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Trimodally porous SnO2 nanospheres with three-
dimensional interconnectivity and size tunability:
a one-pot synthetic route and potential application as
an extremely sensitive ethanol detector

Ji-Wook Yoon1,3, Seung Ho Choi1,3, Jun-Sik Kim1, Ho Won Jang2, Yun Chan Kang1 and Jong-Heun Lee1

The rapid and effective transfer of chemical reactants to solid surfaces through porous structures is essential for enhancing the

performance of nanomaterials for various energy and environmental applications. In this paper, we report a facile one-pot spray

pyrolysis method for preparing highly reactant-accessible and porous SnO2 spheres, which have three-dimensionally

interconnected and size-tunable trimodal (microscale, mesoscale and macroscale) pores. For this synthetic method, macroscale

polystyrene spheres and mesoscale-diameter, long carbon nanotubes were used as sacrificial templates. The promising potential

of the SnO2 spheres with trimodal pores (sizes ≈3, 20 and 100 nm) was demonstrated by the unprecedentedly high response to

several p.p.b. levels of ethanol. Such an ultrahigh response to ethanol is explained with respect to the hierarchical porosity and

pore-size-dependent gas diffusion mechanism.
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INTRODUCTION

Nanoparticles with a high surface area-to-volume ratio offer many
distinct advantages, such as a high chemical reactivity at the surface of
the particles, unique near-surface electrical properties and the rapid
diffusion of reactants into the solid lattice, that provide new and
enhanced functionalities for catalysts, gas sensors, semiconductors and
Li-ion batteries.1–4 However, most nanoparticles tend to aggregate into
large and dense secondary agglomerates because of the strong van der
Waals attractions between the particles, which hamper mass transfer to
the inner part of agglomerates. This in turn considerably affects the
performance of such materials in the aforementioned applications.
Porous solids consisting of, or assembled from, nanostructures are
excellent nanoarchitectures that can significantly enhance the mass
transfer of chemical reactants (for example, gases or ions) to reaction
surfaces with minimal sacrifice of the active surfaces in the nanos-
tructures. In general, the reactants diffuse towards the reactive surfaces
via macropores, mesopores and micropores, and mass transfer
through porous structures depends upon the pore size. For instance,
different gas diffusion mechanisms, such as normal, Knudsen and
surface diffusion, are predominant in macropores, mesopores and
micropores, respectively. Therefore, to take best advantage of the
benefits of porous nanostructures for energy and environmental
applications involving surface/interface reactions, multimodal porous
structures that contain macropores, mesopores and micropores are

considered a promising platform. For this, the size, volume, distribu-
tion and interconnectivity of the different pores should be controlled
precisely and independently.
Ordered mesoporous oxide nanostructures with highly connected,

periodic and monodisperse pores are a good candidate for gas sensors,
which are generally prepared by replicating ordered, mesoporous,
silica templates.5–11 However, such mesopores are typically smaller
than 10 nm,8–12 and it is difficult to create and control multimodal
pores. Hierarchical porous and hollow oxide nanostructures, which
are prepared through the solvothermal/hydrothermal self-assembly
reactions of nanoscale building blocks, are also considered a reactant-
accessible material platform.13–19 However, because of the relatively
low level of control over the self-assembly reactions, it is difficult to
tune the size, volume and interconnectivity of the macropores,
mesopores and micropores, which hampers any attempts to precisely
design porous structures for the effective and rapid transport of
reactants to the entire surface of such nanostructures.
In this study, highly reactant-accessible SnO2 spheres with three-

dimensionally interconnected, size-tunable, trimodal pores were
prepared for the first time with a facile, one-pot, spray pyrolysis
method. The promising potential of the trimodally porous SnO2

(hereafter referred to as ‘3M-SnO2’) spheres as a chemiresistive-
sensing material was demonstrated by their ultrahigh response to
gases, even for p.p.b. level of ethanol.
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EXPERIMENTAL PROCEDURES

