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The pure and 0.3 wt% Pt-doped SnO, hollow nanospheres were prepared by the oxidation of pure and
Pt-doped Sn nanoscrystals embedded in carbon matrix and their gas sensing characteristics were inves-
tigated. The formation of hollow morphology was attributed to the nanoscale Kirkendall effect due to
rapid outward diffusion of Sn ions and relatively slow inward diffusion of oxygen. Pure SnO, hollow
nanospheres showed a high response (resistance ratio) of 93.3 when exposed to 5ppm ethanol. The
response to 5 ppm ethanol was significantly increased to 1399.9 with doping 0.3 wt% Pt. In addition,
selectivity to ethanol was also enhanced by Pt doping. Ultrasensitive and selective detection of ethanol in
pure and Pt-doped SnO, nanospheres is explained by the effective electron depletion in hollow structures
and catalytic promotion of gas sensing reaction.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Oxide semiconductor gas sensors have irreplaceable advan-
tages such as high gas response, small size, and cost-effectiveness
[1]. There have been efforts to enhance the gas response of
oxide semiconductors in order to detect trace concentration
of harmful, explosive, and toxic gases. The techniques investi-
gated by researchers include, loading with noble metal catalysts,
decreasing the particle size, controlling the inter-particle or inter-
nanostructure conduction, and incorporating highly gas-accessible
porous nanostructures [1-4].

Oxide hollow spheres with thin shells provide an excellent
nano-architecture for highly sensitive gas sensors [5,6] because the
entire hollow structure with its high gas accessibility can partici-
pate in gas sensing reaction. To date, various chemical fabrication
routes have been explored to prepare specific oxide semiconductor
hollow structures for gas sensors; these include spray pyroly-
sis [7], template-free hydrothermal/solvothermal self-assembly
[8,9], sacrificial template methods [10], layer-by-layer coating [11],
microemulsion methods [12], and Ostwald ripening [13].

The Kirkendall diffusion process is another viable chemical route
to develop a well-defined hollow morphology during oxidation of
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metals or metal precursors, and occurs when the outward diffu-
sion of cation is substantially faster than the counter-diffusion of
oxygen [14]. Compared to conventional template-based synthe-
sis of hollow spheres of highly crystalline oxides, self-templated
solid evacuation via Kirkendall diffusion has the advantages of good
scalability, low cost, and simplicity of the synthetic process. In addi-
tion, the diameter and shell thickness of the SnO, hollow spheres
can be controlled by tuning the size and oxidation kinetics of Sn
nanocrystals.

NiO nanotubes [15] and CuO hollow spheres [16] prepared by
the Kirkendall diffusion process have been explored as gas sensors.
However, research on the design of high performance gas sensors
using oxide hollow spheres prepared by Kirkendall diffusion is still
in the nascent stage. The most representative sensing material,
tin oxide, has been prepared in the form of hollow SnO, spheres
[17] and Sn@void@Sn0O/Sn0-, yolk-shell spheres [18] by nanoscale
Kirkendall diffusion only for application in the electrodes of Li-ion
batteries. However, to the knowledge of the authors, investigations
into gas sensors using pure and Pt-doped SnO, hollow nanospheres
prepared by self-templated Kirkendall diffusion have been barely
investigated.

In the present contribution, pure and Pt-doped SnO, hol-
low nanospheres were synthesized by spray drying of pure and
Pt-doped SnC;04-polyvinylpyrrolidone (PVP) precursors, the for-
mation of Sn-carbon(C) and Pt-doped Sn-C composite spheres
by crystallizing Sn component and carbonizing PVP in reduc-
ing atmosphere, and subsequent solid evacuation by Kirkendall
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Fig. 1. SEM/TEM images and X-ray diffraction patterns of (a-c) Sn-C and (d-f) Pt-doped Sn-C composite spheres.

diffusion during the oxidation of Sn nanocrystals. The pure SnO,
hollow nanospheres showed excellent ethanol sensing charac-
teristics, while the Pt-doped SnO, hollow nanospheres showed
ultrahigh response and selectivity to ppm-level ethanol. The main
focus of this study is to understand the relationship between the
immense gas response of Pt-doped SnO, hollow nanospheres and
the hollow morphology and catalytic function of Pt.

