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Facile Synthesis of SnO, Hollow Nanospheres and Applications in Gas Sensors
and Electrocatalysts
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Tin oxide (SnO,) hollow nanospheres have been successfully
synthesized from mixed ethanol and water systems contain-
ing the surfactants sodium dodecyl benzenesulfonate (SDBS)
and terephthalic acid. Systematic studies reveal that tereph-
thalic acid plays pivotal roles in the formation of hollow
nanospheres. In the present work, the as-synthesized SnO,
hollow nanospheres exhibit excellent room-temperature eth-

anol sensitivity and potential catalytic ability towards the
electrooxidation of ethanol, and thus are expected to be eco-
nomical alternative catalysts and useful in industrial applica-
tions such as room-temperature gas sensors.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Tin oxide (SnO,), an n-type semiconductor with a wide
bandgap (E, = 3.62 eV), is a key functional material, which
has attracted a lot of interest as an excellent candidate for
optoelectronic devices,['l gas sensors,? transparent con-
ducting electrodes, and catalyst supports.[l With specific
morphologies, the hollow structures are more desirable be-
cause of their potential for encapsulation of large quantities
of guest molecules or large-sized guests within the empty
core domain.’! For example, hollow SnO, microspheres of-
fer enhancement in sensitivity to methanol, carbon mon-
oxide, benzene, and water over compact chemical vapor de-
position (CVD) films at high temperatures.’) On the basis
of this, hollow spheres of SnO, have been produced with
sizes ranging in the submicrometer regime. For example,
Xia et al. used polystyrene particles as templates to fabri-
cate mesoscale hollow spheres of SnO, with an average dia-
meter of 400 nm.[”l Qian et al. synthesized SnO, hollow
microspheres with a diameter of several micrometers by hy-
drolysis of SnCl, in alkaline media.™®

Although various types of gas sensors have been investi-
gated, great effort has focused on exploring the high tem-
perature sensitivity of sensors.’) However, the sensors work-
ing at lower temperatures, especially room temperature, no
doubt have wider and more practical applications such as
in the detection of drunk drivers by measuring ethanol con-
centrations of their breath. Therefore, it becomes more im-
portant to explore the room-temperature sensitivity of
SnO,. One useful strategy for increasing the poor sensitivity
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of tin oxide at room temperature may be realized by con-
trolling the morphology as well as decreasing the size of the
sensor materials. However, little work has been reported on
the production of hollow SnO, nanospheres, which are ex-
pected to show superior properties. Thus, the exploration
of a simple and easily scaled-up route to hollow nanostruc-
tures is still a great challenge so far.

Tin oxide materials have been known for a long time to
display good catalytic activity towards the synthesis of vinyl
ketone,!'% oxidation of methanol,!''l and so on. Recently,
the demands for alternative energy sources such as fuel cells
have attracted great interest in the studies on nanostruc-
tured materials. Among various candidates for catalysts of
ethanol fuel cells, carbon-supported PtSnO, catalysts have
exhibited excellent catalytic activity for ethanol electrooxid-
ation, in which SnO, can enhance the catalytic activity for
alcohol electrooxidation."'] Therefore, nanomaterials with
SnO, alone are believed to display potential catalytic ac-
tivity for ethanol electrooxidation. In this paper, the electro-
chemical properties of the prepared hollow SnO, nanosph-
eres for ethanol electrooxidation were examined.

Among many preparative methods for hollow nano- and
mesoscaled structures, template-assisted synthesis is an ef-
fective approach in which hard templates!'>!3! and soft tem-
platest'¥ have been utilized. Surfactants tend to self-as-
semble to form micelles with desired structures and have
been widely used as soft templates.'>) However, in many
systems, the aggregated micelles may be very sensitive to
the solvents and become unstable, which may not facilitate
their use as templates in the microreactors. Thus, the com-
plex surfactant systems are introduced to fabricate hollow
structures.l'®!” For example, Qi et al. reported the synthesis
of micrometer-sized hollow CaCO; spheres by using the
complex surfactant of poly(ethylene oxide)-block-poly-
(methacrylic acid)-sodium dodecylsulfate (PEO-6-PMAA-
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SDS) micelles as templates,!'® in which the additive of
PEO-b-PMAA could hold Ca?* ions and assisted with the
precipitation of CaCOs. However, the large steric hindrance
of the surfactant polymer PEO-b-PMAA-SDS made it diffi-
cult to restrict the size to the nanometer regime. Here, we
suppose a simple coordination agent, which can hold metal
ions without the large steric hindrance, may help to increase
the stability of the soft template and thus further increase
the formation of the hollow nanospheres. SnO, hollow
nanospheres are successfully synthesized from a micelle sys-
tem that is made up of the surfactants terephthalic acid
along with sodium dodecyl benzenesulfonate (SDBS) in an
ethanol and water (volume ratio 1:1) solution. Terephthalic
acid can hold Sn>" ions without a large steric hindrance,
which is helpful for the growth of SnO, hollow nanosph-
eres. We found that the as-synthesized SnO, hollow
nanospheres show good room-temperature sensitivity to
ethanol vapors and potential catalytic activity for electro-
oxidation of ethanol, which offers promising applications in
the fields involving sensors and catalysts.

