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Synthesis of monodispersed SnO, nanocrystals and their remarkably
high sensitivity to volatile organic compounds
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In situ detection of volatile organic compounds (VOCs) in the atmosphere has become particularly
important because of their detrimental effects on human health and the environment. To develop
high-performance gas sensors capable of detecting VOCs in ppb concentrations, we prepared SnO,
nanocrystals by a liquid-phase synthesis method. Nearly monodispersed SnO, nanocrystals (ca.
3.5 nm) were prepared by heating tin(IV) acetylacetonate in dibenzyl ether in the presence of oleic
acid and oleylamine at 280 °C. The prepared nanocrystals exhibited high thermal stability against
crystal growth, even at 600 °C, allowing for the fabrication of nanoparticulate gas-sensing films. The
sensor device using the nanocrystals calcined at 600 °C exhibited significantly high sensor responses

to VOCs such as ethanol, formaldehyde, and toluene at low ppm concentrations.

Introduction

The synthesis of monodispersed nanocrystals has long
been of scientific and technological importance. Recent
advances in the synthesis methods allow for controlling
the particle size and shape in the nanometer size range.'
In particular, liquid-phase synthesis in high-boiling co-
ordinating organic solvents using organometallic com-
pounds or metal—surfactant complexes as precursors has
been used successful for the synthesis of monodispersed
nanocrystals. This method, which is based on the pioneer-
ing work of Bawendi et al.> and Alivisatos et al..® has
been modified and improved by a large number of
researchers over the past decade* to synthesize mono-
dispersed nanocrystals of metals, alloys, semiconductors,
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and oxides. Special attention has recently been paid to the
synthesis of oxide nanocrystals because of their versatile
functionalities for applications such as in catalysis, bat-
teries, solar cells, and sensors. Thus, it is important to
further develop these liquid-phase methods for the synth-
esis of a wide variety of oxide nanocrystals.

Tin oxide (SnO») has been investigated for its potential
as a gas sensor material because of its high gas sensitivity,
good stability, and low cost.” The sensing mechanism of
SnO,-based gas sensors relies on the diffusion of target
gas molecules, such as H, and CO, into the sensing layer
through its pores and their reaction with adsorbed oxygen
on SnO,. The removal of adsorbed oxygen molecules,
upon interaction with combustible gases, leads to a
decrease in the electric resistance of the sensor devices
because adsorbed oxygen induces electron depletion on
the surface of SnO,. Such a change in the electrical
resistance is utilized as the sensor signal (sensor response).
Extensive studies have revealed some critical factors that
govern the gas-sensing properties of SnO,. Specifically,
the following three factors have been proposed as being
the most influential: crystalline size,® microstructure,’
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and surface modification (noble metal loading).® Among
these, decreasing the crystalline size of SnO, is quite
effective in improving its gas sensitivity; Xu et al. reported
that the sensor response drastically increased as the crystal
size decreased to less than 6 nm, which is twice as large as the
thickness of the depletion layers in SnO,.°® When the
thickness of the depletion layers becomes comparable to
the crystal radius, electron depletion layers form over the
crystals, significantly increasing the difference in the electric
resistance between in air (O,) and in target gases. Many
attempts have been made to improve the sensor perfor-
mance by using nanocrystalline SnO,.” We previously
reported the preparation of SnO, nanocrystals by a hydro-
thermal method and showed that they exhibit high sensor
responses to hydrogen.”

Recently, the detection of volatile organic compounds
(VOCs) using solid-state gas sensors has become particu-
larly important because of their negative impacts on the
environment and human health. However, their concen-
trations in the atmosphere are generally very low (below
the ppm level) and thus are difficult to detect with
conventional gas sensors. Consequently, the development
of highly sensitive sensors is needed for the in situ detec-
tion of VOC:s. In this study, to enhance the performance
of SnO,-based sensors for VOC detection, we prepared
monodispersed SnO, nanocrystals by thermal decompo-
sition of tin acetylacetonate in an organic solution with
a high boiling point. Thermal decomposition of a tin—
organic complex in an organic solution has already been
reported to produce SnO, nanocrystals.'” Based on
recent theoretical considerations,®®® we anticipated that
spherical SnO, nanocrystals with a narrow size distribu-
tion would exhibit improved gas sensing properties due
to the effective formation of electron depletion layers
in SnO, nanocrystals. Notably, the method can pro-
duce nanocrystals capped with organic surfactants, there-
by making the nanocrystals soluble in organic solvents.
This feature allows for the straightforward fabrication
of gas-sensing films by a simple coating method using
an organic solvent-based suspension containing nano-
crystals.