Preparation of precursor materials
Polystyrene (PS) spheres (mean diameter ≈100 nm) were prepared with an
emulsion-free polymerization method (Supplementary Figure S1a). In brief,
styrene (30.0 ml, Sigma-Aldrich, St Louis, MO, USA), poly(sodium 4-
styrenesulfonic acid) (0.25 g, Sigma-Aldrich) and sodium bicarbonate (0.15 g,
NaHCO3, 99.995%, Sigma-Aldrich) were dissolved in distilled water (300 ml),
and the solution was stirred at 70 °C for 1 h. Potassium persulfate (0.15 g,
K2S2O8, 99.99%, Sigma-Aldrich) was then added to the solution, and it was
vigorously stirred with a fluid mixer (300 r.p.m.) at 70 °C for 18 h under a N2

atmosphere. Commercially available multi-walled carbon nanotubes
(MWCNTs, diameter ≈20 nm) were purchased from Shenzhen Nanotech Port
(Shenzhen, China) (Supplementary Figure S1b) and surface-modified with a
1:3 vol.% mixture of HNO3 (0.15 g, 70%, Sigma-Aldrich) and H2SO4 (0.15 g,
95%, Sigma-Aldrich) at 80 °C. The resulting product was sequentially washed
with distilled water and ethanol five times and then re-dispersed in distilled
water (1 mg ml− 1).

Preparation of gas-sensing materials
The D-, 2M- and 3M-SnO2 spheres were obtained via the spray pyrolysis of an
aqueous solution, and the subsequent heat treatment of the precursor powders.
A spray solution for the 3M-SnO2 spheres was prepared by dissolving 1.7 g of
tin(II) oxalate (SnC2O4, 98%, Sigma-Aldrich) in 250 ml of distilled water
containing the well-dispersed surface-modified MWCNTs (1 mg ml− 1) and PS
spheres (3.0 g). An appropriate volume of a hydrogen peroxide solution
(30%, H2O2, Sigma-Aldrich) was added to the spray solution to stabilize the
PS before dissolving the SnC2O4. The spray solution for the 2M-SnO2 spheres
was prepared without the surface-modified MWCNTs, while that for the
D-SnO2 spheres was prepared without both the surface-modified MWCNTs
and PS spheres. The droplets of the spray solutions were generated
with five ultrasonic transducers (resonant frequency= 1.7 MHz), which
were subsequently transported to a high-temperature tubular reactor
(700 °C, length= 1200 mm, diameter= 50 mm) by a flow of Ar gas (flow
rate= 5 l min− 1). The retention time of the droplets in the high-temperature
region was approximately 15 s. The as-prepared precursor powders were
collected in a Teflon bag filter (Clean & Green-tech, Seoul, Korea) in the
particle-collecting chamber. A detailed schematic of the experimental setup
used for the spray pyrolysis is shown in Supplementary Figure S2. The three
precursor powders were converted into the D-, 2M- and 3M-SnO2 spheres via a
heat treatment at 600 °C for 3 h in air. The heating rate was 10 °C min− 1.

Characterization
The morphology of the prepared materials was observed with scanning electron
microscopy (S-4800, Hitachi, Tokyo, Japan) and high-resolution transmission
electron microscopy (HR-TEM, FEI Technai 20, FEI, Hillsboro, OR, USA). The
crystal structure of the prepared materials was investigated with powder X-ray
diffraction (X’Pert PRO MPD, Philips, Amsterdam, Netherlands) using CuKα
radiation (λ= 1.5418 Å). The specific surface area of the various gas-sensing
materials was calculated from Brunauer–Emmett–Teller (BET) analysis of the
N2 adsorption measurements (TriStar 3000, Micromeritrics, Norcross,
MN, USA).