2. Experimental
2.1. Sample preparation

Spray drying was used to prepare spherical precursors of
the SnO, hollow nanospheres. The spray solution for pure
Sn0O, nanospheres was prepared by dissolving 21.095 g of tin(II)
oxalate (SnC,;04, 99.9%, Sigma-Aldrich Co., LLC, USA) and 10g
of polyvinylpyrrolidone (PVP, MW < 1,300,000, Sigma-Aldrich Co.,
LLC, USA) in 1L of distilled water. For the preparation of 0.3 wt%
Pt-doped SnO, hollow spheres, 0.120 g of chloroplatinic acid hex-
ahydrate (H,PtClg-6H;0, Sigma-Aldrich Co., LLC, USA) was added to
the above spray solution. A two-fluid nozzle was used as an atom-
izer, and the atomization pressure was fixed at 1.0 bar (100 kPa).
The temperatures at the inlet and outlet of the spray dryer were
250 and 120°C, respectively. The spray-dried pure and Pt-doped
SnC,04-PVP composite microspheres were stabilized at 150°C for
1hinan air atmosphere. These were then converted into solid car-
bon spheres with embedded pure and Pt-doped Sn nanocrystals
by carbonization of the PVP and crystallization of the Sn precur-
sors through heat treatment at 400°C in a 10% H,/Ar atmosphere
for 3 h. Subsequent heat treatment of the Sn-C and Pt-doped Sn-C
composite spheres at 500°C in an air atmosphere for 5h (heat-
ing rate: 5°Cmin~—') leads to the formation of pure and Pt-doped
Sn0, hollow nanospheres by Kirkendall diffusion during oxidation
of the Sn nanocrystals. To investigate the role of hollow morphology
on the gas sensing characteristics, commercial SnO, nanopowders

(Tin(IV) oxide, Sigma-Aldrich Co., LLC., USA) were also used to pre-
pare gas sensors.

2.2. Characterization

The phase and crystallinity of the powders were analyzed by X-
ray diffractometry (XRD, D/MAX-2500 V/PC, Rigaku, Japan, Source:
CuKa), and the chemical state of each sample was examined by
X-ray photoelectron spectroscopy (XPS, MultiLab 2000, Thermo
Scientific, USA). Morphologies of the powders were investigated
by field emission scanning electron microscopy (FESEM, S-4800,
Hitachi Co., Ltd., Japan) and transmission electron microscopy
(HR-TEM, Talos F200 X, Hillsboro, OR, USA). The specific sur-
face areas and pore size distributions were determined from a
Brunauer-Emmett-Teller (BET) analysis of nitrogen adsorption
measurements (TriStar 3000, Micromeritics). The heat-treatment
temperature of precursor spheres was determined by thermogravi-
metric (TG) analysis (Q600, TA Instruments, USA).

2.3. Gas sensing characterization

The pure and 0.3 wt% Pt doped-SnO; hollow nanospheres were
lightly pulverized and dispersed in distilled water. The slurry
was dripped onto an alumina substrate (size: 1.5 mm x 1.5 mm,
thickness: 0.25 mm) having two Au electrodes (electrode width:
1 mm, electrode spacing: 0.2 mm) using a micro pipette. The sen-
sor temperatures were controlled using the micro heater and
were measured using an IR temperature sensor (Metis MP25,
Sensortherm GmBH, Germany). The substrate temperature was
controlled between 325 and 450°C by adjusting the heater pow-
ers in the range of 294-485 mW. The sensors were contained in
a specially designed, low-volume (1.5 cm?3) quartz tube to mini-
mize any delay in changing their surrounding atmosphere. Before
measurement, the sensor was heated to 450°C for 3 h to remove
residual water and to stabilize the sensors. The thicknesses of three
sensing films using commercial SnO, powders, pure SnO; hollow
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Fig. 2. SEM, TEM, and lattice-resolved TEM images, and fast Fourier transform patterns of (a-c) pure SnO, hollow nanospheres and (d-f) 0.3 wt% Pt-doped SnO; hollow
nanospheres; (g) elemental mappings of 0.3 wt% Pt-doped SnO, hollow nanospheres for Sn, O, and Pt.

