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ABSTRACT: Nanocrystalline porous tin dioxide (SnO;) materials have been obtained employing room temperature ionic liquids
(1-hexadecyl-3-methylimidazolium bromide, C1sMimBr) as a template via a green sol—gel method at ambient temperature followed
by a suitable thermal treatment. These materials have been thoroughly characterized by X-ray diffraction (XRD), transmission
electron microscopy (TEM), high-resolution TEM (HRTEM), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, FTIR,
and nitrogen adsorption—desorption. A careful tuning of heat-treatment procedures allowed the preparation of SnO, functional
materials with Brunauer—Emmett—Teller surface areas ranging from 38 to 140 m* g~ !, an average pore size between super-micro-
pore (1—2 nm) and mesopore (10 nm) range, and a mean particle size from 3.0 to 10.0 nm. The applications in gas sensors for the
nanostructures reveal that the obtained SnO, materials exhibit highly sensitive, fast-responding, reproducible, and size selective
sensing behaviors. The sensor characteristics were discussed in relation to the architectures of the materials, which disclose that the

gas-sensor properties are strongly structure-dependent.

Introduction

SnO;, an n-type semiconductor with a stable wide-band gap
of 3.8 eV, is a promising key functional material for a wide
range of practical applications as excellent gas sensors,' solar
cells,” catalysts,” electrode materials,* electrochromic windows,”
and so forth. It is well-known that the performance of this
material is influenced by morphological and nanostructure
features of the SnO, crystals, including particle size, shape,
surface/volume ratio, and porosity. Thus, to enhance the sensing
activity and widespread application of SnO,, much more
attention has been focused on controling the size and shape of
primary particles as well as manipulating their arrangement and
network structure. In particular, porous SnO; nanostructures
could have additional advantages in enhancing the sensor or
catalytic activities because such structures can potentially not
only have high surface area but can also supply more efficient
transport for the reactant molecules to get to the active sites.*

A variety of chemical techniques have been proposed to
prepare nanocrystalline SnO, particles.®”® Toupance et al.
prepared nanocrystalline mesoporous tin dioxide through the
controlled hydrolysis of dialkoxydi(-diketonato) tin complexes
followed by a thermal treatment. A careful tuning of both
hydrolysis ratio and calcination temperature enabled the as-
prepared materials with surface areas ranging from 50 to 150
m?+g”!, and a mean particle size between 6 and 18 nm.'”
Recently, the same group demonstrated another preparation of
nanocrystalline porous SnO, with a particle size of 5 to 25 nm,
using organically bridged ditin hexaalkynides as precursors.''
A solution approach was employed by Xin et al. using
SnCl,*H,0 as starting materials heated in ethylene glycol via
a reflux process. The obtained SnO, nanoparticles were em-
ployed to synthesize carbon-supported PtSnO; catalyst, and it
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exhibits high promoting catalytic activity for ethanol electrooxi-
dation.'? Fujihara et al. used a hydrothermal route to prepare
mesoporous SnO, nanocrystallines with an average particle size
of ~4 nm. The resulting porous SnO, nanoparticles showed
good thermal stability, and the specific surface area was more
than 110 m?-g~ ! after annealing.'®> Most recently, Yeh et al.
also used a hydrothermal process to fabricate nanocrystalline
SnO; particles with a size of ~3 nm, which exhibited good
sensitivity to alcohol.'*

Tonic liquids (ILs) have been widely studied as a new kind
of reaction media owing to their unique properties such as low
volatility, nonflammability, high chemical and thermal stabilities,
designable structures, high ionic conductivity, broad electro-
chemical windows, etc.'”> Most recently, ILs have attracted
increasing interest as templates or cosolvent systems for the
fabrication of nanostructured inorganic materials, since ILs
possess tunable solvent properties so that they can easily interact
with various surface and chemical reaction environments,'®*
Various metallic nanoparticles, such as palladium,'”® iridium,'”
and germanium nanoparticles'’® have been prepared in ILs. Gold
nanoparticles were synthesized in an ionogel template formed
via self-assembly of ILs.'® Zeolitic materials,"® mesoporous
silica with wormlike porous and highly ordered lamellar
structure’® were prepared with different ILs. Mesoporous
TiO,*"*? and TiO, nanocrystals>> were prepared in ILs. Most
recently, Chen et al. demonstrated a novel route for preparation
of semiconductor ZnO nanocrystals stabilized by IL. components,
which show tunable photoluminescence and high thermal
stability.?* In contrast, an exploration of ILs’ potential in the
synthesis of metal oxide nanocrystallines has just begun.

