size was obtained for TSN 11, while the largest crystal
size and the most various mean crystal sizes were obtained for TSN 101. The
differences in mean crystal size of mixed oxide may corresponded to the kinetic of
precipitation in micro-environment of reverse micelles. Even though the kinetics of
precipitation is hard to observe, the literature suggested that the higher metal
concentration affected the higher amount of nucleus formation, thus the metal oxide
size decreased [57]. In the experiments, the concentrations of TiCls and NbCls were
kept constant while SnCl, concentration was varied at 0.15 and 1.5 M for TSN 101
and TSN 11, respectively. Thus, the total metal concentration was increased with an
increase ratio of Ti to Sn. Therefore, the smaller size of crystal was observed for
TSN 11. However, the crystal size of TSN 101 is higher than those obtained for TN
even though the total metal concentration was higher. This might due to the different
concentrations of Sn and Ti ions present in the aqueous phase, resulting in a different
thermodynamic of nucleation and growth rate. Thus, two different mean crystal sizes

at 10 and 50 nm were obtained in the case of TSN 101.
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Mixed SnO, into 3% at. Nb-TiO, (TSN 11 and TSN 101) can cause a
small decrease in BET surface area. The surface area of TSN 11 was slightly lower
than TN even the crystal size was smaller. This might correspond to Sn mixed into
TiO, leading to a dense phase of solid oxide, even the crystal size were about the

same.

5.4.2 Structural and Microstructural Analysis on Thick-Film Sensors

Figure 5.5 shows the XRD patterns of TN, TSN 101 and TSN 11 film
after firing sensor film at 650°C, and for sake of comparison, single oxide (Sn0O,) and
physically mixed SnO, with Nb-doped TiO, sample obtained from the
microemulsion technique by mixing the two oxides with thé 1 to 1 atomic ratio
(SnOy/Ti0,). In addition, since the thin film technique was used to verify the phase
of mixed oxide on the alumina substrate, the reference pattern of the alumina
substrate without coating the sensor film was examined and is shown in Figure 5.5

(f) as a reference pattern.

In case of TN, the XRD plot showed only anatase structure of TiO,.
(Figure 5.5, d). This result agreed well with our previous study of the use of anionic
surfactant system of microemulsion for Nb-doped TiO, preparation, TEM result and
also with the literature [30, 48, 44-45]. The anatase stabilization is due to the effect
of Nb*® substituting Ti"* in the crystalline lattice, which reduced the number of
oxygen vacancies, thus retarding the anatase-to-rutile transformation and grain
growth. The crystal size of all the films was also determined using the Scherrer
formula, but there were no significant changes in crystal size of the samples after

firing.

The XRD of the film also show the same trend as that of the XRD
patterns of the- powders. Nb can stabilize anatase structure of TN, TSN 101 and TSN
11. The XRD pattern of TSN 101 and TSN 11 indicated both an anatase phase (26 ,
= 25.3) and a solid solution phase of TiO, mixed with SnO, (2 6 , = 26.5 - 27.5,
plane 110). The results of TSN 11 and TSN 101 (Figure 5.5, a and b) indicated a
distinct XRD pattern between the single oxide SnO, (Figure 5.5, €) and mixed
Sn0,/Ti0, from external mixing (Figure 5.5, ). The results also agreed well with the
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literature [16-17, 38]. There is no solid solution for the mixed SnO,/TiO;; only the
peak of each single oxide was shown separately. For high temperature obsevation,

the anatase phase and solid solution were still maintained even when the sensing film

was fired at 850°C [30] (Figure 5.6, a-c).

SEM results (Figure 5.6, a-c) showed thick film morphology of TN,
TN 101, and TN 11, respectively, before exposure to CO. All the films were porous.
TN and TSN 11 films presented very fine and uniform features. However, TSN 101
showed two different grain sizes. This may correspond to the two different phases of
mixed oxide (anatase and solid solution), which also can be observed from TEM.
The film morphology of Sn mixed Ti (TSN 11 and TSN 101) presented a denser
morphology than those obtained from TN. This might be a cause of a decrease in
surface area when Sn was mixed with TiO,. Moreover, the morphology of all thick
films after exposure to CO is shown in Figure 5.7 (a) to (c). The results indicated that
all films presented no changes in grain size after long exposure to CO gas at 550°C
for TN and TSN 11. However, the grain size was slightly increased in the case of
TSN 101 (Fig. 5.8)

5.4.3 CO Sensing Response

Figure 5.9 shows the comparison of the sensor response (TSN 11 (a),
TSN 101 (b) and TN (c)) films fired at 650°C to different concentrations of CO at
550°C. For TN, the largest gas response was 1.6 and was obtained in the presence of
1000 ppm of CO. In comparison to our previous work on Nb-TiO, system
synthesized using anionic surfactant [30, 41], the sensitivity of TN sensor is smaller.
In the case of sensors based on powders obtained with anionic surfactants the gas
response was 2.2 at the same temperature and gas concentration [30]. This fact can
be explained with the smaller grain size, 6 nm, and thus with larger surface area of

these powders compared to the mean grain size, 14 nm, of TN powders.