nanospheres and Pt-doped SnO, hollow nanospheres were simi-
lar (11.3-12.0 wm). The gas responses (S=Rq/Rg; Rq =resistance in
air, Rg =resistance in gas) of the sensors to 5 ppm C;H50H, acetone,
NH3, p-xylene, toluene, benzene, HCHO, CO, and H, were measured
by switching gas atmospheres at 325-450°C. The gas concentra-
tions were controlled by changing the mixing ratio of the parent
gases (5 ppm CyHs0H, acetone, NH3, p-xylene, toluene, benzene,
HCHO, CO, and 100 ppm Hy, all in dry synthetic air balance) and dry
synthetic air. The DC two-probe resistances were measured using
an electrometer interfaced with a computer.

3. Results and discussion

As-sprayed SnC;04-PVP composite spheres were converted into
Sn-C composite hollow spheres (Fig. 1a-c) by heat treatment at
400°C for 3h in a 10% H,/Ar atmosphere. Spherical nanoparti-
cles are observed on the surfaces of the hollow spheres in high
magnification SEM (Fig. 1a, inset), which were confirmed as Sn
nanocrystals in the TEM analysis (Fig. 1b) and X-ray diffraction
(Fig. 1c). The Pt-doped Sn-C hollow microspheres (Fig. 1d) also
contained spherical Pt-doped Sn nanocrystals (Fig. 1e and f). The
uniform contours in the TEM images indicate that Sn nanocrys-
tals in the pure and Pt-doped samples have dense inner structures
and are uniformly dispersed within a carbon matrix. This results
from the carbonization of PVP and crystallization of Sn-precursors

during heat treatment in a reducing atmosphere. The Sn-C and
Pt-doped Sn-C composite hollow spheres (Fig. 1a and d) were
25-50 wm in diameter and their shells were 0.5-1.0 wm thick, for
both the pure and Pt-doped cases. Average diameters of the Sn
nanocrystals embedded in the Sn-C and Pt-doped Sn-C spheres
were 113 +40and 109 + 34 nm, respectively, with around 300 sam-
ples observed for each. The small size of the Sn nanocrystals and
the narrow distribution can be attributed to the restrained growth
of metallic Sn particles within the confined thin shells (thickness:
0.5-1.0 pm thick) of the Sn-C composite spheres. The effective sep-
aration observed between Sn nanoparticles in the carbon matrix
is advantageous in the next step of preparing well-defined SnO,
hollow nanospheres by self-templated Kirkendall diffusion process.

The pure and Pt-doped SnO, nanospheres were prepared by
heat treatment of the Sn-C composite spheres at 500°C in an air
atmosphere for 5 h; SEM and TEM images of the products are shown
in Fig. 2. Both pure and Pt-doped samples show spherical mor-
phologies with a narrow size distribution (Fig. 2a and d). Bright
contour at the centers of particles clearly shows that pure and Pt-
doped SnO, spheres are hollow (Fig. 2b and e). Lattice-resolved
TEM image and fast-Fourier transform patterns confirm that hol-
low spheres are highly crystalline SnO, (Fig. 2c and f). Elemental
mapping of Sn, O, and Pt shows that the Pt component in the Pt-
doped SnO, nanospheres is uniformly distributed (Fig. 2g). The
average diameters of pure and Pt-doped SnO, nanospheres were
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Fig. 3. X-ray diffraction patterns of (a) pure SnO; hollow nanospheres, (b) Pt-doped
SnO, hollow nanospheres, and (c) commercial SnO, powders.

calculated to be 99.24+57.6nm and 98.4 +68.2 nm, respectively,
for samples of around 300 of each. The similar morphology and size
of Sn nanocrystals and SnO, hollow nanospheres verifies that the
Sn0, hollow nanospheres are formed by self-templated Kirkendall
diffusion during oxidation of the Sn nanospheres. The TG analyses
of two different precursors (Fig. S1) confirmed the complete oxida-
tion of carbon component and Sn metal during the heat treatment
in air below 500°C.