Characterization of the gas-sensing properties
The powders were dispersed in distilled water and alumina substrates
(size= 1.5× 1.5 mm2), which had two Au electrodes on the top surface and a
microheater on the bottom surface, were drop-coated with the slurry. Prior to
the measurements, the sensor was heated at a power of 570 mW (550 °C) for
2 h to remove any hydroxyl content and stabilize the sensor. The sensor was
contained within a specially designed quartz tube (1.5 cm3), and a constant flow
(flow rate= 500 cm3 min− 1) of air and analyte gas was switched with a four-
way valve to change the atmosphere. The two-probe DC resistance of the sensor
was measured with an electrometer connected to a computer. The responses of
the sensors to 5 p.p.m. of ethanol, formaldehyde, ammonia, carbon monoxide,
hydrogen, benzene, toluene and xylene at 350− 450 °C were calculated with the
formula Ra Rg

− 1, where Ra is the resistance in air and Rg is the resistance in the
analyte gas.

RESULTS AND DISCUSSION

Formation of trimodally porous SnO2 spheres
Aqueous droplets containing tin (II) oxalate, PS spheres (diameter
≈100 nm; Supplementary Figure S1a) and MWCNTs (diameter
≈20 nm; Supplementary Figure S1b) were generated with an ultra-
sonic evaporator (Scheme 1a). These aqueous droplets were then
converted into SnO2/MWCNTs composite spheres with spherical
macropores by performing spray pyrolysis at 700 °C (Scheme 1b).
The MWCNTs and a small amount of the residual PS were completely
decomposed by subjecting the composite spheres to a heat treatment
(600 °C for 3 h; Scheme 1c), which in turn formed the trimodal pores:
(i) macroscale (approximately 100 nm) spherical pores, (ii) elongated
and connected mesoscale diameter (approximately 20 nm) pores, and
(iii) microscale and mesoscale (approximately 3 nm) pores created by
the outgassing of gases evolved during the decomposition of the
carbon-based precursors (smallest pores in Scheme 1c). For compar-
ison purposes, bimodally porous SnO2 (2M-SnO2; pore sizes ≈3 and
100 nm) spheres and dense SnO2 (D-SnO2) spheres were also
prepared via the spray pyrolysis of MWCNT-free precursor droplets
with and without the spherical PS templates, respectively.

Structural and morphological properties
All three of the as-prepared precursor spheres for the D-, 2M- and
3M-SnO2 spheres were composed of a tetragonal SnO2 phase (JCPDS
no. 41–1445) (Supplementary Figure S3). The higher crystallinity of
PS-mediated macroporous precursor spheres can be explained by
thermal promotion of SnO2 crystallization owing to excess heat
generated by the combustion of PS. The weight loss (%) caused by
the decomposition of the precursor powders was investigated with
thermogravimetric analysis (TGA, heating rate= 20 °C min− 1; air
atmosphere; Supplementary Figure S4). Even though the three types
of precursor spheres had been heat-treated at a high pyrolysis
temperature of 700 °C, a total weight loss of up to 18% was observed
as the TGA temperature increased to 700 °C. This is because the

Scheme 1 Scheme illustrating the formation of SnO2 nanospheres with trimodal porosity. (a) Aqueous droplets of spray solution, (b) as-prepared precursor
spheres after spray pyrolysis, and (c) SnO2 spheres with trimodal pores (3M-SnO2) after heat treatment at 600 °C for 3 h.
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retention time of the spray pyrolysis (approximately 15 s) is probably
insufficient to complete the decomposition reactions. Comparing the
TGA curves of the precursors for the 2M- and 3M-SnO2 clearly
indicates that the weight loss between 200 and 400 °C is due to the
decomposition of the residual PS, and thus the weight loss between
400 and 600 °C can be attributed to the decomposition of MWCNTs.
The TGA curves indicate that most of the PS decomposes during the
spray pyrolysis reaction, and the MWCNTs and a small amount of the
residual PS can be completely removed by performing the heat
treatment at approximately 600 °C.
The precursors for the D-SnO2 exhibit a clean surface with a dense

