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Abstract
NO2-sensing properties of porous In2O3 powders prepared by ultrasonic-spray pyrolysis
employing self-synthesized polymethylmethacrylate (PMMA) microspheres as a template have
been investigated in this study. The PMMA microspheres were synthesized by ultrasonicassisted emulsion polymerization. The pore-size distribution, crystallite size (CS), and specific
surface area (SSA) of the porous In2O3 powders prepared with the PMMA microspheres with a
diameter of ca. 77 nm (pr-In2O3(Tp), Tp: pyrolysis temperature, 600–1100 (ºC)) are largely
dependent on the pyrolysis temperature of the ultrasonic-spray pyrolysis. On the other hand,
the porous In2O3 powder prepared by ultrasonic-spray pyrolysis at 1100ºC employing PMMA
microspheres with a diameter of ca. 26 nm (pr-In2O3(Tp)S) had larger pore volume and smaller
SSA than the pr-In2O3(1100) powder, whereas the CS of the pr-In2O3(Tp)S powder was
comparable to that of the pr-In2O3(1100) powder. The pr-In2O3(Tp) and pr-In2O3(1100)S sensors
(Tp: 600 or 1100) showed larger response and faster response speed to 10 ppm NO2 than the
conventional In2O3 sensor (the sensor fabricated with In2O3 powder prepared by ultrasonicspray pyrolysis without PMMA microspheres at 1100ºC) at lower temperatures, because of their
well-developed porous structure, small CS, and large SSA. In addition, the magnitude of
response of the pr-In2O3(1100) sensor to 10 ppm NO2 was larger than that of the pr-In2O3(600)
sensor at less than 250ºC, whereas smaller CS and larger SSA of the pr-In2O3(600) powder were
effective in improving the magnitude of response to NO2 at a low concentration. The prIn2O3(1100)S sensor showed relatively larger response and faster response speed to NO2 at a
low concentration than the pr-In2O3(1100) sensor at lower temperatures, which probably
indicated that the well-developed medium pores was important for enhancing these NO2sensing properties.
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1. Introduction
Since gas-sensing properties of semiconducting oxides as chemiresistors were reported in
1962 [1, 2], various kinds of semiconductors have been demonstrated as gas-sensing materials
or transducers for different types of gas sensors, such as diodes [3–7], field-effect transistors
(FETs) [8–11], varistors [12–16], and thermoelecric devices [17–20], as well as the
chemiresistors [21–25]. Nowadays, some semiconducting oxides have been useful also as gassensing electrode materials for electrochemical gas sensors [26–30]. Optimal design of their
microstructure is indispensable for enhancing their gas-sensing properties, because the gas
diffusivity in these materials is one of important factors in determining the magnitude of gas
response, and the response and recovery speeds, together with the gas reactivity on the surface
of these materials. Therefore, various nanostructured materials such as nanoparticles [31, 32],
nanowires [33, 34], nanotubes [35, 36], hollow microspheres [37–40], and various porous
materials [41–43] have been suggested as promising gas-sening materials. Our efforts have also
been directed to developing well-developed mesoporous and/or macroporous gas-sensing
materials (centered pore size: ca. 2–50 nm for mesopores, ≥ 150 nm for macropores) by utilizing
some templates in the past 20 years or so, to enhance the gas sensitivity and selectivity of
various types of gas sensors [44–65]. Mesoporous gas-sensing materials were prepared by
utilizing a self-assembly of various surfactants such as n-cetylpyridinium chloride
(CH3(CH2)15C5H5NCl, C16PyCl) and a triblock copolymer (e.g., Pluronic P123 (BASF Corp.,
HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2O)20H), MW: ca. 5800) as a template, and they
showed quite large responses to various gases, because of the well-developed mesopores (small
pores with a diameter of several nanometers (centered pore size: < ca. 6.0 nm, which was quite
dependent on the template used), small crystallite size (CS, e.g. 1.5–4.0 nm for mesoporous
SnO2), and large specific surface area (SSA, e.g. 250–380 m2 g-1 for mesoporous SnO2) [44–
51]. However, the gas sensors fabricated with these mesoporous materials generally had some
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disadvantages such as relatively large resistance and slow recovery speed. On the other hand,
macroporous gas-sensing materials were prepared by a modified sol-gel technique [52–57],
ultrasonic-spray pyrolysis [58–61], or physical vapor deposition technique [62, 63] employing
polymethylmethacrylate (PMMA) microspheres (Soken Chem. & Eng. Co., Ltd., typical
particle size: 150, 400, 800, and 1500 nm in diameter) as a template, and the introduction of
spherical macropores (e.g., 600–700 nm in diameter, for PMMA microspheres with a diameter
of 800 nm) into the materials was effective in improving the gas response as well as the fast
response and recovery speeds. However, the magnitude of gas responses of the macroporous
materials was generally smaller than those of the mesoporous ones, because the macroporous
materials had relatively larger CS and smaller SSA than the mesoporous ones. Therefore, we
have recently attempted to synthesize PMMA microspheres with well-controlled particle size
of less than 150 nm by ultrasonic-assisted emulsion polymerization, to prepare porous gassensing materials having medium pores (targeted diameter: several nm – less than 100 nm),
smaller CS, and larger SSA, by ultrasonic-spray pyrolysis employing the synthesized PMMA
microspheres [64, 65].
In this study, the effects of synthesis condition of the PMMA microspheres by ultrasonicassisted emulsion polymerization on the size of the PMMA microspheres have been
investigated. In addition, the NO2-sensing properties of porous In2O3 prepared by ultrasonicspray pyrolysis employing the synthesized PMMA microspheres have been estimated in dry air,
to clarify the effects of the porous structures, CS, and SSA on the magnitude of NO2 response
and the response and recovery speeds.