In this work, we present a green and facile synthesis of
nanocrystalline porous tin oxide (SnO) based on the use of
one kind of room-temperature ionic liquids (1-hexadecyl-3-
methylimidazolium bromide, C;cMimBr) as a template. A
careful tuning of calcination temperature allowed the preparation
of SnO, functional materials with Brunauer—Emmett—Teller
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surface areas ranging from 38 to 140 m*-g ™', an average pore
size between super-micropore (1—2 nm) and mesopore (10 nm),
and a mean particle size from 3.0 to 10.0 nm. This approach is
useful for developing nanoprecision oxide materials and provides
an effective means to examine the influence of morphological
and nanostructural features on sensor properties. The perfor-
mance in gas sensors for the obtained nanocrystalline porous
SnO, was measured for H, and CO, and the sensor character-
istics were discussed in relation to the nanostructures of the
materials. The highly sensitive, fast-responding, reproducible
and size selective sensing behaviors of the SnO, materials,
promising their potential applications in shape selective sensor
and catalysis.

Experimental Section

Preparation of Nanocrystalline Porous SnO,. All chemicals used
were analytical grade and used without further purification. 1-Hexa-
decyl-3-methylimidazolium bromide (C;sMimBr) was prepared by the
literature method.?* Tin chloride pentahydrate (SnCly*5SH,0) was
purchased from Beijing Chemical Reagent Company and used as tin
precursor without further purification.

In a typical experiment to synthesize nanocrystalline porous SnO,
5 g of C;¢MimBr was added in a mixed solvent of alcohol (20 mL)
and water (50 mL) to form a clear homogeneous solution. Afterward,
3.0 g of SnCl4+5H,0 diluted with 25 mL deionized water was slowly
added to the above solution. After the sample was agitated vigorously
for 4 h, the product was aged at room temperature for 3 days. The
final precipitates were filtered and washed with distilled water, dried
at ambient temperature, and extracted with hot alcohol for 48 h. Finally,
the product was annealed at 300, 400, and 500 °C in air for 2 h at a
ramping rate of 1 °C+min~".

Characterization. X-ray powder diffraction (XRD) patterns of the
samples were recorded on a Rigaku D/max-2000 X-ray powder
diffractometer (Japan) using Cu Ko (A = 1.5405 A) radiation. TEM
images were taken on the Hitachi H-9000 NAR transmission electron
microscope under a working voltage of 300 kV. High-resolution TEM
(HRTEM) was performed on a Philips Tecnai F30 FEG-TEM (USA)
operated at 300 kV. The laser Raman spectra were recorded using a
Jobin-Yvon HR800 Raman spectrometer (France) with a 30 mW Ar
ion laser (488.0 nm). The exposition time is 10 s and accumulates two
times. X-ray photoelectron spectrometer (XPS) measurements were
carried out in an ion-pumped chamber (evacuated to 2 x 10~° Torr)
of an Escalad5 (U.K.) spectrometer, employing Mg Ka radiation (BE
= 1253.6 eV). IR spectra were recorded on a Nicolet Magna-IR 750
spectrometer equipped with a Nic-Plan Microscope. The nitrogen
adsorption and desorption isotherms at 78.3 K were measured using
an ASAP 2010 analyzer (Micromeritics Co. Ltd.). The Brunauer—
Emmett—Teller (BET) method was utilized to calculate the specific
surface areas (SBET) using adsorption data in a relative pressure range
from 0.08 to 0.25. With the Barrett—Joyner—Halenda (BJH) model,
the pore size distributions were derived from the absorption or
desorption branches of the isotherms.