Results and Discussion

The phase and purity of the sample was determined by
X-ray powder diffraction (XRD), and the typical diffrac-
tion pattern is shown in Figure 1. All the peaks were readily
indexed to the tetragonal phase of SnO, (JCPDS card No.
41-1445), with lattice constants of a = 4.738 A and ¢ =
3.187 A. No characteristic peaks were observed for the
other impurities.
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Figure 1. XRD pattern of the SnO, hollow nanospheres.

To further characterize the product, XPS was carried out
to investigate the surface compositions and chemical state
of the as-prepared products, and the results are shown in
Figure 2. The binding energies obtained in the XPS analysis
were corrected for specimen charging by referencing C; to
284.75 eV. The sample appeared as a spin-orbit doublet at
ca. 486.85 eV (3ds)») and ca. 495.25 eV (3ds)») (Figure 2, a),
which is in agreement with the reported value in the litera-
ture.'® The O, binding energy of 531.00 eV (Figure 2, b)
indicates that the oxygen atoms exist as O> species in the
compounds. Quantification gave the atomic ratio of O and
1644
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Sn elements as 1.93 on the basis of the areas of the O and
Sn peaks within experimental error. Consequently, from the
results of the XRD and XPS measurements the as-synthe-
sized products could be determined as SnO,.
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Figure 2. XPS spectra of the SnO, hollow nanospheres: (a) Sn re-
gion; (b) O region.

The structure and morphology of these hollow SnO,
nanostructures were investigated by TEM. From the pano-
ramic morphology shown in Figure 3 (a), a bright contrast
(dark/bright) between the boundary and the center of the
spheres is seen, confirming their hollow nature. The exter-
nal diameter of the hollow spheres is 80-120 nm and the
thickness of the shell is ca. 10-20 nm. The inset in Figure 3
(a) corresponds to the SAED pattern performed on the
shell, and the circular character indicates the polycrystalline
SnO, shell. The structural details were investigated from a
high-magnification TEM image (Figure 3, b), revealing that
the shells of hollow SnO, nanospheres seem to be rough
and consist of nanoparticles with sizes in the range of 3—
5nm. The high-resolution transmission electron micro-
scopy (HRTEM) images (Figure 3, ¢) further confirm the
hollow nanostructures. FE-SEM observations also revealed
that the SnO, nanospheres are hollow, which was learned
from the broken regions of the spheres, as indicated by the
arrows (see part d of Figure 3 and the inset).

It is known that SDBS is an anionic surfactant, which
tends to self-assemble to form aggregates and further lead
to the formation of microemulsions with desired structures
because of its bulky hydrophobic tail compared with the
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Figure 3. Electron microscopy images of the SnO, nanostructures. (a) TEM images. The inset in (a) is the corresponding ED pattern;
(b) High-magnification TEM image; (c) HRTEM image of an individual SnO, hollow nanosphere; (d) FESEM image. The upper inset is

the FESEM image of the ‘opened’ structure of a hollow sphere.