2. Experimental
2.1 Synthesis of PMMA microspheres
PMMA microspheres were synthesized by ultrasonic-assisted emulsion polymerization.
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Methyl methacrylate monomer (MMA; Wako Pure Chem. Ind., Ltd., 150 cm3) was washed for
three times with 0.05 M NaOH aqueous solution (1 dm3), to remove a polymerization inhibitor
from the MMA monomer. The pure MMA monomer obtained (8 g), sodium lauryl sulfate (SLS;
Nacalai Tesque, Inc., 0.1 g) as a surfactant and ammonium persulfate (Wako Pure Chem. Ind.,
0.3 g) as an initiator were added to deionized water (100 cm3), and then the resultant oil/water
(o/w) emulsion was ultrasonically treated by an ultrasonic homogenizer (Nissei Corp., US-150T,
19.5 ± 1 kHz). The polymerization of MMA to PMMA was initiated in the micelles, just upon
the irradiation of strong ultrasonic wave to the o/w emulsion at room temperature (RT), and the
temperature of the o/w emulsion increased from RT to ca. 65°C within 15 min. After the
ultrasonic irradiation for 5–150 min, the aqueous dispersion containing PMMA microspheres
was obtained. The conversion ratio from MMA to PMMA was caluculated by measiring the
weight of PMMA residues remained after vacuum drying of the aqueous dispersions (1 cm3)
which were collected during the ultrasonic treatment. The particle-size distribution of the
synthesized PMMA microspheres in the aqueous dispersion was measured at 25°C by dynamic
light scattering (DLS; Malvern Instrument Ltd., HPPS).

2.2 Preparation of pr-In2O3 powders by ultrasonic spray pyrolysis
The aqueous dispersion containing PMMA microspheres (37.5 cm3) was mixed with 0.05
mol dm-3 In(NO3)3 aqueous solution (62.5 cm3) and the mixture was served as an aqueous
precursor solution. Figure S1 shows schematic drawing of a feeding system of the aqueous
precursor solution atomized by ultrasonication (namely, mists) into an electric furnace. A
specially designed mist-supplier for the ultrasonic-spray pyrolysis was used to get uniform
mists of the precursor solution. Various sizes of mists of the precursor solution were generated
in a plastic container equipped with a polyethylene thin film at one end, which was
perpendicularly set over an ultrasonic vibrator (Honda Electric Co., Ltd., HM-303N, 2.4 MHz)
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at a distance of 0.5–1.0 cm in water. The mists were carried into a glass vessel by air flowing
No. 1 (1.5 dm3 min−1), and only small droplets were allowed to move into an electric furnace
heated at 600–1100ºC with an assistance of air flowing No. 2 (1.5 dm3 min−1). As the mists
were momentarily heated at the electric furnace, the evaporation of water and the thermal
decomposition of In(NO3)3 and PMMA microspheres simultaneously happened and spherical
indium oxide powders are produced in the air flow in the electric furnace. The obtained porous
powders were denoted as pr-In2O3(Tp) (Tp: pyrolysis temperature in the electric furnace, 600–
1100ºC). A conventional In2O3 (c-In2O3(Tp), Tp: 600 or 1100(ºC)) powder was also prepared by
the similar preparation technique employing a PMMA-free In(NO3)3 aqueous solution, for a
comparative purpose. The pr-In2O3(Tp) and c-In2O3(Tp) powders were heat-treated at 550ºC for
5 h in ambient air, which is the same heat-treatment temperature as the sensor fabrication,
because we need to know the microstructure of the sensors fabricated with the powders as
accurately as possible.
The microstructure of the obtained In2O3 powders was observed by scanning electron
microscopy (SEM; JEOL Ltd., JSM-7500F) and transmission electron microscopy (TEM;
JEOL Ltd., JEM2010). The pore-size distribution and specific surface area (SSA) of the In2O3
powders were measured by Barrett–Joyner–Halenda (BJH) and Brunauer–Emmett–Teller
(BET) methods using N2 adsorption-desorption isotherms (Micromeritics Instrument Corp.,
Tristar3000), respectively. Crystal phase of the In2O3 powders was characterized by X-ray
diffraction analysis (XRD; Rigaku Corp., RINT2200) using Cu Kα radiation (40 kV, 40 mA),
and their crystallite size (CS) was calculated from the (222) diffraction peak using Scherrer
equation.