Measurement of Gas-Sensing Properties. Sensor test was con-
ducted on a self-building sensor platform. Sensitive materials were
dispersed in deionized water and dropped to UST micro heat plate
devices to form a thick film with a thickness of about 5 um. Synthetic
air and specific standard gas (H, or CO) with various concentrations
(diluted in synthetic air) were delivered to the test chamber (with an
inner volume of about 30 mL) by Mass Flow Controllers (MFCs) at
the same time at a constant total rate of 200 sccm. The sensor devices
were heated by an Agilent E3640A programmable DC power supply,
and the resistances of the sensitive layers were acquired by a Keithley
2400 source meter. All experiments were carried out at 300 °C after a
warm-up process at the same temperature for about an hour.

Results and Discussion

In conventional solution syntheses the nanostructures of
inorganic materials are induced by hydro(or solvo)thermal
treatment or assistance of additional organic solvents in a sealed
autoclave. In contrast, the key step in this synthetic method to
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Figure 1. XRD patterns of the as-prepared SnO, sample and the samples
annealed at various temperatures.

fabricate the nanostructured SnO, was the process with the
assistance of ILs in an open container at ambient pressure.
Furthermore, the room-temperature imidazolium ionic liquids
(RTILs) used for the formation of the nanostuctures are
recyclable through a simple extraction process. This is very
crucial for “green chemistry”. X-ray diffraction (XRD) measure-
ments were conducted to identify the overall phase compositions
of the resulting SnO, particles, as seen in Figure 1. The peak
positions in all the samples match with the diffraction of the
tetragonal SnO, with a cassiterite structure (JCPDS Card No
41-1445). Peaks are quite broad, which demonstrates the
nanometric-grained nature of the SnO, particles. In addition, a
progressive increase in peak intensity coupled with a decrease
of the peak width was observed as the annealed temperature
was increased, indicating an increase in crystallinity of the SnO,
materials. The well-known Scherer crystallite size calculated
using the XRD pattern was 3.0, 5.5, and 10.0 nm with annealed
temperatures of 300, 400, and 500 °C, respectively, which
agreed well with the results observed with TEM as described
later.

TEM was utilized to observe the different morphologies of
the nanostructured SnO, samples. Figure 2a shows a representa-
tive TEM image of the SnO, sample calcined at 300 °C, from
which a network of assembled nanoparticles of 2—4 nm with
uniformly distributed wormbhole-like pores of 1—2 nm is
observed. The wormhole-like structure is best described as one-
dimensional rod-type micelles entangled in a three-dimensional
manner. As a result, this structure provides an isotropic porous
structure with easily accessible pore openings from any direc-
tion, which makes this structure highly desirable for various
electrochemical and photoelectrochemical applications.”” Indeed,
the low-angle XRD pattern of the sample shows a broader
primary peak which further confirms a short-range ordered pore
network of assembled nanoparticles (Supporting Information,
Figure S1).%° High-resolution TEM (HRTEM) images show the
lattice images for all the samples (Figure 2b,d,f). The distance
between the adjacent lattice fringes corresponds to the inter-
planar distance of the tetragonal SnO; (110), which is djjp =
0.335 nm. This was further confirmed from the selected area
electron diffraction pattern (inset of Figure 2a) shown for the
sample calcined at 300 °C. In this electron diffraction pattern
bright diffraction rings for various crystalline planes were quite
clear, which could be attributed to the crystalline nature of the
materials. Not surprisingly, the SnO, particle sizes increased
as the temperature of the thermal treatment was raised from
300 to 500 °C, which corroborated the same trends as those
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Figure 2. TEM images of the nanostructured SnO, annealed at (a) 300 °C, (c) 400 °C, and (e) 500 °C. HRTEM images of the nanostructured SnO,
annealed at (b) 300 °C, (d) 400 °C, and (f) 500 °C. Insets are the electron diffraction patterns of the respective samples.

deduced from X-ray line sharpening. The crystalline nature of
these two samples was also further confirmed from the electron
diffraction patterns (inset of Figure 2c,e). It is clear that their
pores remain fairly uniformly distributed but become farther
apart (Figure 2c,e), as compared with the sample annealed at
300 °C. As the heat-treatment temperature is higher, the pores
become larger in size because of the particle growth, and the
porous structure tends to be replaced with a more disordered
porous network of aggregated nanoparticles.'®!!