Figure 5.9 (b) shows the CO response at 550°C of the TSN 101 film
fired at 650°C. The results showed a good gas response at all gas concentrations. The
largest was 4.3 and was measured at 1000 ppm of CO. This value is more than 3

times larger than the gas response obtained for the TN films. Even though the grain
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size of TSN 101 was larger than TN, the gas response of TSN 101 sensor was higher.
This might be due to the effect of the additional phase (the mixed solid solution

structure) of mixed oxide that enhance the gas response of a pure anatase structure.

Figure 5.9 (c) shows the gas response at 550°C of thé TSN 11 film
fired at 650°C. A fast and large gas response to different CO concentrations was
obtained. The highest value was almost 9 and was obtained at 1000 ppm of CO. This
value is almost 7 times larger than that of TN film. Because of this very good gas
response, the lower gas concentration range (20-100 ppm of CO in air) was
examined and the results are shown in Figure 5. 10. It was found that the TSN 11
film still showed a gas response of 1.5 for a concentration of 20 ppm of CO. This
best sensitivity is in accordance with the very fine and uniform grain size of TSN 11
film as shown in Figure 5.11. In order to study the effect of firing temperature on the
gas response of the films, TSN 11 sensors were heated up at 750°C and 850°C. An
increase in the gas response with the increase of the firing temperature was observed
at all different gas concentrations. In Figure 5.12, the sensor response at 550°C of
TSN 11 sensors fired at 650, 750 and 850° in the concentration range between 20 and
1000 ppm of CO was reported . The highest gas response, almost 10, was found for
the film fired at 850°C in the presence of 1000 ppm of CO. The SEM images,
showed in Figures 13, confirmed that the morphology of the film fired at 850°C has
not changed and the grain size was still in nano-meter scale before and after the gas

measurements at 550°C.

The best CO response was obtained for TSN 11 films. These results
are in accordance with the structural and microstructural investigations. Moreover
the firing temperature of the sensors was optimized at 850°C, allowing a very good

gas response.

In order to highlight the improvement of the sensor performance using
a combination of single metal oxides such as Nb-TiO2 and SnO2 rather than a single
oxide, SnO, was synthesized using the same condition and system of noionic
surfactant. SnO, sensors were prepared and fired at 650°C. A comparison between

the gas response of SnO, and TSN11 sensors was performed. Moreover the gas
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response of TSN 11 obtained from microemulsion was also compared to the response
of TSN 11 obtained simply mixing the two single oxides in the 1:1 weight ratio. Both
TNS 11 sensors were fired at 850°C. Figure 5.13 shows the gas response to 1000
ppm of CO at 550°C of SnO2, TSN 11 obtained from micromulsion and
mechanically mixed TSN 11 sensors, respectively. The gas response of TSN 11
based sensors obtained from microemulsion was the highest and the more stable. The
gas response of TSN 11 is almost 2 times the response of TSN 11 obtained by
mixing the two oxides. This is further evidence that the solid solution phase observed
in TNS 11 obtained by microemulsion may enhance CO response and thermal

stability.

In order to better understand the nanostructured mixed metal oxide
electrical properties, electrochemical impedance spectroscopy (EIS) measurements
were performed. The impedance measurements on TSN 11 and TSN 101 sensors at
550°C 1in the presence of different atmospheres (air, O,, 1000 ppm of CO and NO,)
are reported in Nyquist representation in Figures 5.14 and 5.15, respectively. In both
cases, at high frequency a depressed arc followed by a not well-defined arc and linear
behaviour at low frequency were observed. Both for TSN 11 and TSN 101 sensors,
the high frequency semicircle increased (decreased) in the presence of an oxidizing
(reducing) gas. Thus, the total resistance of the sensors increased in the presence of
NO; and decreased in the presence of CO, in accordance to the behaviour of an n-
type semiconductor and to the dc-voltage gas response previously reported. No
significant difference was observed in the impedance spectra in air and in pure O,.
The high frequency semicircle can be interpreted with the classical series circuit of
two parallel resistance-constant phase elements (CPE). According to the literature
[50-56], only one semicircle is found for the nanometric ceramics, because bulk and
blocking grain boundary responses overlap. The low frequency contributions are due
to electrode reactions, in particular the linear behaviour can be attributable to the
electrode polarization. This is in accordance to the low ionic conductivity at high
oxygen concentration and low temperature of anatase phase of titania claimed by
some authors [50-54]. It must also be taken into account that the sensors are made of

very porous powders deposited on gold electrodes. Moreover, the linear behaviour at
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low frequency is more evident for the TSN 101 sensor (Fig. 5.15) which contains a
larger amount of doped titania in comparison to tin dioxide that is definitively a pure

electronic conductor.