2.3 Fabrication of thick film sensors and measurement of their gas sensing properties
Thick film sensors were fabricated by screen printing employing the paste of each In2O3
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powder on an alumina substrates equipped with a pair of interdigitated Pt electrodes (gap size:
ca. 200 μm), followed by calcination at 550°C for 5 h in ambient air. Gas responses of these
sensors were measured to 1.0, 5.0, and 10 ppm NO2 balanced with dry air at a flow rate of 100
cm3 min-1 at 150–500°C. The magnitude of response to NO2 was defined as the ratio (Rg/Ra) of
sensor resistance in NO2 balanced with air (Rg) to that in air (Ra).

3. Results and Discussions
3.1 Characterizations of PMMA microspheres and representative pr-In2O3(Tp) and cIn2O3(Tp) powders
Figure 1 shows variation in conversion ratio from MMA to PMMA with sonication time and
representative particle-size distributions of PMMA microspheres synthesized in an o/w
emulsion. Many MMA monomers of more than 80% were quickly polymerized and the particle
size gradually increased in the first 15 min with a rise in the temperature from RT to ca. 65ºC,
due to the polymerization in the micelles, and the size of all the PMMA microspheres was
distributed in comparatively narrow range. In addition, the conversion ratio from MMA to
PMMA and the size of PMMA microspheres remained almost unchanged after 30 min.
Therefore, the ultrasonic polymerization was stopped at 30 min later after the start of the
polymerization, and the obtained aqueous dispersion containing PMMA microspheres (average
particle size: ca. 77 nm) was used as a base liquid for ultrasonic spray pyrolysis.
Figure S2 shows XRD spectra of pr-In2O3(600) and pr-In2O3(1100) powders as-prepared and
after heat treatment at 550ºC for 5 h, together with their crystallite size (CS). All peaks of these
XRD patterns were assigned to cubic In2O3 (JCPDF: 6-416). The CS of the as-prepared prIn2O3(1100) powder (ca. 18.3 nm) was much larger than that of the as-prepared pr-In2O3(600)
powder (ca. 2.6 nm), because the pyrolysis treatment at higher temperatures promoted the
sintering among the crystallites. The heat treatment at 550°C for 5 h drastically increased the
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CS of the pr-In2O3(600) powder. On the other hand, the heat treatment hardly changed the CS
of the pr-In2O3(1100) powder, because the pyrolysis temperature of the pr-In2O3(1100) powder
(1100°C) is much higher than the heat-treatment temperature (550°C). Figures S3 and 2 shows
N2 adsorption-desorption isotherms and pore-size distributions of pr-In2O3(600) and prIn2O3(1100) powders as-prepared and after heat treatment at 550ºC for 5 h, together with their
specific surface area (SSA). In addition, Figs. 3 and 4 show their SEM and TEM photographs,
respectively. The as-prepared pr-In2O3(600) powder had well-developed medium pores with
centered diameters of ca. 60–70 nm and ca. 30 nm, which were calculated from N2 adsorption
and desorption isotherms, respectively, because the as-prepared pr-In2O3(600) powder had an
hysteresis loop in the N2 adsorption-desorption curves in the relatively high pressure range (see
Fig. S3). The centered diameter of ca. 60–70 nm was roughly correspondent to the size of
internal spherical pores in the pr-In2O3(600) particles (ca. 50–65 nm), which were observed in
the TEM photographs (Fig. 4(a)). The spherical pores seemed to originate from the morphology
of the PMMA microspheres, but the pore size was slightly smaller than the average diameter of
the PMMA microspheres (ca. 77 nm). These results show that the PMMA microspheres
synthesized by the ultrasonic-assisted emulsion polymerization were effectively utilized as a
template to introduce the well-developed porous structure into spherical In2O3 particles. On the
other hand, the centered diameter of ca. 30 nm which were calculated from the N2 desorption
isotherm was almost correspondent to the size of circular pores on the surface of the prIn2O3(600) particles, which were observed in the SEM and TEM photographs (Figs. 3(a) and
4(a)), probably because only a part of the PMMA microspheres and a connection between
PMMA microspheres was served as a template for the surficial pores. These results indicate
that the well-developed spherical pores of the as-prepared pr-In2O3(600) powder consist of
narrow necks (ca. 30 nm) and wide bodies (60–70 nm) as ink-bottle porous morphology. In
addition, the as-prepared pr-In2O3(600) powder also had a large amount of small pores with a
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diameter of less than 5 nm, and thus the SSA (ca. 53.8 m2 g−1) was really large. However, the
geometric surface area (GSA) of the as-prepared pr-In2O3(600) powder, which was calculated
from the density and the CS (ca. 2.6 nm, see Fig. S2) obtained from their XRD spectra, is ca.
321 m2 g−1, assuming that the morphology of their crystallites with the density of 7.180 g cm−3
[66] is spherical. Namely, the GSA was much larger than the SSA (53.8 m2 g−1). This indicated
that most of the small In2O3 crystallites were densely connected with each other, which
restricted the large amount of N2 adsorption on the crystallite surface. As the In2O3 crystallites,