Figure 3 presents Raman spectra of nanocrystalline porous
SnO; with different treatment temperatures. The XRD usually
shows the information related to the long-range symmetry of
the structure, while the Raman spectrum provides the local
symmetry of the chemical bond. The broadband at 550 cm™"
corresponds to surface modes,?’ and the intense bands at 631
and 772 cm™! correspond to the modes with Ay, and By,

symmetry, respectively. A, and By, are related to the expansion
and contraction vibration modes of Sn—O bonds in tetragonal
SnO,, which usually appear in large single crystals or bulk
polycrystalline SnO,, while the broadband at 550 cm ™', being
related to the facet surface area of a crystal, arise from nanoscale
SnO, with small grain size.”®?° The spectra of the samples
calcined at higher temperature also exhibit four abnormal Raman
lines at 472, 504, 550, and 685 cm™'. These vibration modes
can be reasonably assigned to E, (472 cm™Y), Ay (TO) (504
cm™"), Az (LO) (685 cm™") IR-active, and By, (550 cm™)
Raman forbidden modes.* It is considered that the presence of
IR modes and other forbidden Raman modes is attributed to
the decreases of crystal size to the nanoscale (limiting vibrations
to the size of the crystal) and to the increases of structural
distortions (reducing crystal symmetry).?”?® Those bands, being
related to the facet surface area of a crystal, agree very well
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Figure 3. Raman spectra of the nanostructured SnO, annealed at (a)
300 °C, (b) 400 °C, and (c) 500 °C.

with the Matossi force constant model.>® In addition, two bands
at 250 and 315 cm ™' were observed. These two bands appear
as a single broad feature composed of at least two components
in the heat-treated powders. The appearance of these bands has
occasionally been reported, while the origin of the bands is not
yet elucidated.’ Yu et al.*'* assigned Raman bands at 327 cm ™'
to the confinement effect of photons in one-dimensional chains
composed of aggregated fine SnO, particles. Liu et al.*'
assigned the Raman bands located at region 210—240 cm ™' of
rutile SnO; nanorods to E, (TO) and E, (LO) active modes.
Since the three-dimensional (3D) aggregation of crystalline tiny
nanoparticles is observed in the materials obtained here, it is
reasonable to assign these bands to active mode from the inactive
E, mode induced by size effect. Nevertheless, more work is
still needed to clarify the origin of these bands in nanostructured
SnO;. The Raman bands further confirm the characteristics of
the tetragonal structure as well as the nanoparticles with very
small size of the obtained SnO, materials, in agreement with
the results deduced from XRD and TEM analysis.

To further characterize the product, XPS was carried out to
investigate the surface compositions and chemical states of the
products. Figure 4a,b exhibits the high-resolution XPS spectra
corresponding to Sn 3d and O L1s for the nanocrystalline porous
SnO, annealed at various temperatures. All the samples
appeared as a spin—orbit doublet at ~486 eV (3ds;) and ~495
eV (3ds;), which was in agreement with the reported value in
the literature.’® In the case of the O ls peaks, a shoulder at
~532 eV is observed with the main peak at ~531 eV. The main
peak is assigned to the lattice oxygen, and the shoulder is due
to the oxygen of the Sn-OH bonds.**** The O 1s peaks were
therefore fitted with two Gaussian functions for comparison. An
overall decrease of the OH /O~ integrated-intensity ratios with
the calcination temperature was observed, which can be explained
by the decrease of the hydroxyl groups, resulting from the growth
of the nanoparticles and a decrease of the surface area.