inner structure (Supplementary Figures S5a and d). In contrast, the
precursors for the 2M- (Supplementary Figures S5b and e) and
3M-SnO2 spheres (Supplementary Figures S5c and f) exhibit

macroporous inner structures with spherical pores (size ≈100 nm),
indicating the successful decomposition of the sacrificial PS templates.
In addition, it is clear that the MWCNTs are still present in the
precursor spheres after the spray pyrolysis (Supplementary Figures S5c
and f). The MWCNTs were well dispersed within the spheres, which
was confirmed by the cross-sectional TEM image of the sphere
prepared by focused ion-beam treatment (Supplementary Figure S6).
The D-, 2M- and 3M-SnO2 spheres were prepared via the heat

treatment at 600 °C for 3 h. The average crystallite sizes of the D-, 2M-
and 3M-SnO2 determined from (110), (101) and (211) peaks by
Sherrer’s equation are 6.29, 8.59 and 8.95 nm, respectively, after the heat
treatment (Supplementary Figure S7). The scanning electron micro-
scopic and HR-TEM images of the D-SnO2 after the heat treatment
(Figures 1a, d and g) show that spheres with a clean surface and dense

Figure 1 (a–c) Scanning electron microscopy and (d− i) high-resolution transmission electron microscopy images of the (a, d, g) dense SnO2 spheres
(D-SnO2), (b, e, h) SnO2 spheres with bimodal pores (2M-SnO2) and (c, f, i) SnO2 spheres with trimodal pores (3M-SnO2).
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inner structure were obtained. On the other hand, both the 2M- and
3M-SnO2 have many craters in their surfaces (Figures 1b and c) and a
macroporous inner structure (Figures 1e, f, h and i), which was formed
by the PS templates. The similar inner morphologies of the as-prepared
precursors and heat-treated 2M- and 3M-SnO2 show that most of the
PS templates decomposed during the spray pyrolysis. In addition, the
3M-SnO2 (Figure 1f) have brighter contours in the inner structure than
their precursors (Supplementary Figure S5c), as well as that of the 2M-
SnO2 (Figure 1e). Furthermore, after a thorough HR-TEM analysis, no
MWCNTs were observed in the 3M-SnO2, indicating a further
enhancement of the overall porosity because of the complete
decomposition of the MWCNTs.

Pore-size distribution and surface area analysis
The N2 adsorption/desorption isotherms of the 2M- and 3M-SnO2

have a shape that is between a type II and type IV isotherm with H3
hysteresis loops, indicating the presence of mesopores, whereas the
isotherm of the D-SnO2 has the form of a type II isotherm, which is
typical for non-porous structures (Figure 2a). The pore-size distribu-
tion and specific surface area of the three different SnO2 spheres were
derived from the Barrett–Joyner–Halenda and the BET methods,
respectively. The BET surface area of the 3M-SnO2 spheres was
determined to be 53.2 m2 g− 1 (Figure 2b), which is significantly
higher than those of the 2M- (18.4 m2 g− 1; Figure 2c) and D-SnO2

spheres (2.42 m2 g− 1; Figure 2d). Pores with a mean diameter of
approximately 3 nm were found in both the 2M- (Figure 2f) and 3M-
SnO2 spheres (Figure 2e), which are attributed to the outgassing
produced by the decomposition of the PS templates. On the other
hand, pores with diameters of approximately 20 nm were only
observed in the 3M-SnO2 spheres (Figure 2e), which were formed
by the combustion of the sacrificial MWCNT templates that had the
same diameter. These results are consistent with the HR-TEM
observations. No significant pores were observed in the D-SnO2

spheres (Figure 2g). It was difficult to determine the size of the
macroscale pores (approximately 100 nm) with BET analysis. How-
ever, in association with the scanning electron microscopic and

HR-TEM analyses in Figure 1, we can safely say that the 3M-SnO2

spheres have three different sizes (approximately 3, 20 and 100 nm) of
pores, whereas the 2M-SnO2 spheres only exhibit two different sizes
(approximately 3 and 100 nm).