During heat treatment in an air atmosphere, the carbon com-
ponent is oxidized into CO, and the metallic Sn nanospheres are
oxidized from the surface. The tin oxide shell layer can grow either
by the outward diffusion of Sn cations from the core metal part or
by inward diffusion of oxygen from the ambient atmosphere. Two
authors [18] in the present study have prepared nanofibers con-
stituted of: Sn@void@Sn0O/Sn0, yolk-shell nanospheres, SnO(inner
shell)/SnO;(outer shell) hollow nanospheres, and SnO; hollow
nanospheres, by heat treatment of Sn-C composite nanofibers for
2h at 400, 500, and 600 °C, respectively. Gaiduk et al. [19] also
reported that solid evacuation during the oxidation of metallic Sn
depends on the ambient oxygen partial pressure. These clearly sug-
gest that the solid evacuation in the present study is also due to the
Kirkendall diffusion process because of relatively rapid outward
diffusion of Sn compared to inward diffusion of oxygen during the
oxidation of Sn nanocrystals.

The hollow nanospheres prepared by heat treatment of Sn-
C composite spheres at 500°C in air atmosphere for 5h were
identified as tetragonal SnO, (JCPDS# 41-1445) containing a
small amount of the orthorhombic SnO;, phase (JCPDS# 29-1484)
(Fig. 3a). No SnO phase was observed in the present study, in con-
trast to the previous contribution [18] in which heat treatment
of Sn-C composite nanofibers at 500°C for 2 h yielded nanofibers
containing SnO/SnO, hollow spheres. The absence of SnO in the
present study can be attributed to oxidation of the SnO phase at
500°C during the prolonged heat treatment (5 h). The orthorhom-
bic SnO, (0-Sn0,) phase is metastable and is known to form under
high pressure [20,21]. However, the oxidation of Sn nanocrystals

(a) Sn3d,,

Pt-SnO, HS

Pure SnO, HS

Commercial SnO,

1 ! !

500 495 490 485
Binding Energy (eV)

Intensity (arb. unit)

Pt-SnO

Intensity (arb. unit)

82 80 78 76 74 72 70 68 66
Binding Energy (eV)

Fig. 4. X-ray photoelectron spectroscopy of (a) commercial SnO, powders and pure
and 0.3 wt% Pt-doped SnO, hollow nanospheres: (a) Sn 3d and (b) Pt 4f.

[22], the decomposition of SnC,04 [23], and oxidation of SnO [24]
are also reported to form the orthorhombic phase as a reaction
intermediate; all of which involve the oxidation of metallic or diva-
lent Sn. In all cases, the amount of orthorhombic phase decreases
with increasing temperature or time in the heat treatment. In the
present study, oxygen will be preferentially consumed to oxidize
the carbon component in the Sn-C composite spheres and thus the
full oxidation and transformation of Sn nanocrystals into the more
stable tetragonal SnO, (t-SnO;) phase may require a longer reac-
tion time at the higher temperature. This explains the formation of
the orthorhombic phase in the present study. Further, the decrease
of the orthorhombic phase down to negligibly low concentration
with Pt-doping (Fig. 3b) in the present study can be also explained
by Pt-induced catalytic promotion of SnO oxidation and consequent
transformation from 0-Sn0O, to t-SnO, during heat treatment. The
lack of a visible Pt-related peak in Fig. 3b was likely a result of
the low detection limit in X-ray diffraction or of the doping of Pt
into the SnO, lattice. From the Scherrer’s equation, the crystal-
lite sizes of pure SnO, hollow nanospheres, Pt-doped SnO, hollow
nanospheres, and commercial SnO, powders were determined to
be 33.5+7.3nm, 31.7 £ 5.5nm, and 35.4 + 3.5 nm, respectively.
The pure and Pt-doped SnO, hollow nanospheres were ana-
lyzed using XPS (Fig. 4). The Sn 3ds;; and Sn 3dsz;; peaks are
located at 495.2 eV and 486.7 eV, respectively, in pure SnO; hollow
nanospheres (Fig. 4a), which suggests the presence of Sn#* [25]. No
shifts of the Sn 3d peaks between the pure SnO, and Pt-doped SnO-,
hollow nanospheres were observed. Murata et al. [26] reported a
shift (0.1 eV) of the Sn 3d peaks to slightly lower energies for doping
concentrations of Pt higher than 9 at%. The binding energy curve of
Pt 4f in Pt-doped SnO, hollow spheres is deconvoluted into Pt2*
and Pt** in Fig. 4b. The Pt 4f7/, peaks in Pt-doped SnO; hollow
nanospheres are located at 73.0eV and 75.3 eV, respectively. In
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contrast, metallic Pt peaks (70-71eV) [27] were not detected in to that of Cassiterite SnO, [28]. This suggests that the incorpora-
the Pt-doped nanospheres. The crystal structure of PtO, is similar tion of Pt2* and Pt** into the SnO, lattice without formation of
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metallic Pt nanoclusters is probable although further systematic
study is necessary to confirm this.