The porosity of the SnO, materials was distinctly confirmed
by the analysis of the N, adsorption—desorption isotherms.
Nitrogen adsorption—desorption isotherms of the samples
annealed at various temperatures are shown in Figure 5. The
materials calcined at 300 °C displays the isotherm of type I
according to the IUPAC classification, corresponding to a
microporous structure with pore sizes less than 2 nm. The
Barrett—Joyner—Halenda (BJH) analysis shows a special
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Brunauer—Emmett—Teller (BET) surface area of 140 m*/g. The
samples mainly contain primary micropores within the range
of 1—2 nm, which is in agreement with the results revealed by
TEM photographs. DFT calculations fit very well with these
values.*-° This thickness of the pores indicates that the long-
tail ILs are packed in an interdigitated conformation.>* The
materials in this super-microporous (pore size 1—2 nm) range
are greatly important, since they bridge the gap between
microporous zeolites and mesoporous materials.>” Such materials
exhibit the potential of size and shape selectivity for those
organic molecules that are too large to access to the pores of
zeolites. While for mesoporous materials, size selectivity is also
hard to be observed, since most of the products of sensing or
catalytic reactions are much smaller in size than the
mesopores.”” Nonetheless, the materials calcined at higher
temperatures (400 and 500 °C) exhibit pure type IV isotherms
with a type H2 hysteresis loop, signifying the mesoporous
structure. The presence of a pronounced hysteresis loop in the
isotherm curve is indicative of the pores in a 3D intersection
network.*® However, for the sample annealed at 400 °C, this
H2 hysteresis loop occurs at P/Py = 0.40—0.42, which prevented
the use of the classical BJH model based on the analysis of the
desorption branch of the N, adsorption isotherm to estimate the
pore size distribution of the sample.'®*> So the overall pore
size distribution of the sample was evaluated from the adsorption
branch, which was more valid in such systems.'®''* As
revealed from the BJH pore size distribution, the average
mesopore size is increased to be about 6 and 10 nm, respectively.
The BET analysis indicates that the surface area was reduced
to 80 and 38 m*/g, respectively. As the heat-treatment temper-
ature is higher, the materials are transformed to be composed
of a porous network of aggregated nanoparticles with a
mesoporosity arising from the interparticle space because of the
annealing process that comprises crystallization, sintering, and
growth of the SnO; particles.'®'""'* The large surface areas and
narrow pore size distributions combined with tailorable pore
sizes enhance the potential applications of these nanostructured
tin oxides in gas sensor.

Under this synthetic condition, C;sMimBr played a crucial
role of template in forming the nanostructure of SnO,. To
better understand the formation process of the nanocrystalline
porous SnO» network, FTIR analyses were carried out on
the original ILs, IL/SnO, hybrid, and the SnO, sample
calcined at 300 °C (Figure 6). The strong peaks around 2851
and 2916 cm ™! belonging to the alkyl chain of ILs are still
present and do not shift in the spectrum of the hybrid, which
indicate that the ILs was entrapped in the SnO; network and
cannot be fully extracted.>® A broadband corresponding to
the Sn-OH vibration band at around 3400 cm ™' is superim-
posed with these stretching signals of the alkyl chain. Below
750 cm ™', the intense bands appearing in both the hybrids
and the calcined SnO; at lower frequencies of around 660
cm™ ' are typical of the Sn—O—Sn asymmetric and symmetric
vibrations.* In a manner similar to ILs-templated formation
mechanism of mesoporous silica,?® the porous structure of
C16MimB1/SnO; hybrid was formed though hydrogen bonding
between C;sMimBr and tin hydroxide as well as z-7r stacking
of imidazolium rings. As shown in the spectra Figure 6a,b,
the two characteristic bands of the imidazolium ring around
3062 and 3082 cm ', which correspond to the symmetric
and asymmetric stretch of the HCCH bond in positions four
and five of the imidazolium ring,*' are found to be consider-
ably broadened and shifted to 3108 and 3137 cm™'. These
effects already demonstrate a strong interaction between the
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Figure 4. (a, b) XPS profiles of the Sn-based nanostructures annealed at various temperatures.
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Figure 5. Nitrogen gas adsorption—desorption isotherms and pore-size distribution (inset) of the nanostructured SnO, annealed at (a) 300 °C, (b)

400 °C, and (c) 500 °C.

imidazolium headgroup and the inorganic matrix. In addition,
the peak position shifts of the C—N stretching vibration
(vc—~) mode of the imidazolium ring at 1178 cm™! toward
low wavenumbers (1161 cm™') further confirm the -7
stacking of imidazolium rings.>*® The reorganizing process
of inorganic crystallites via st-77 stacking as well as hydrogen
bonding significantly influenced the other peaks related to

the imidazolium ring and anion of C;sMimBr in the IR
spectra. In the spectrum of the IL/SnO; hybrid, it is noted
that the two bands at 3479 and 3432 cm™ ' appearing in the
spectrum of the pure IL are absent.**> These two bands can
be assigned to the asymmetric v3 and symmetric v; stretching
modes of water, where the water interacts with the anion via
H-bonding in a symmetric complex.** The proposed hydrogen-



4170 Crystal Growth & Design, Vol. 8, No. 11, 2008

(c)

Intensity (a.u.)