Gas-sensing characteristics
To investigate the effects of multimodal porosity on the gas
accessibility of the nanoparticles, the ethanol-sensing characteristics
of the D-, 2M- and 3M-SnO2 spheres were measured between 350 and
450 °C (Figure 3). The three sensors all exhibit typical n-type sensing
behaviors in which the sensor resistance decreases when exposed to a
reducing gas (ethanol) and returns to the original resistance in an air
atmosphere (Supplementary Figure S8). The D-SnO2 spheres exhibit
the lowest response (S=Ra Rg

− 1, where Ra and Rg are the resistances
in air and the analyte gas, respectively) and relatively slow response
and recovery kinetics (Figure 3a). The maximum response to 5 p.p.m.
of ethanol is 34.2 at 450 °C and the times taken to reach a 90%
variation in the resistance upon exposure to ethanol and air (τres and
τrecov, respectively) are 6 and 1485 s, respectively. The maximum
ethanol response of the 2M-SnO2 spheres (117.6) occurs at 350 °C,
which is 3.4 times higher than that of the D-SnO2 spheres. In addition,
the τres and τrecov values have significantly decreased to 2 and 550 s,
respectively (Figure 3b). This indicates that the introduction of
macropores (approximately 100 nm) and mesopores (approximately
3 nm) within spheres via the sacrificial PS templates is an effective
method for enhancing both the gas response and response/recovery
speeds. The 3M-SnO2-based sensor (Figure 3c) exhibits an ultrahigh
gas response of 316.5 at 400 °C, as well as fast τres and τrecov values of 1
and 416 s, respectively, showing a further enhancement of the gas-
sensing properties.
In general, the gas responses of n-type oxide semiconductors to a

reducing gas as a function of sensing temperature show bell-shape
curve because the surface reaction between analyte gas and adsorbed
oxygen is difficult at very low sensing temperature, whereas, at
excessively high sensing temperature, the analyte gas is consumed by
the oxidation at the inactive upper part of sensing film (or outer part

Figure 2 (a) N2 adsorption/desorption isotherms of the 3M- (red), 2M- (blue) and D-SnO2 (black). (b–g) The corresponding BET surface areas and pore-size
distributions of the (b, e) 3M-, (c, f) 2M- and (d, g) D-SnO2.
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of porous spheres in the present study) before the sensing reaction.
Thus, when the larger amount of analyte gas is provided by the
effective gas diffusion through the well-defined pores, the higher
sensing temperature would be necessary to counteract the sensing
reaction via the oxidative consumption of analyte gas, which leads to
the increase of temperature for maximum gas response (TM). This is
analogous to the analysis by Sakai et al.20 that the TM value increases
with decreasing film thickness. The TM value in 3M-SnO2 sensors
(400 °C) higher than that in 2M-SnO2 spheres (~350 °C) can be
understood in this perspective although further study is required to

understand temperature dependence of gas response in D-SnO2-based
sensor.
The gas responses (158.8− 316.5) of the 3M-SnO2-based sensor

over 350− 450 °C are significantly higher than the maximum gas
response of the 2M-SnO2-based sensor (117.6), which is evidence that
the size and distribution of the mesopores are key parameters in
determining the gas response. Li et al.21 reported that the gas responses
of mesoporous SnO2-based sensors to hydrogen and carbon monoxide
increase as the size of the pores increase from 1 to 10 nm. Vuong et al.22

also reported that the hydrogen response of nanocrystalline SnO2 thin

Figure 3 Gas-sensing characteristics of the (a) D-, (b) 2M- and (c) 3M-SnO2 spheres to 5 p.p.m. of ethanol. (a-1, b-1, c-1) The gas response (Ra Rg
−1)