hydrophilic group.['”) However, in many systems SDBS mi-
celles become unstable. Thus, terephthalic acid is added to
play the important role of facilitating the formation of more
stable aggregates to provide chemical microenviroments.
Previous investigations of the interaction between SDS,
poly(ethylene glycol) (PEG), and poly(methacrylic acid)
(PMAA) showed that ionic headgroups of SDS repelled the
charged PMAA chains and only hydrocarbon chains of
SDS partitioned into the PEG core of the polymer aggre-
gates. Then PMAA as a shell may be adsorbed onto the
surface of the core, which is made up of PEG and SDS,
through the interaction between the PMAA and PEG.?”
Thus, we could speculate that the mixture of SDBS and
terephthalic acid in the mixed ethanol and water solutions
could form complex micelles similar to that of the PEG-
PMAA-SDS complex. In this case, ethanol with ethyl and
ethylene oxide groups could interact with anionic SDBS to
form micelles.?!! Terephthalic acid as a shell might be ad-
sorbed onto the surface of the micelles through the interac-
tion between ethanol and terephthalic acid. Such micelles
would function as soft templates and provide the microenvi-
roment in which nucleation and growth of SnO, could oc-
cur. In this approach, SnO, was synthesized by the chemical
reaction of SnCl, and KCIO; in ethanol and water solutions
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of terephthalic acid and SDBS, on the basis of the following
equation:
3Sn?* + ClO; + 3H,0 — 3 Sn0O, + CI" + 6 H'

Terephthalic acid provides the nucleation sites for the
crystallization of SnO, owing to the interaction of tereph-
thalic acid and Sn?*, which leads to a high local supersatu-
ration of Sn?* over the micelle periphery.?’! The crystalli-
zation of SnQO, started from these nucleation sites on the
surface of the micelles and the crystals developed outwards
until they collided with each other, leading to the final hol-
low structures. A schematic pattern of the formation pro-
cess was shown in Scheme 1. It is worth noting that the
SnO, hollow nanospheres, which are attributed to the sim-
ple coordination agent terephthalic acid that can hold Sn**
ions, formed without a large steric hindrance.

The complex surfactant system was critical in the forma-
tion of hollow nanospheres. If the reaction was carried out
in the absence of terephthalic acid the products were found
to be large amounts of SnO, nanoparticles and a few hol-
low nanospheres; whereas if the experiment was carried out
without SDBS under similar conditions, only SnO, nano-
particles were obtained. The results above indicate that sin-
gle SDBS-micelles as soft templates ae unstable, but the
presence of terephthalic acid favored the formation of stable
1645
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SDBS + _ =
terephthalic acid

Scheme 1. Schematic illustration of the formation process of SnO,
hollow nanospheres: a mixture of SDBS and terephthalic acid com-
plexes in the system — complex micelles were formed — SnO, par-
ticles formed on the surface of the micelles — SnO, hollow
nanospheres emerged as the final product.

micelles, and thus further helped the growth of the SnO,
hollow nanospheres. The synergistic effect of terephthalic
acid and SDBS as the soft templates in the formation of
SnO, hollow nanospheres has been confirmed.

It is known that the solvent composition has a great ef-
fect on the formation of the micelle structures.!>! The sol-
vent composition influences the difference in solubility of
the hydrophilic head and hydrophobic tail of the surfactant,
thus affecting the formation and aggregation of the micelles.
To investigate the effect of the solvent composition, a series
of comparative experiments were carried out. When keeping
other experimental conditions unchanged, the absence of
ethanol would only produce irregular SnO, particles. When
trace ethanol was introduced into the system, a few hollow
nanospheres appeared in the products. If the volume ratio
of ethanol and water was increased to 1:1 all the samples
had a hollow nanosphere morphology. These results dem-
onstrate that ethanol seems to perform the function of
bridging the SDBS and terephthalic acid, which is consis-
tent with the proposed mechanism above. Moreover, the ad-
dition of ethanol could have increased the solubility of
terephthalic acid in this approach, which facilitated the for-
mation of micelles and was necessary for the formation of
SnO, hollow nanospheres. However, at a high percentage
of the ethanol solvent only a few SnO, hollow nanospheres
formed. This may be caused by the lower solubility of
KCIO; at a high ethanol percentage, leading to incomplete
reaction.

The room-temperature PL spectrum of hollow SnO,
nanospheres, as shown in Figure 4, was obtained with an
excitation wavelength of 340 nm. It can be seen that the
spectrum of the sample is characterized by one strong emis-
sion band at 410 nm. Earlier reports indicated that SnO,
thin films exhibit a broad dominant peak near 396 nm
(3.1 eV),?? and that SnO, nanoribbons synthesized by self-
catalyst growth have a strong emission band centered at ca.
500 nm because of other luminescence centers, such as crys-
tal defects.”*! The newly observed peaks at 410 nm might
result from other luminescence centers, such as oxygen va-
cancies or tin interstitials in the obtained hollow SnO,
nanospheres.