Experimental Section

Materials. Tin(IV) acetylacetonate dichloride was pur-
chased from Aldrich. Trimethylamine-N oxide was purchased
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from Tokyo Chemical Industry. Dibenzyl ether, oleyl-
amine, olyeic acid, hexane, ethanol, and pyridine were
purchased from Kishida Chemical. All chemicals were
used as received.

Material Preparation and Evaluation. In a three-
neck flask (100 mL), tin(IV) acetylacetonate dichloride
(0.4 mmol) was mixed with dibenzyl ether (7 mL) contain-
ing oleylamine (0.6 mL) and olyeic acid (0.6 mL) as
capping agents. The solution was heated at 140 °C for
1 hin air. Then, trimethylamine-N oxide was added to the
solution under a N, flow in a glovebox. The solution was
reheated at 140 °C for 1 hin N,, and then further heated at
280 °C to reflux for 30 min, producing a brown suspen-
sion. Ethanol was added to the suspension to precipitate
the particles after the suspension was cooled to room
temperature. The particles were recovered from the sus-
pension by centrifugation at 6000 rpm for 10 min. The
particles were dispersed in hexane, mixed with ethanol,
and centrifuged again. This treatment was repeated three
times in order to purify the product. Finally, the particles
were dissolved in hexane.

The particles were recollected from the hexane suspension
by centrifugation, mixed with pyridine (10 mL), and heated
at 110 °C to reflux for 12 h under a N, flow. After heat
treatment, hexane was added to the solution to precipitate
the particles. The particles were recovered from the pyridine
suspension by centrifugation at 6000 rpm for 10 min. The
particles were dispersed in tetrahydrofuran (THF), mixed
with hexane, and centrifuged again. This treatment was
repeated three times in order to purify the particles. Finally,
the particles were recovered by centrifugation and then
redispersed in THF to form a stable suspension.

The particles were analyzed by X-ray diffractmetry
using Cu Ko radiation (XRD; RINT2100, Rigaku),
transmission electron microscopy (TEM; JEM2100F,
JEOL), field emission-scanning electron microscopy
(FE-SEM; S-4800, Hitachi High-Technologies), Fourier
transform infrared spectrometry (FT-IR; 4100, JASCO)
and thermogravimetry/differential thermal analysis (TG-
DTA; EXSTAR 6000, Seiko Instruments).

Sensor Fabrication and Sensing Measurements. Sensor
devices were fabricated by casting drops of the obtained
THF suspension on alumina substrates (9 x 13 x 0.38 mm)
equipped with a pair of comb-type Au microelectrodes (line
width: 180 um; distance between lines: 90 um; sensing layer
area: 64 mm?). The casting and drying procedure was
repeated five times to produce sensing films with ca. 7 um
thickness. The surfaces of the alumina substrates were
treated with an ammonia solution containing hydrogen
peroxide at 80 °C and then subjected to plasma cleaning
(PS-601S, KASUGA ELECTRIC) prior to use. The Au
electrodes were fabricated by screen-printing using a com-
mercial Au paste, followed by calcination at 850 °C just
before sensing film deposition. Then, the sensing films
deposited on the substrates were calcined at 600 °C for
3 h in air. The morphology of the sensing films was
observed with FE-SEM and atomic force microscopy
(AFM; SPM-9600, SHIMADZU).
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The VOC-sensing properties of the devices were examined
using a conventional gas flow apparatus equipped with an
electric furnace at a gas flow rate of 100 cm?/min. The flow
rates of air and the sample gases were precisely controlled by
mass flow controllers (SEC-series; HORIBA STEC). The
sample gases of toluene, formaldehyde, and ethanol in air
were prepared by diluting parent synthetic gas mixtures with
synthetic air. The parent synthetic gas mixtures were pur-
chased from Sumitomo Seika Chemicals. Each sensor device
was connected with a standard resistor in series, and the
voltage across the standard resistor was measured under an
applied voltage of DC 4 V to evaluate the electrical resistance
of the devices. The electrical signal of the sensor was acquired
with an electrometer (TR2114; Advantest). The sensor res-
ponse (S) was defined as the ratio of resistance in air (R,) to
that in air containing VOC gases (Ry) (S = R,/R,).