The gas sensing characteristics of commercial SnO, powders,
pure, and 0.3 wt% Pt-doped SnO, hollow nanospheres were mea-
sured at 325-450°C (Fig. 5). All three sensors showed their highest
response to 5 ppm C;HsOH and second highest response to 5 ppm
HCHO. However, the absolute gas responses were significantly dif-
ferent from each other. The sensor response (S) with SnO, hollow
nanospheres at 325 °C was 93.3 (Fig. 5b), which is 1.8 times higher
than that of commercial SnO, powders (S=53.0) (Fig. 5a) at the
same temperature. The response of 0.3 wt% Pt-doped SnO, hol-
low nanospheres to 5 ppm C;HsOH was as high as 1399.9 at 325°C
(Fig. 5¢), which is 15 times higher than that of pure SnO, hollow
spheres.

The 90% response time (Tres) and 90% recovery time (Trecov ), the
times to reach 90% variation of sensor resistance upon exposure
to 5 ppm C;Hs0H and air, were calculated from the sensing tran-
sients and the results are given in Fig. 5d and e. All 3 different
sensors showed very short Tres values (1-2s), indicating that the
reaction between C;H50H and negatively charged oxygen on the
surface occurs rapidly. In contrast, the Trecov Values of 3 sensors
are long (525-1577s) at 325 °C and tended to decrease to 31-61s
with increasing sensor temperature to 450 °C. Long recovery time
at low sensing temperature can be attributed to the sluggish serial
reactions involving the adsorption, dissociation, and ionization of
oxygen on the surface and the decrease of recovery time with
increasing sensing temperature can be explained by the thermal
promotion of above reaction. In general, the higher gas response,
the longer time is required for recovery because the more oxygen
should be re-adsorbed. This explains the reason why the sensor
using Pt-doped SnO, hollow nanospheres shows relatively longer
recovery time.

The highest response and selectivity to C;Hs0H are expected
at the lower sensing temperature used, as the response to C;Hs OH
tends to decrease with sensor temperature in the range up to450 °C.
To examine gas selectivity, the responses to 5 ppm C,H50H, ace-
tone, NHs, p-xylene, toluene, benzene, HCHO, CO, and H; at 325°C
were compared (Fig. 6a—-c). In the selectivity measurement, the
gas responses of 5 sensors were measured in each experimental
condition to check the fluctuation of gas response and the repro-
ducibility of sensor. The sensor using commercial SnO, powders
showed similar responses to 5 ppm C;H5OH and acetone (Fig. 6a). In
comparison, pure and 0.3 wt% Pt-doped SnO, hollow nanospheres
showed the selective detection of C;HsOH with reduced cross-
response from interfering gases (Fig. 6b and c). In particular, the
sensor using Pt-doped SnO, nanospheres showed the highest selec-
tivity to 5 ppm C,H50H.