The hollow structure of the SnO, hollow nanospheres
was expected to offer advantages in fabricating gas sensors
at room temperature. The room-temperature sensitivity of
the obtained SnO, hollow nanospheres in response to
C,HsOH was investigated, which is shown in Figure 5 (a).
The gas sensitivity, Sy, was defined as R,/ Rg,s, Where Ry,
and R, are the electrical resistances for the sensor in air
and in gas.”* It can be seen from Figure 5 (a) that the sensi-
1646
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Figure 4. PL spectrum of the SnO, hollow nanospheres.

tivity of the SnO, hollow nanospheres gradually increases
with an increase in ethanol gas concentration. To evaluate
the sensitivity of the SnO, hollow nanospheres, solid SnO,
nanoparticles with a diameter of 5 nm were fabricated ac-
cording to ref.?>! The room-temperature sensitivity of 5 nm
SnO, nanoparticles is displayed in Figure 5 (b) and com-
pared with that of the hollow nanospheres. As shown in
Figure 5, the sensitivity of the SnO, hollow nanospheres
versus ethanol concentration was much greater than that
for the SnO, nanoparticles under the same conditions. For
the sensors, we believe that the higher sensitivity might be
attributed to the hollow structures of the sample, which has
more chance to adsorb and desorb the gas molecules.”*! In
addition, in order to test the reversibility of the sample, the
measurements were repeated more than 10 times and no
major changes in the signals were observed.
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Figure 5. Room-temperature sensor sensitivity to ethanol of (a) the
as-prepared SnO, hollow nanospheres and (b) nanoparticles.

Brunauer-Emmett-Teller (BET) nitrogen adsorption-de-
sorption measurements showed that the surface area of the
hollow SnO, nanospheres is 44 m?>g!, whereas the surface
area of SnO, nanoparticles is 31 m?g!. The small differ-
ence between the BET surface area of the SnO, hollow
nanospheres and the nanoparticles may be attributed to the
fact that the surface of the SnO, hollow nanospheres is
composed of compact nanoparticles. The superior sensing
properties of the obtained hollow SnO, nanospheres could

Eur. J. Inorg. Chem. 2006, 16431648
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be because of its porous structure associated with the small
grain size,!) which enables ethanol gas to access almost all
of the surfaces of the hollow SnO, nanospheres contained
in the sensing unit. Therefore, hollow SnO, nanospheres
with a higher surface area have more chances to adsorb
and desorb ethanol gas molecules, which leads to higher
sensitivity at room temperature.

In previous reports, SnO, nanoparticles were employed
to synthesize the carbon-supported PtSnO, catalyst, which
promoted catalytic activity of the ethanol electrooxidation
in fuel cells.'' However, a critical problem with Pt-based
catalysts is their prohibitive cost. Therefore, economical and
effective alternative catalysts are required. Thus, in the cur-
rent work the electrooxidation of ethanol of SnO, hollow
nanospheres was investigated without Pt, using a well-used
electrochemical reaction in a solution of H,SO,,?% and the
result indicated that SnO, hollow nanospheres exhibit a
good electrocatalytic performance for the electrooxidation
of ethanol. Figure 6 shows the cyclic voltammetric re-
sponses of the bare glass carbon electrode (GCE) (a) and
also the SnO, hollow nanospheres on the glass carbon elec-
trode surface (b) in the presence of ethanol. From the vol-
tammograms in Figure 6 (b), it can be seen that SnO, hol-
low nanospheres show catalytic behavior for electrooxid-
ation of ethanol by the appearance of an oxidation current
in the positive potential region. The peak potentials for the
oxidation of ethanol were approximately 0.46 V, in agree-
ment with the literature values of ethanol oxidation for the
formation of acetaldehyde.[*”-?®! The electrochemical reac-
tion can be described by the following equations:
SnO,(CH;3;CH,0H), 43 — SnO»(CH;CHO), 4 + 2 H" + 2 ¢~
SnO,(CH;CHO), 43 — CH3;CHO + SnO,

60

Figure 6. Cyclic voltammograms of the (a) bare glass carbon elec-
trode and (b) SnO, hollow nanospheres on the glass carbon elec-
trode surface in H,SO4 (0.5 M) and ethanol (0.6 Mm). Scan rate =
50 mVs.