which form the relatively smooth oxide frameworks for the spherical porous structure of the asprepared pr-In2O3(600) powder, are actually quite small, the boundaries among the crystallites
are also not clear, in the TEM photographs (Fig. 4(a)). On the other hand, the SSA of the prIn2O3(600) powder after the heat treatment (ca. 55.8 m2 g-1) was comparable to that of the asprepared pr-In2O3(600) powder (ca. 53.8 m2 g-1), even though the CS of the pr-In2O3(600)
powder after the heat treatment (ca. 10.6 nm) was much larger than that of the as-prepared prIn2O3(600) powder (ca. 2.6 nm). In addition, the crystallite growth distorted the shape of oxide
frameworks and partly seemed to collapse the frameworks, as shown in the TEM photographs
(Fig. 4(a)ii)). As the GSA of the pr-In2O3(600) powder after the heat treatment was ca. 78.8 m2
g-1, the large crystallites of the pr-In2O3(600) powder after the heat treatment seem to have
relatively large surface with some grain boundaries, in comparison with small crystallites of the
as-prepared pr-In2O3(600) powder. Such morphology was confirmed also in the TEM
photographs (Fig. 4(a)ii)). These microstructural change in the pr-In2O3(600) powder is
probably the reason why the large SSA of the pr-In2O3(600) powder was maintained in spite of
the large CS, even after the heat treatment at 550ºC. In addition, the heat treatment extremely
decreased the volume of the medium pores with a centered diameter of around 30 nm and 60–
70 nm, and increased the pore volume from ca. 1 nm to ca. 20 nm in diameter overall. These
results also indicate that spherical pores in the particles was partly collapsed after the heat
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treatment, but the surface morphology of the particles remained almost unchanged, as shown
in the SEM photographs (Fig. 3(a)).
The as-prepared pr-In2O3(1100) powder showed much smaller SSA (ca. 19.9 m2 g-1) than that
of the as-prepared pr-In2O3(600) powder, together with the large CS. The SSA was much
smaller than the GSA (ca. 45.7 m2 g-1), probably because of relatively many connections among
the large crystallites (i.e., crystallite boundaries), as shown in the TEM photographs (Fig. 4(b)),
but the surface morphology of the as-prepared pr-In2O3(1100) powder, which was observed by
SEM, was really comparable to that of the as-prepared pr-In2O3(600) powder (see Fig. 3). The
pore-size distribution of the as-prepared pr-In2O3(1100) powder was similar to that of the asprepared pr-In2O3(600) powder. Namely, the as-prepared pr-In2O3(1100) powder also had welldeveloped medium pores with centered diameters of ca. 50–70 nm and ca. 33 nm, which were
calculated from N2 adsorption and desorption isotherms, respectively, and the result indicates
that the medium pores also consist of narrow necks and wide bodies (ink-battle pores). However,
the pore volume of the as-prepared pr-In2O3(1100) powder was smaller than that of the asprepared pr-In2O3(600) powder in all the pore-diameter range, and the size of the oxide
frameworks of the pr-In2O3(1100) powder was larger than that of the pr-In2O3(600) powder,
which was dependent on the CS (see Fig. 4). The heat treatment at 550°C for 5 h seems to have
little effect on the SSA, pore-size distribution, and the microstructure of the pr-In2O3(1100)
powder (see Figs. 2–4), as is the case with the CS (see Fig. S2), because the pyrolysis
temperature was much higher than the heat-treatment temperature. Only the morphology of the
In2O3 crystallites slightly changed after the heat treatment.
Figure 5 summarized variations in CS and SSA of all the pr-In2O3(Tp) powders as-prepared
and after heat treatment at 550ºC for 5 h with pyrolysis temperature (Tp), together with those of
representative c-In2O3(Tp) powders as-prepared and after heat treatment at 550ºC for 5 h. The
CS of both the pr-In2O3(Tp) and c-In2O3(Tp) powders increased and their SSA decreased with
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an increase in pyrolysis temperature (Tp), because of the crystallite growth at elevated
temperatures. In addition, the heat treatment tended to increase the SSA of the pr-In2O3(Tp)
powders, even though the CS increased with the heat treatment. This is because the heat
treatment at a lower temperature (550ºC) for a longer period (5 h) than ultrasonic-spray
pyrolysis (Tp: 600–1100ºC, air-flow velocity in the electric furnace: 1.53 m min−1, average
retention time at Tp: ca. 4 s) had some morphological effects on agglomerates of the In2O3
crystallites, such as sintering among the crystallites, reduction in the crystallite boundaries,
increase in smaller pores (< 20 nm in diameter), and so on. In addition, the CS of the prIn2O3(Tp) powders was smaller than that of the c-In2O3(Tp) powders, while the SSA of the prIn2O3(Tp) powders was much larger than that of the c-In2O3(Tp) powders. Figure 6 shows SEM
and TEM photographs of the as-prepared c-In2O3(1100) powder, as a representative of cIn2O3(Tp) powders. The c-In2O3(1100) particles were roughly spherical with about 200–500 nm
in diameter, and the TEM photograph showed that the bulk was really dense. In addition, the
GSA calculated with the CS of the c-In2O3(1100) powder (ca. 24.7 nm) was ca. 33.8 m2 g-1,
which supports that the c-In2O3(1100) particles were almost dense with less pores, and each
In2O3 particle consisted of many crystallites.