(b)

(a)

T T T T T T
1000 1500 2000 2500 3000 3500 4000
4
Wavelength (cm™)

Figure 6. FT-IR spectra of (a) C;sMimBr, (b) C;sMimB1/SnO, hybrid,
and (c) the SnO, sample calcined at 300 °C.

bond-co-m-m-stack mechanism responsible for the formation
of the network of porous nanocrystalline, however, still needs
further study.

Most recently, Bhaumik et al. demonstrated a preparation of
meso- and supermicroporous SnO, particles by using an anionic
surfactant, sodium dodecylsulfate, and a special Schiff base,
respectively, as templates. And the resulting nanoporous SnO,
materials exhibited rather high specific surface area up to 555
m?+g~'* In comparison with these two templates, which
directed the assembly of the mesostructures through electrostatic
and coordination interactions, respectively, the structure-direct-
ing agent (ILs) with hydrophobic regions and a high directional
polarizability used here directed the formation of the meostruc-
ture through the hydrogen-bond-co-7-7t-stack mechanism. Since
it was proven that the surfactant packing, which is the dominant
factor in determining the final structure (mesophase, pore size,
surface area, etc.) of the mesoporous materials, depends on the
molecular geometry of the surfactants (such as the size or charge
of the polar headgroup, the number of carbon atoms in the
hydrophobic chain, the molecular shape and so forth),* it is
reasonable to deduce that the different amphiphile templates
used are the key factor for the assembly of resulting mesos-
tructures with various surface areas. This example also suggests
that the proper choice of templates for the assembly will
obviously be important in the production of mesostructures with
improved structural and functional properties.

The gas-sensing properties of the obtained nanocrystalline
micro/mesoporous SnO, (P1, P2, and P3: pore size = 1—2, 6.0,
10.0 nm, respectively) have been investigated. Figure 7 shows
the sharp variation of the sensor resistance to different concen-
trations of the target gases (H, or CO) at the operating
temperature of 300 °C in synthetic air. The sensing mechanism
is based on surface reactions with gases in the atmosphere that
cause a change in the semiconductor’s resistance due to charge
transfer between the adsorbate and the adsorbent. The resistance
(R,) of the mesoporous SnO; layers (P2 and P3) in dry air was
10%97%2 Q at the tested temperatures, which is close to that of
the SnO, crystallite,*® while an extremely high resistance
(10°27%° Q) for the microporous SnQ, layers (P1) was
observed. It was reported that the resistance of SnO; sensors in
air increased steeply with decreasing the SnO, crystallite size
below 6 nm in diameter, since the whole crystallite is covered
with the depletion region under these conditions.*” Thus, the
high resistance of the present sample P1 sensors, in comparison
with the sample P2 and P3 sensors, can be reasonably
understood from their much smaller crystallite size. Under the
present operating conditions, for all the porous SnO, sensors,
it is noticed that the sensor resistance decreases with increasing
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Figure 7. Gas-sensing response and recovery transients of the nano-
structured SnO, with different pore architectures: (a) P1, pore size =
1—2 nm, (b) P2, pore size = 6.0 nm, and (c) P3, pore size = 10.0 nm,
(d) to switching-on and -off various concentrations of the target gases
(Hz or CO)

concentration of reducing gas in air. Figure 7 laid out reversible
changes in resistance when the surrounding atmosphere is cycled
between pure air and different concentrations of the target gases.
In all cases, the resistance variation in the presence of the target
species was proportional to the analyte concentration, without
displaying any saturation effect. The recovery of the air
conductance value after sensing tests was almost complete,
suggesting the occurrence of reversible interactions between the
analytes and the sensor elements. Furthermore, the response and
recovery times (time to reach 90% of the total resistance
variation) of the composite systems were less than 60 and 180 s
(see Table S1 in Supporting Information), respectively, sug-
gesting that the sensors respond quickly to both the introduction
and the removal of small amounts of target gases in air. The
reversibility and repeatability of these sensors were also
satisfactory, as observed by repeating the tests many times
without detecting any significant variation in the functional
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sizes (P1: pore size = 1—2 nm, P2: pore size = 6.0 nm, and P3: pore
size = 10.0 nm) to selected concentrations of H, and CO.