The sensing transients of the Pt-doped SnO, nanospheres to
0.25-5 ppm C,Hs50H at 325 °C show stable and reversible sensing
characteristics (Fig. 7a). The response to 0.25-5 ppm C,H5OH is lin-
ear with concentration, and is compared to the response of other
Pt-loaded SnO, sensors reported in the literature (Fig. 7b) [29-41].
The Pt-doped SnO, sensor in this study shows an unprecedent-
edly high response of 132.1 to the very low concentration 250 ppb
C,H50H. From curve fitting, the detection limit of C;H5OH is calcu-
lated to be ~3 ppb, using Rq/Rg > 1.5 as the criterion for gas sensing.
The responses to C;HsOH are among the highest in comparison to
other Pt-loaded SnO, nanostructure sensors in the literature. The
responses of 0.3 wt% Pt-doped SnO, hollow nanospheres to 5 ppm
C,Hs50H at 325°C were relatively stable for 21 days, demonstrat-
ing the sensor stability (Fig. S2). This indicates that the sensor using
0.3 wt% Pt-doped SnO, hollow nanospheres prepared by Kirkendall
diffusion in the present study offers ultrasensitive, selective, and
stable detection of ppb-level C;H50H, which could be used in appli-
cations such as non-invasive screening of intoxicated drivers from
sweat or exhaled breath.

The significantly different gas sensing characteristics of the
three sensors compared in this study, and the unprecedentedly
high gas response of Pt-doped SnO; hollow nanospheres, should
be examined with regard to the key parameters determining the
response. From a Scherrer’s formula analysis of the XRD patterns,
crystallite sizes in the three sensor materials were similar. The BET
specific surface area of commercial SnO, powders, SnO, hollow
nanospheres, and Pt-doped SnO, hollow nanospheres were deter-
mined to be 33.6, 22.6, and 23.6 m2/g, respectively. Note that pure
SnO, hollow nanospheres showed a higher response to C;HsOH
compared to commercial SnO, nanopowders, despite having a
lower specific surface area (22.6 m2/g compared to 33.6 m2/g). This
indicates that the gas response in the present study is mainly deter-
mined by parameters other than particle size.

Significant agglomeration between primary particles was found
in the sensor fabricated using commercial SnO, nanopowders (Fig.
S3). Considering that the van der Waals attraction is stronger for
smaller particles, the formation of large agglomerates is very diffi-
cult to avoid. When this occurs, only primary particles at the outer
edges of dense agglomerates will participate in gas sensing reac-
tions, while those in the inner regions remain insensitive, leading
to a relatively low gas response overall. In contrast, SnO, hollow
nanospheres with diameters of ~100 nm in the present study show
arelatively well-dispersed configuration (Fig. 2a). Thus, most of the
Sn0, hollow nanospheres can exhibit higher accessibility to analyte
gas. In addition, more effective electron depletion will be obtained
in hollow nanospheres because the shells’ thickness (15-20 nm) is
comparable to the thickness of the electron depletion layer formed
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by oxygen adsorption. This interpretation is supported by the R,
value of sensors using pure SnO, hollow nanospheres being more
than 1 order of magnitude higher than those of sensors using com-
mercial SnO, powders at temperatures <400 °C (Fig. 8).