3.2 NO2-sensing properties of pr-In2O3(600), pr-In2O3(1100), and c-In2O3(1100) sensors
Figure S4 shows cross-sectional SEM photographs of pr-In2O3(600), pr-In2O3(1100), and cIn2O3(1100) sensors. These sensors were fabricated with single or triple stacking of an In2O3
film by screen printing, because thickness of the sensing In2O3 films is one of important factors
in determining the NO2-sensing properties. Consequently, the film thickness of the triplelayered c-In2O3(1100) sensor was almost comparable to those of single-layered pr-In2O3(600)
and pr-In2O3(1100) sensors. Figure 7 shows response transients of pr-In2O3(600), prIn2O3(1100), and c-In2O3(1100) sensors to 10 ppm NO2 at 200ºC in dry air, as representatives.
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The resistance of the c-In2O3(1100) sensor in dry air was the largest among them. In addition,
an increase in pyrolysis temperature resulted in a decrease in the resistance of the pr-In2O3(Tp)
sensors. The thickness of all the sensors had an insignificant effect on the resistance in dry air,
but an increase in the thickness tended to decrease and increase the magnitude of NO2 responses
of the pr-In2O3(Tp) sensors and the c-In2O3(1100) sensor at 200ºC, respectively. Furthermore,
the pr-In2O3(Tp) sensors apparently showed larger NO2 response and faster response and
recovery speeds than those of the c-In2O3(1100) sensor at 200ºC.
Figure 8 shows variations in response of all the sensors to 10 ppm NO2 and 90% response
time with operating temperature. The 90% response time contains a delay period from the gasswitching time to the response-starting time, ca. 64 s, in this study, since the dead volume of
the gas-flow pathway and the chamber in the measurement apparatus is ca. 106 cm3. The
magnitude of NO2 responses of the pr-In2O3(Tp) sensors was larger than that of the cIn2O3(1100) sensors at lower temperatures (≤ 300ºC), and it monotonically tended to decrease
with a rise in the operating temperature over the whole operating temperature range. In addition,
the magnitude of NO2 responses of the pr-In2O3(1100) sensors was larger than that of the prIn2O3(600) sensors, only in the operating temperature range of less than 250ºC, even though the
pr-In2O3(1100) powder had larger CS and smaller SSA than those of the pr-In2O3(600) powder
(see Fig. 5). Considering that small CS and larger SSA was generally effective in improving the
gas-sensing properties [21, 22, 31–33, 45–49], the well-developed medium pores of the prIn2O3(1100) powder may be the most important factor in enhancing the magnitude of NO2
responses at the lower temperatures. The magnitude of NO2 responses of the c-In2O3(1100)
sensor was comparable to that of the pr-In2O3(Tp) sensors at higher temperatures (≥ 350ºC). As
the magnitude of NO2 response of the c-In2O3(1100) sensors decreased with a decrease in the
operating temperature at lower temperatures (≤300ºC), the magnitude of NO2 responses of the
pr-In2O3(Tp) sensors was much larger than that of the c-In2O3(1100) sensors in the lower
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temperature range. These results certainly arise from the larger CS and smaller SSA of prIn2O3(Tp) powders than those of c-In2O3(1100) powder (see Fig. 5). On the other hand, the 90%
response time of the pr-In2O3(Tp) sensors was shorter than that of the c-In2O3(1100) sensors,
especially at lower temperatures (≤ 350ºC). These results apparently indicate that various sizes
of pores which were well-developed in the spherical In2O3 powders largely improved the
response speeds at the lower temperatures and thus the NO2 diffusivity in the pr-In2O3(Tp)
powders must be much better than that in the c-In2O3(1100) powder. However, the CS and SSA
also complicatedly seem to have an impact on the response speeds as well as the magnitude of
NO2 responses of these sensors. An increase in thickness of the pr-In2O3(Tp) films slightly
decreased the magnitude of their NO2 responses and that of the c-In2O3(1100) film largely
increased the magnitude of the NO2 response only at lower temperatures (≤ 200ºC for the prIn2O3(Tp) sensors and ≤ 300ºC for the c-In2O3(1100) sensor), while the difference in thickness
of these films hardly showed systematic change in their 90% response times, probably because
there were unexpected voids and cracks in their films.
Figure 9 shows variations in response of all the sensors to 1 and 5 ppm NO2 in dry air with
the operating temperature. The c-In2O3(1100) sensors showed little response to 1 ppm NO2
(Rg/Ra: < 2), while the pr-In2O3(Tp) sensors maintained sufficiently large responses even to 1
ppm NO2 (e.g., Rg/Ra: ca. 200 at 200ºC for pr-In2O3(600) sensor (film thickness: ca. 69 μm).
This result indicates that the introduction of well-developed porous structure into the powders
was quite effective in improving the response especially to NO2 at a low concentration, in dry
air. In addition, the pr-In2O3(600) sensors tended to show relatively larger responses to NO2 at
a low concentration than the pr-In2O3(1100) sensors, over the whole temperature range. This
result shows that the small CS and large SSA effectively improved the magnitude of responses
to NO2 at a low concentration.