Results and Discussion

Figure 1 (a) shows the X-ray diffraction (XRD) pattern
of SnO, nanocrystals prepared by heating tin acetylace-
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Figure 1. XRD patterns of (a) SnO, nanocrystals prepared by thermal
decomposition of Tin(IV) acetylacetonate dichloride in dibenzyl ether at
280 °C and (b) after calcination at 600 °C for 3 h.
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tonate in dibenzyl ether in the presence of oleylamine and
oleic acid at 280 °C. The pattern matches that of tetra-
gonal SnO, (JCPDS: 41—1445), and the broad peaks are
indicative of the formation of nanosized SnO, crystals.
Furthermore, the synthesized crystals displayed excellent
thermal stability; the peak widths did not significantly
decrease even after calcination at 600 °C, as shown in
Figure 1 (b). Sensing films are usually fabricated by
calcination at elevated temperatures to firmly attach the
films onto substrates, but this also induces particle
growth and particle sintering. Thus, thermal resistance
against particle growth is preferable for fabricating
nanoparticulate gas-sensing films with well-distributed
pores. The FT-IR measurements confirmed the presence
of oleic acid (or its moieties formed by decomposition)
on the surface of SnO, nanocrystals, as shown in Sup-
porting Information (SI) Figure Sl(a). Oleic acid
firmly attached on the surface and was not completely
removed by calcination at 600 °C (see SI Figure S1(b)).
Thus, the adsorbed organic capping agents possibly pre-
vented particle growth. The presence of organic com-
pounds on the as-prepared nanocrystals was also
confirmed by TG-DTA analysis, which showed a weight
loss of about 20% after calcination at 600 °C (see SI
Figure S2).

The synthesized SnO, nanocrystals were soluble in
nonpolar solvents such as hexane and benzene. However,
the stability of the suspensions was poor; sedimentation
of the crystals occurred after the suspensions were left for
1 or 2 days. On the other hand, treatment of the surface
with pyridine rendered the nanocrystals soluble in polar
organic solvents such as 2-propanol and THF. Pyridine
treatment yielded a very stable suspension ideal for mak-
ing gas-sensing films. The presence of pyridine on the
surface was confirmed by FT-IR analysis (see SI Figure
S1 (c)). The inset of Figure 2 (a) shows a photograph of a
THF suspension containing SnO, nanocrystals treated
with pyridine. The color of the suspension is brown,
which is different from the white color of a typical SnO,

Figure 2. TEM images of SnO, nanocrystals treated with pyridine: (a) low and (b) high magnification images. The inset shows a photograph of a THF
suspension containing SnO, nanocrystals treated with pyridine. A drop of the suspension was directly deposited on a copper grid for observation by TEM.
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Figure 3. Schematic structure of a gas sensor device and microstructures of a sensing layer deposited using a THF suspension: (a) device structure, (b) AFM
image, and (c) lower and (d) higher magnifications of SEM images of the sensing layer after calcination at 600 °C.

suspension. This suggests the presence of moieties of the
organic precursors resulting from pyrolysis on the surface
together with oleic acid and pyridine. Figures 2 (a) and (b)
display TEM images of SnO» nanocrystals after pyridine
treatment. The synthesized nanocrystals were well dis-
persed without agglomeration. Furthermore, they exhib-
ited good crystallinity; the lattice spacing closely corres-
ponded to that of the {110} plane of SnO,, as shown in
Figure 2 (b). The crystals were nearly monodispersed and
their average size was estimated to be 3.5 nm.

Figure 3 (a) shows the structure of the fabricated gas
sensor device. The SnO, nanocrystals were deposited on an
alumina substrate by casting of a THF suspension, thereby
forming a sensing layer with a thickness of ca. 7 um. As
shown in the AFM and SEM images (Figure 3 (b)—(d)),
the sensing film had a rough and porous morphology
with randomly distributed surface macropores. No signifi-
cant crystal growth occurred and the size of the crystals
remained small (ca. 9 nm) even after high-tempera-
ture calcination at 600 °C. The suppression of particle
sintering yielded mesopores for efficient gas diffusion
even in agglomerated regions, as seen in the SEM image
(Figure 3 (c)).