transients as functions of time and sensing temperature. (a-2, b-2, c-2) The gas response and the (a-3, b-3, c-3) 90% response time (τres) and (a-4, b-4,
c-4) 90% recovery time (τrecov) of the three sensors.
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films increases as the mesopore size increases. Thus the pore size is an
important parameter for the diffusion of gas through mesoporous
structures. For mesopores ranging from 2 to 50 nm in size, Knudsen
diffusion, which accounts for collisions between the pore walls and gas
molecules, is known to be predominant.20 The Knudsen diffusion
coefficient (DK) is defined as (4r/3)(2RT/πM)1/2, where r, R, T and M
are the pore radius, ideal gas constant, temperature and molecular
weight of the diffusing gas, respectively. Thus DK is proportional to the
pore size when the same gas and sensing temperature are used.
Accordingly, the introduction of MWCNT-assisted, large mesopores
(approximately 20 nm in size) in addition to the small mesopores
(approximately 3 nm in size) significantly increases the diffusion of an
analyte gas to the inner regions of the porous SnO2 spheres. Moreover,
the elongated morphology of the MWCNT templates has a key role in
enhancing the interconnectivity between the macropores (approxi-
mately 100 nm in size) and small mesopores. This is supported by
the increase in the surface area from 18.4 (2M-SnO2 spheres) to
53.2 m2 g− 1 (3M-SnO2 spheres). However, porous SnO2 spheres
prepared only by MWCNT templates without PS balls showed relatively
low responses (Ra Rg

− 1= 18.3–34.3) to 5 p.p.m. ethanol at 350–450 °C
(Supplementary Figure S9), indicating that one-dimensional mesopor-
osity is insufficient to achieve giant chemiresistivity. Therefore, the
ultrahigh response of the 3M-SnO2-based sensor to 5 p.p.m. of ethanol
at 400 °C (316.5) and fast response (1 s) can be attributed to the
enhanced gas accessibility of the porous spheres with three-
dimensionally interconnected trimodal pores and increased Knudsen
diffusion through the relatively large mesopores.
The highest response of the 3M-SnO2-based sensor to 5 p.p.m. of

ethanol is 316.5 at 400 °C, which is one of the highest values ever
reported in the literature for undoped SnO2-based gas sensors
(Figure 4 and Supplementary Table S1).23–36 The 3M-SnO2-based
sensor exhibits a high response (28.1) to even 0.25 p.p.m. of ethanol
(Figure 5). The detection limit of the sensor was calculated to be 4.9
p.p.b. when Ra Rg

− 141.2 was used as the criterion for gas sensing.
The sensor showed highly stable response to 5 p.p.m. ethanol at 400 °C
for 30 days (Supplementary Figure S10). In addition, for all sensing
temperatures, the 3M-SnO2-based sensor exhibits a high selectivity for
ethanol, with low cross-responses to other interference gases, such as
formaldehyde, ammonia, carbon monoxide, hydrogen, benzene,

toluene and xylene (Supplementary Figure S11). The selective detec-
tion of ethanol in SnO2 gas sensor is well known,37 which can be
explained by high catalytic activity of SnO2 for ethanol oxidation

38 as
well as high reactivity of ethanol compared with other gases, such as
aldehydes, aromatics and ketones.39 This offers excellent gas-sensing
characteristics for monitoring drunk driving. To screen an intoxicated
driver, the selective detection of 200 p.p.m. of ethanol is sufficient for a
direct-breath measurement.36 Recent progress in this field suggests
that the detection of sub-p.p.m. level of ethanol, which are exhaled by
drunk drivers and then diluted with the air in the automotive cabin a
few seconds after closing the car door, could be used for the
unobtrusive monitoring of drunk driving without the need for time-
consuming breath sampling.40 The 3M-SnO2-based sensor with
ultrahigh, rapid and stable response to p.p.b.-level ethanol could be
applied to both the present breath-alcohol detectors and future
unobtrusive alcohol sniffers that require ultrahigh sensitivity.
The one-pot spray pyrolysis method presented in this paper provides