14

3.3 Synthesis of smaller PMMA microspheres and effects of introduction of smaller
medium pores into pr-In2O3 particles on the NO2-sensing properties
As mentioned above, the size control of the porous structure in spherical In2O3 particles
prepared by ultrasonic-spray pyrolysis is one of effective techniques in enhancing their NO2sensing properties. Therefore, reduction in the size of PMMA microspheres has been attempted
by an increase in the amount of the sodium lauryl sulfates (SLS) in the aqueous precursor
solution which was used for synthesis of PMMA microspheres, to reduce the size of medium
pores in the In2O3 particles. Figure 10 shows variations in average particle size of PMMA
microspheres in o/w emulsions, which was measured by DLS, and conversion ratio from MMA
to PMMA for 30 min with the amount of SLS added to deionized water (100 cm3) for synthesis
of PMMA microspheres. The MMA monomers in the aqueous precursor solution was
polymerized at a considerable conversion ratio (over 80%), and the conversion ratio slightly
tended to increase with an increase in the amount of SLS added in the aqueous precursor
solution. On the other hand, the average particle size of PMMA microspheres drastically
decreased with an increase in the amount of SLS added, probably because an increase in the
amount of SLS in the o/w emulsion reduced the size of micelles. The particle-size distribution
of the PMMA microspheres which were synthesized in the o/w emulsion containing 0.5 g SLS
was shown in Fig. 10(i), as a representative. The average particles size of the PMMA
microspheres was ca. 26 nm, and the distribution was really narrow. In this study, the PMMA
microspheres were utilized as a template for the preparation of pr-In2O3 powder by ultrasonicspray pyrolysis at 1100ºC, and the obtained pr-In2O3 powder was denoted as pr-In2O3(1100)S.
Figure 11 shows pore-size distributions of pr-In2O3(1100)S powders as-prepared and after
heat treatment at 550ºC for 5 h, together with their SSA and CS. The as-prepared prIn2O3(1100)S powder also had well-developed medium pores, and the centered diameters, ca.
25–30 nm and ca. 15–20 nm, which were calculated from N2 adsorption and desorption
15