Figure 4 shows the gas-sensing properties of the fabri-
cated device to hydrogen, CO, and VOCs. Hydrogen and
CO were used as probe gases to examine the basic

gas-sensing properties of the device. The device exhibited
high sensor responses to hydrogen and CO (200—1000
ppm) at 300—400 °C, as shown in Figure 4 (a) and (b).
This suggests that any remaining organic compounds on
the nanocrystal surface had no significant adverse effects
on the sensor response. We also confirmed that the
present film fabrication method using the nanocrystal
suspension can produce highly sensitive films with good
reproducibility. The sensor responses (S = R,/R,) mono-
tonically decreased with an increase in the operating
temperature, although the response and recovery speeds
had the opposite trend. Thus, the operating temperature
was set to 350 °C to balance the sensor response and the
response-recovery speeds. The device provided signifi-
cantly high sensor responses to typical VOCs, such as
toluene, formaldehyde, and ethanol, in ppm ranges at
350 °C; for example, a sensor response exceeding 1000
(three-orders of magnitude change in the resistance) was
achieved for 50 ppm ethanol, as shown in Figure 4 (c).
These sensor responses to VOCs are much larger than
those reported for other metal oxide-based gas sensors,'"
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Figure 4. Gas-sensing properties of the sensor device using SnO, nanocrystals deposited on an alumina substrate after calcination at 600 °C. Sensor
responses to (a) hydrogen and (b) CO (200—1000 ppm) as a function of temperature; (c) Dependence of the sensor responses on VOC concentrations at
350 °C. (d) Transient response of the device to toluene (20—200 ppm) at 350 °C.

although the experimental conditions were different. In
addition, the detection limits for each gas, roughly esti-
mated from the extrapolated dependence of the sensor
response on concentration, are below 2 ppb (see SI Figure
S3). Notably, the fabricated sensing film was packed with
nanocrystals (ca. 9 nm) without significant particle sinter-
ing, as revealed by SEM and AFM. Thus, the surface and
the bulk of the nanocrystals can be electrically depleted
upon oxygen adsorption, thereby increasing the magni-
tude of an electrical resistance change upon interaction of
the nanocrystals with combustible gases. As suggested by
the SEM results (Figure 3 (d)), there were many meso-
pores of around 10 nm in the regions with closely packed
crystals. Experimental and theoretical evidence suggests
that the pore size (porosity) of sensing films greatly
influences their gas-sensing behaviors, particularly for
larger sized gases.'> Thus, the observed nanoporous
structure is likely to facilitate the diffusion of large VOCs
deep inside the film and improve the sensor response. The
lower diffusivity and reactivity of toluene may account
for the lower sensor responses to toluene among the VOCs
tested. The device can selectively detect ethanol and formal-
dehyde without significant interference of H, and CO with
lower concentrations, due to its higher sensitivity to VOCs. It
is expected that the high sensitivity of the film to combustible
gases would also effectively suppress the interference from
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humidity, which is known to affect the sensitivity of SnO»-
based gas sensors. " The device also showed a good response
speed, although the recovery was rather slow, as shown in
Figure 4 (d). Slow desorption of VOCs from the sensing
layer at 350 °C may retard the recovery of the resistance to
the original value in air. Optimization of either the operating
temperature or the material design (such as loading of
foreign elements) would improve the recovery speed.

Conclusion

Nearly monodispersed SnO, nanocrystals with ca. 3.5 nm
were prepared by heating tin acetylacetonate in dibenzyl
ether at 280 °C. The treatment of the nanocrystals with
pyridine provided a stable THF-based suspension, which
was used to deposit a nanoparticulate film on an alumina
substrate. The nanocrsytals showed high thermal stability
against particle growth, even at the sensor fabrication
temperature of 600 °C. The sensing film packed with
nanocrsytals (ca. 9 nm) exhibited significantly high sensor
responses to VOCs (5—200 ppm), such as ethanol, form-
aldehyde, and toluene, at the operating temperature of
350 °C. Because of its high sensitivity, the fabricated sensor
device is potentially applicable for the in situ detection of
VOCs in ppb ranges.
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