response. The high sensitivity to the target gases and rapid
response of our SnO, materials can be attributed to the
intrinsically small grain size and high surface-to-volume ratios
associated with the accessible porous structures.'c **®

From Figures 7 and 8 and Table S1 (see Supporting
Information), it is interesting to note that the observed resistance
variations are systematically higher and faster for mesoporous
SnO; sensor (P2 and P3 sample) with respect to the microporous
SnO; matrices (P1 sample), although a relative lower BET
surface areas were observed for P2 and P3 samples. These
observations seem to contradict the general trend that higher
sensitivity is to be expected for larger surface areas. There are
two explanations for the faster response and higher sensitivity
of the P2 and P3 samples relative to the P1 sample. First,
according to previous reports, the sensitivity to the target gas
strongly depends on the ease of diffusion of gas molecules inside
the sensitive material.'>®*° It is clear that the gas molecule is
diffused most easily inside the deeper region of the mesoporous
SnO; layers (P2 and P3) and reacts with oxygen adsorbed on
the surface. It is pretty evident that porosity plays a key role in
the efficiency of semiconductor metal oxide gas sensors. This
demonstrates that pore size and surface areas are correlated in
such sensor materials, with potentially opposite impact. The
pores should be wide enough for efficient diffusion of the gas
molecules, and the benefit of a high specific surface area must
not be thwarted by limitations in the accessibility of the surface.
The second is the difference in the charge carrier diffusion rate
of the P1, P2, and P3 samples that were annealed at various
temperatures. The sample P3 annealed at higher temperature,
which showed higher crystallinity and pore interconnectivity,
presented a lower potential barrier resulting in the faster
transportation of charge carriers from the surface into the bulk
and vice versa.>® This analysis is further confirmed by the fact
that the P2 and P3 sensor with different surface area showed
similar gas sensitivity. Accordingly, for both the target gases
examined in the present work, larger resistance variation and
faster response were observed for the samples with lower surface
areas, but larger pores and higher crystallinity, which efficiently
affect the diffusion of gas molecules and the charge carrier
diffusion rate. This example also suggests that a balance between
these complementary aspects needs to be chosen for the
optimum sensor performance. It is also worth highlighting that
the magnitude of the response of the sample P1 sensors toward
H, is much larger than the response to CO, in comparison with
that of the sample P2 and P3 at the same test conditions, which
suggests that the sample P1 sensors exhibits higher selectivity
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to smaller H, molecules. Such differences in the sensing
behavior are apparently related to the effects of steric hindrance,
imposed by the molecular sizes of the target gases relative to
the pore sizes of the SnO, matrix, on the diffusion and
accessibility of the gases to the deeper region of the SnO, layers.
This observed size selectivity of the porous SnO, materials,
together with their controllable pore sizes and highly sensitive
and fast-responding sensing behaviors, promising the potential
applications in shape selective sensor and catalysis.

Conclusions

We have developed an easy solution-based method to produce
nanocrystalline porous tin dioxide materials, involving the use
of the ILs as template. A careful tuning of annealed temperature
allowed the preparation of SnO, functional materials with
Brunauer—Emmett—Teller surface areas ranging from 38 to 140
m?+g~ ', an average pore size between super-micropore (1—2
nm) and mesopore (10 nm) range, and a mean particle size from
3.0 to 10.0 nm. The applications in gas sensors for the
nanostructures reveal that the obtained SnO, materials exhibit
highly sensitive, fast-responding, reversible and size selective
sensing behaviors. The sensor characteristics were discussed in
relation to the architectures of the materials, which disclose that
the gas-sensor properties are strongly structure-dependent. These
results give us a guideline for the study of the size-dependent
properties for functional materials as well as further applications
for gas sensors. Our synthesis method provides an inexpensive
and green wet-chemical route toward tailoring semiconductor
metal oxide for the reproducible and sensitive detection of toxic
or combustible gases at parts per million levels.
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