The effect of the minor orthorhombic phase, whose presence is
noted in Fig. 3a and b, should also be discussed. Several studies have
been reported but the role of the orthorhombic phase in gas sens-
ing remains inconsistent. Ahn et al. [42] reported that a mixture of
tetragonal and orthorhombic SnO; shows lower H; response com-
pared to pure tetragonal SnO, powders with similar particle sizes,
and suggested different oxygen adsorption on the orthorhombic
phase as the reason. Hu et al. [23] prepared SnO, nanorods con-
taining both t-Sn0O, and 0-Sn0O, phases by calcination of SnCy04,
and Gu et al. [43] also prepared a mixture of t-SnO, and 0-SnO, by
heat treatment of SnO. In both reports, the gas response of mixed
phases prepared by calcining at lower temperature was higher than
that of t-SnO, alone from calcining at a higher temperature. How-
ever, itis still difficult to accept the positive role of the 0-SnO, phase
because the orthorhombic phase content decreases with increasing
crystallite size. Gu et al. [43] also prepared another set of three SnO,
powders with various minor 0-SnO, contents by controlling the
chemical synthesis conditions. The SnO, powders with the high-
est content of 0-Sn0, and lowest surface area showed the highest
response to C;H50H. This can be interpreted as a positive role of
0-Sn0,. Nevertheless, considering that the responses of three SnO,
powders with different 0-SnO, content to 100 ppm C;H50H were
not significantly different from each other (S=22.5-27.5), the pos-
itive effect of 0-SnO, on gas sensing reactions cannot be regarded
as significant. Finally, one of the present authors [44] controlled
the content of the 0-Sn0, phase by changing the holding time dur-
ing calcination of the SnC,04 precursors at 450°C. The response
to CO increased with decreasing 0-SnO, phase despite particle
coarsening, which suggests a detrimental role of the 0-SnO, phase.
In the present study, the oxidation of Sn nanospheres will form
Sn0-SnO, core-shell hollow spheres by limited inward diffusion
of oxygen, which is likely to form 0-SnO,-t-SnO, core-shell hol-
low spheres after further oxidation, based on reports that 0-SnO,
phase is formed by oxidation of SnO. This suggests that the effect
of the 0-Sn0O, phase on gas response may be regarded as not sig-
nificant because the gas sensing reaction will occur mainly at the
outer region where there is abundant t-SnO, phase in the hollow
nanospheres. This is also supported by the observation that SnO,
hollow nanospheres containing an 0-SnO, phase show 1.8 times

higher ethanol response compared to commercial SnO, powders
without the 0-SnO; phase.

In contrast, Pt catalysts play a significant role in gas sensing
reactions. The noble metal catalysts can enhance gas response
either by electronic or chemical sensitization. Electronic sensi-
tization takes electrons from the n-type oxide semiconductors,
extending the electron depletion layer beneath the catalyst, which
increases chemiresistive variation. Chemical sensitization pro-
motes gas sensing reactions by enhancement of the adsorption
and dissociation of analyte gases. The R, values of Pt-doped SnO,
hollow nanospheres are similar to those of pure SnO, hollow
nanospheres (Fig. 8), indicating that chemical rather than elec-
tronic sensitization is a more probable reason for the 15 fold
increase of the ethanol response. This is supported by the report
[45] that the co-existence of Pt and SnO, synergistically promotes
the oxidation of ethanol. The above results clearly show that ultra-
high response and selectivity to ethanol in Pt-doped SnO, hollow
nanospheres are attributable to the effective electron depletion of
hollow nanospheres formed by the Kirkendall diffusion process and
the promotion of gas sensing reactions by highly catalytic Pt.

4. Conclusions

Highly crystalline Pt-doped SnO, hollow nanospheres with
a diameter of ~100nm and shell thickness of 15-20nm were
prepared by a facile and cost-effective process that combined
spray drying and nanoscale Kirkendall diffusion. This material
showed ultrahigh gas sensing response and selectivity for ppm-
level ethanol. The tin oxalate-PVP composite microspheres were
formed by spray drying, which were converted into carbon spheres
embedded with metallic Sn nanospheres by heat treatment in
a reducing atmosphere. Well-defined pure and Pt-doped SnO,
nanospheres were prepared by a self-templated Kirkendall dif-
fusion process during the oxidation of uniformly distributed Sn
nanospheres in carbon matrix. The Pt-doped SnO, nanospheres
showed ultrahigh response (resistance ratio=1399.9) and selectiv-
ity to 5 ppm C;H50H. The unprecedentedly high gas response was
attributed to the effective electron depletion of hollow spheres with
thin shells and the promotion of gas sensing reactions by catalytic
Pt.
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