isotherms, respectively, were smaller than those of as-prepared pr-In2O3(Tp) powders (ca. 60–
70 nm and ca. 30 nm, respectively, see Fig. 2). The smaller size of medium pores reflects the
morphology of the small PMMA microspheres with an average diameter of ca. 26 nm. The heat
treatment at 550ºC for 5 h has a slight effect on the pore-size distribution and the CS, and the
pore volume of these medium pores maintained even after the heat treatment. However, the heat
treatment decreased the SSA from 18.6 m2 g-1 to 12.3 m2 g-1, probably because the heat
treatment reduced the amount of small pores which were formed among In2O3 crystallites.
Figure 12 shows SEM and TEM photographs of the as-prepared pr-In2O3(1100)S powder. Quite
numerous well-developed smaller medium pores (around 20 nm in diameter) were confirmed
to be on the surface of the particles, in comparison with medium pores on the surface of the prIn2O3(1100) particles (see Fig. 3). The size of well-developed medium pores in the prIn2O3(1100)S particles, which was too small and/or broad to confirm the porous morphology
clearly in the TEM photographs, seems to be smaller than that of the pr-In2O3(1100) particles.
Figure 13 shows response transients of the pr-In2O3(1100)S sensor to 10 ppm NO2 at 200ºC
in dry air, together with those of the pr-In2O3(1100) and c-In2O3(1100) sensors, which had the
similar thickness of the In2O3 film as the pr-In2O3(1100)S sensor (thickness of the In2O3 film:
ca. 20 μm). In addition, Fig. 14 shows variations in response of pr-In2O3(600), pr-In2O3(1100),
and c-In2O3(1100) sensors to 10 ppm NO2 and their 90% response time with operating
temperature. The pr-In2O3(1100)S sensor showed large NO2 response at lower temperatures.
The response of the pr-In2O3(1100)S sensor to 10 ppm NO2 also monotonically increased with
a decrease in the operating temperature, but the magnitude of the NO2 response was smaller
than that of the pr-In2O3(1100) sensor over the whole temperature range. Therefore, the
magnitude of response of the pr-In2O3(1100)S sensor to 10 ppm NO2 was only larger than that
of the c-In2O3(1100) sensor at lower temperatures (≤ 250ºC). Furethermore, the prIn2O3(1100)S sensor showed relatively fast response and recovery speeds as shown in Fig. 13,
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and the 90% response time of the pr-In2O3(1100)S sensor was almost shorter than that of the
pr-In2O3(1100) sensor as well as the c-In2O3(1100) sensor (see Fig. 14). Especially, the response
behavior of the pr-In2O3(1100)S sensor right after the inlet of 10 ppm NO2 in dry air, which is
not directly reflected in the 90% response time in Fig. 14, was quite fast at lower temperatures.
Figure 15 shows variations in response of pr-In2O3(1100)S, pr-In2O3(1100), and c-In2O3(1100)
sensors to 1 and 5 ppm NO2 in dry air with operating temperature, together with response
transients of the pr-In2O3(1100)S sensor to 1 and 5 ppm NO2 at 150 and 250ºC. The response
and recovery speeds of the pr-In2O3(1100)S sensor to 1 and 5 ppm NO2 tended to become slow
with a decrease in the operating temperature, but the pr-In2O3(1100)S sensor showed clear NO2
response behavior with the large responses, even in the lower temperature range. In addition,
the magnitude of NO2 response of the pr-In2O3(1100)S sensor was larger than that of the prIn2O3(1100) sensor, with a decrease in the operating temperature. These results showed that the
introduction of smaller medium pores into the In2O3 particles was more effective in improving
the magnitude of NO2 response, especially at a lower NO2 concentration and lower temperatures.