The scission of the alcohol bond occurred at the tin diox-
ide site with the breaking of the C—H bonds. The potential
was about 40 mV more negative than the oxidation peak at
the bare GCE. The peak currents of the hollow nanosph-
eres loading onto the bare GCE and the bare GCE are
46 pA and 31 pA, respectively. The reduction of potential
and the enhancement of the peak current indicates that the
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modified electrode can effectively catalyze the electrooxid-
ation of ethanol. Most probably, the catalytic performance
may be ascribed to the hollow structures. More chemicals
(ions) can be stored in the hollow structures of the sample
with a greater chance of participating in the reactions, thus
greatly improving the catalytic efficiency of the obtained
nanostructures. To test the recycling performance of the
sample, two runs were reperformed under the same condi-
tions. It was found that the catalytic efficiency in the third
cycle was still the same, revealing its excellent recycling per-
formance. Therefore, the SnO, hollow nanospheres exhib-
ited potential catalytic behavior for the electrooxidation of
ethanol.

Conclusions

The present study describes a micelle system for the prep-
aration of SnO, hollow nanospheres on a large scale, which
is made up of SDBS and terephthalic acid in mixed ethanol
and water solutions. Their cooperative functions contribute
to the final morphology of the SnO, hollow nanospheres.
Such a system may represent a promising microreactor for
the synthesis of other inorganic materials with unique prop-
erties. The obtained SnO, hollow nanospheres exhibit not
only good room-temperature sensitivity to ethanol, but also
potential electrocatalytic activity towards electrooxidation
of ethanol, which may be useful in industrial applications
including catalytic nanoreactors and gas sensors.

Experimental Section

In a typical experimental process, sodium dodecyl benzenesulfonate
(SDBS) (1.4 g, 4 mmol) in distilled water (25 mL) and terephthalic
acid (0.3 g, 2 mmol) in ethanol (25 mL) were loaded into a 60 mL
Teflon-lined stainless steel autoclave, which was stirred for half an
hour. Then SnCl, (0.45 g, 2 mmol) and KCIO; (0.49 g, 4 mmol)
were added under constant stirring to the solution to form a homo-
geneous solution, which was maintained at 180 °C for 12 h. After
the reaction was completed, the white products were collected from
solution, rinsed several times with distilled water and absolute etha-
nol, and then dried under vacuum at 40 °C for 4 h.

The samples were characterized by X-ray powder diffraction
(XRD) with a Japan Rigaku D/max rA X-ray diffractometer
equipped with graphite-monochromatized high-intensity Cu-K, ra-
diation (4 = 1.54178 A), recorded with 20 ranging from 10 to 70°.
The transmission electron microscopy (TEM) images and electron
diffraction (ED) patterns were performed with a Hitachi Model H-
800 instrument with a tungsten filament, using an accelerating volt-
age of 200 kV. High-resolution transmission electron microscopy
(HRTEM) images were carried out with a JEOL-2010 TEM at an
acceleration voltage of 200 kV. The field emission scanning electron
microscopy (FE-SEM) images were taken with a FEI Sirion-200
SEM. XPS was performed with a ESCALAB MKII with Mg-K,,
(hv = 1253.6 eV) as the excitation source. The binding energies ob-
tained from the XPS spectral analysis were corrected for specimen
charging by referencing C;; to 284.75 eV. The room-temperature
photoluminescence (PL) spectra were performed with a Jobin
Yvon-Labram Steady-State/Lifetime Spectrofluorometer with a
He-Cd laser. Gas-sensing measurements were performed with a
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WS-30A4 system (Weisheng Instruments Co., Zhengzhou, China).
Brunauer-Emmett-Teller (BET) surface area measurements was
performed with a Micromeritics ASAP-2000 nitrogen adsorption
apparatus. The as-prepared samples were cast as a thin film span-
ning across the two gold electrodes for test. Electrochemical mea-
surements were performed with a CHI 832 electrochemical station
(ChenHua Instruments Co., Shanghai, China). A conventional
three-electrode system was used, consisting of a glassy carbon
(4 mm diameter) working electrode (GCE), platinum wire auxiliary
electrode, and a saturated calomel reference electrode (SCE). The
working electrode was polished with Al,O5 paste and washed ultra-
sonically in distilled water, loading 0.3 mgcm 2. Electrocatalytic
oxidation measurements were carried out in a solution of H,SO,
(0.5 M) and ethanol (0.6 m).
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