a straightforward and general synthetic route for the preparation of
metal oxide spheres with well-defined and tunable multimodal pores.
First, it is easy to prepare the various pure and multi-compositional
metal oxide spheres via the atomization of droplets containing single or
multiple metal precursors. In addition to the excellent control over the
composition, the size of the spheres can be manipulated by changing
the droplet size via the resonant frequency of the ultrasonic transducer.
Second, the synergistic combination of the spherical and one-
dimensional carbon-based templates provides precise control over the
interconnectivity and multimodality of the pores. Efforts to enhance
the macroporosity by introducing spherical templates have been
reported,41–43 but the nanoscale point contacts between the spherical
pores often limits the mass transport through such pores, as evidenced
by the present 2M-SnO2-based sensor. The main breakthrough of the
present study is the significantly enhanced interconnectivity between
the different pore types, which was achieved by employing highly
connecting, one-dimensional, carbon-based precursors, such as
MWCNTs. The small mesopores (approximately 3 nm in size) and
micropores (o2 nm in size) could be tuned by controlling the
decomposition rate of the carbon-based precursors via the spray
pyrolysis conditions or heating rate. The use of PS spheres with
various sizes and MWCNTs with different diameters as templates will
change the size of the macropores and mesopores, and the overall
porosity can be controlled by changing the total concentration of
carbon-based precursors. The application of various sizes of PS balls
and/or MWCNTs can be used to achieve multimodal porosity. Finally,
the interconnectivity between the different pore types can be enhanced
by employing highly connecting, one-dimensional, carbon-based pre-
cursors, such as C nanofibers, as well as the MWCNTs used in this
study. For example, we successfully prepared 3M-SnO2 spheres with
smaller and larger spherical macropores via the spray pyrolysis of a
solution containing Sn-precursors, MWCNTs and PS balls with
diameters of approximately 50 and 200 nm, respectively (Supple-
mentary Figure S12). The scanning electron microscopic image clearly
demonstrates the possible control over the size of the macropores.
Knudsen diffusion depends on the molecular weight (or size) of the
gas, and thus the size of the mesopores can be tuned to discriminate
between gases with different sizes.21,44 In addition, controlling the
macropores, mesopores and micropores is extremely important for
increasing or optimizing the accessibility of gases and ions to the
surfaces of a material. From this perspective, the realization and tuning
of multimodal pores with a high level of control over their size,
distribution, volume and interconnectivity in the present study could
provide a general solution for improving the performance of many

Figure 4 Gas response (Ra Rg
−1) of various SnO2-based nanostructures and

microstructures to ethanol, as reported in the literature23–36 and the
present study.
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energy and environmental applications, such as Li-ion batteries,45

supercapacitors,46 catalysts47,48 and gas sensors.

CONCLUSIONS

The one-pot spray pyrolysis of droplets containing a metallic source,
macroscale PS spheres and one-dimensional, mesoscale-diameter
MWCNTs was developed as a facile synthetic route for the preparation
of highly interconnected and tunable multimodal pores in SnO2

spheres. The trimodal pores of the SnO2 spheres (pore sizes ≈3, 20
and 100 nm) were prepared with spray pyrolysis and a subsequent
heat treatment. An unprecedentedly high response to p.p.b. level of
ethanol was accomplished by introducing additional large mesopores
(approximately 20 nm in size) via one-dimensional MWCNT
templates and was attributed to the increased pore-size-dependent
Knudsen gas diffusion and enhanced gas accessibility through the
highly connected one-dimensional pores. The precise control over, as
well as the tuning of, multimodal pores in metal oxide nanostructures
provides a new and general strategy for enhancing the performance of
various energy and environmental applications.
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