5.5 Conclusions

Reverse micelle microemulsion of a nonionic surfactant (brine solution/1-
hexanol/Triton  X-100/cyclohexane) was sucessfully used to synthesize
nanostructured mixed metal oxides Nb-doped TiO, (TN) and SnO, mixed with Nb-
doped TiO; in two 2 different ratios: 10 to 1 (TSN 101) and 1 to 1 ratio (TSN 11)
respectively TN was found to have the highest surface area with only anatase phase
with a mean crystal size of 14 nm. On the other hand, TSN 101 and TSN 11 had less
surface area with two mixed phases (solid oxide and anatase). TSN 101 showed
various crystal sizes of 10 and 50 nm while TSN 11 had a very fine and uniform
mean crystal size of 10 nm. The morphology and phases of nanostructured mixed
oxides have a significant effect on CO gas sensing. It was found that the sensitivity
of TSN 11 was clearly the highest (about 11). This might be due to the combination
effect of mixed solid oxide solution with the very small grain size and high thermal
stability of TSN 11. For, TSN 101, although the solid solution was also present, the
sensitivity was lower. This might be due to various grain size of powder. However,
all types of films presented good thermal stability. No change in film morphology
was observed before or after CO measurement. Therefore, in order to improve the
properties of metal oxides, not only the gain size can play an important role, but also
the phase and thermal stability of powder, which can be achieved by the right

combination of mixed metal oxide powder.
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Figure 5.1 XRD pattern of TN (a), TSN 101 (b) and TSN 11 (c) powders calcined at

650°C.



Figure 5.2 TEM image of Nb-TiO, powder (a) and the HR-TEM (b) of anatase
structure (plane 101) of TiO, calcined at 650°C.
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Figure 5.3 TEM image of TSN101 powder (a) and the HR-TEM (b) of solid
solution of SnO, mixed TiO; calcined at 650°C.
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Figure 5.4 TEM image of TSN11 powder (a) and the HR-TEM (b) of solid solution
of SnO, mixed TiO; calcined at 650°C.
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Figure 5.5 XRD patterns of films fired at 650°C; TSN 11 film (a), TSN 101 film
(b), grained SnO, mixed Nb-TiO, with 1:1 ratio (c), Nb-TiO, (d), SnO, (e) and

alumina substrate (f).
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Figure 5.6 XRD pattern of; TSN 101 film fired at 850°C (a) and TSN 11 film fired
at 750° (b) and 850°C (c).
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Figure 5.7 SEM picture from: TN sensor film (a); TSN 101 film (b); and TSN 11

film (c), fired at 650 °C before CO gas measurement.



Figure 5.8

SEM picture from TSN 101 film after CO gas measurement.
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Figure 5.9 Sensor response of TSN 11 (2), TSN 101 (b) and TN (c) fired at 650 °C
to 200-1000 ppm CO at 550°C with an applied voltage of 15 V.
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Figure 5.10 Sensor response of TSN 11 fired at 650 °C to 20-100 ppm CO at 550°C
with an applied voltage of 15 V.



87

b © g

> % 4 s & % outon e
Output Disgploy; -
EHT= 200KV Signal A = inLens ENEA MAT-TEC
e bt d il WO: 2mm  PhotoNo.=@{81  FeNew-TiEATW

Signel A = inLens. ENEA MAT-TEC
Photo No. = 8182 P e e VSR
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Figure 5.13 Comparison of gas response of SnO, fired at 400°C, mixed TSN 11
fired at 850°C, and TSN 11 prepared from microemulsion (TSN 11, ME) fired at
850°C. to 1000 ppm of CO at 550°C.
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Figure 5.14 Nyquist plot of TSN 11 film fired at 550°C. The numbers above the

spectra correspond to the logarithm of the measurement frequencies.
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Table 5.1 Conditions for preparation of different atomic ratios of precursors’

Mixed metal oxide 1.5 M of TiCl,

_ | (ml) SnCl, (g) ; NbCls (g)

f3%Nb-doped TiO,

5.0 é = | 0.06079
(TN) | |

j |

;3%Nb-doped Ti0,
mixed with SnO,
by ratio 1 to 1 (TSN

1 1) ;

5.0 0.26294 | 0.06079

3%Nb-doped TiO,
mixed with SnO,

by ratio 10 to 1
(TSN 101)

5.0 | 2.62935 , 0.06079

* All components were mixed in diluted HCI solution for preparation of 25 ml aqueous phase.

Table 5.2 Mean crystal size of powder determined by XRD using the Scherrer

formula
‘Metal oxides Mean crystal size (nm)
™ - 16.4

TSN 11 13.1

TSN 101 | 37.6
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Table 5.3 Overall properties of synthesized mixed oxide

‘Metal
oxides

TN
TSN 11

TSN 101

Mean crystal

size

(nm)

14

10

10 and 50

BET surface

4rea Phase
(m’/g)
98 anatase
g7 anatase and solid

solution

63 anatase and solid
solution
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