Conclusion
The pr-In2O3(Tp) and pr-In2O3(1100)S powders (Tp: 600–1100 (ºC)) were prepared by
ultrasonic-spray pyrolysis employing self-synthesized PMMA microspheres with a diameter of
ca. 77 nm and ca. 26 nm, respectively, and the NO2-sensing properties of the pr-In2O3(Tp) and
pr-In2O3(1100)S sensors (Tp: 600 or 1100) were investigated in dry air, together with those of
the c-In2O3(1100) sensor. The pr-In2O3(Tp) powders had smaller CS and larger SSA than the cIn2O3(1100) powder, and the CS increased and the SSA decreased with an increase in the
pyrolysis temperature. The well-developed medium pores of the pr-In2O3(600) powder
decreased after heat treatment, while those of the pr-In2O3(1100) powder was less dependent on
the heat treatment. The pr-In2O3(Tp) sensors (Tp: 600 or 1100) showed larger response and faster
17

response speed to 10 ppm NO2 than those of the c-In2O3(1100) sensor at lower temperatures (≤
300ºC), which probably result from well-developed porous structure, smaller CS, and larger
SSA of the pr-In2O3(Tp) powders. In addition, the magnitude of response of the pr-In2O3(1100)
sensor to 10 ppm NO2 was larger than that of the pr-In2O3(600) sensor in the operating
temperature range of less than 250ºC, but smaller CS and larger SSA of the pr-In2O3(Tp) powder
seems to be effective in improving the magnitude of response to NO2 at a low concentration.
On the other hand, the pr-In2O3(1100)S powder had larger medium-pore volume than the prIn2O3(1100) powder, and thus the pr-In2O3(1100)S sensor showed relatively fast response to
NO2 and larger responses to NO2 at a low concentration than the pr-In2O3(1100) sensor, at lower
temperatures.
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Figure Captions
Fig. 1.

Variation in conversion ratio from MMA to PMMA with sonication time and
representative particle-size distributions of PMMA microspheres synthesized in o/w
emulsion.

Fig. 2.

Pore-size distributions of representative pr-In2O3(Tp) powders as-prepared and after
heat treatment at 550ºC for 5 h, together with their specific surface area (SSA).

Fig. 3.

SEM photographs of representative pr-In2O3(Tp) powders as-prepared and after heat
treatment at 550ºC for 5 h.

Fig. 4.

TEM photographs of representative pr-In2O3(Tp) powders as-prepared and after heat
treatment at 550ºC for 5 h.

Fig. 5.

Variations in crystallite size (CS) and specific surface area (SSA) of pr-In2O3(Tp)
powders as-prepared and after heat treatment at 550ºC for 5 h (open symbols) with
pyrolysis temperature (Tp), together with those of representative c-In2O3(Tp) powders
as-prepared and after heat treatment at 550ºC for 5 h (filled symbols). HT: heat
treatment.

Fig. 6.

SEM and TEM photographs of as-prepared c-In2O3(1100) powder.

Fig. 7.

Response transients of pr-In2O3(600), pr-In2O3(1100), and c-In2O3(1100) sensors to
10 ppm NO2 at 200ºC in dry air. FT: thickness of the In2O3 films.

Fig. 8.

Variations in response of pr-In2O3(600), pr-In2O3(1100), and c-In2O3(1100) sensors to
10 ppm NO2 in dry air and their 90% response time with operating temperature. FT:
thickness of the In2O3 films.

Fig. 9.

Variations in response of pr-In2O3(600), pr-In2O3(1100), and c-In2O3(1100) sensors to
1 and 5 ppm NO2 in dry air with operating temperature. FT: thickness of the In2O3
films.

Fig. 10. Variations in average particle size of PMMA microspheres and conversion ratio from
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MMA to PMMA after 30 min with the amount of SLS added to deionized water (100
cm3). Inserted figure (i): particle-size distribution of PMMA microspheres synthesized
in o/w emulsion containing 0.5 g SLS.
Fig. 11. Pore-size distributions of pr-In2O3(1100)S powders as-prepared and after heat
treatment at 550ºC for 5 h, together with their SSA and CS. The CS was calculated
from their XRD patterns, but they were not shown in this paper.
Fig. 12. SEM and TEM photographs of as-prepared pr-In2O3(1100)S powder.
Fig. 13. Response transients of pr-In2O3(1100)S sensor (thickness of the In2O3 film (FT): ca.
20 μm) to 10 ppm NO2 at 200ºC in dry air, together with those of pr-In2O3(1100) and
c-In2O3(1100) sensors as references.
Fig. 14. Variations in response of pr-In2O3(1100)S sensor to 10 ppm NO2 in dry air and the
90% response time with operating temperature, together with those of pr-In2O3(1100)
and c-In2O3(1100) sensors as references. FT: thickness of the In2O3 films.
Fig. 15. Variations in response of pr-In2O3(1100)S, pr-In2O3(1100), and c-In2O3(1100) sensors
to 1 and 5 ppm NO2 in dry air with operating temperature. Inserted figures (i) and (ii):
response transients of pr-In2O3(1100)S sensor to 1 and 5 ppm NO2. FT: thickness of
the In2O3 films.
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