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a  b  s  t  r  a  c  t

The  gas  sensor  performance  of  single  crystalline  tin  oxide  nanobelts  in different  oxidation  states  (SnO2,
SnO  and  Sn3O4),  synthesized  by  a carbothermal  reduction  method,  is reported.  The synthesized  mate-
rials  were  characterized  by X-ray  diffraction,  electron  microscopy  and  nitrogen  adsorption/desorption
experiments.  Gas  sensor  measurements  showed  that  the  sensor  based  on Sn3O4 nanobelts  exhibits  the
highest  sensor  response  to  50 ppm  NO2 at 200 ◦C with  an  approximately  155-fold  increase  in electrical
eywords:
in oxide
nO2

nO
n3O4

anobelts

resistance.  Moreover,  at this  operating  temperature,  Sn3O4 nanobelts  were  found  to display  the  highest
selectivity  to  NO2 relative  to  CO while  SnO  nanobelts  exhibited  the  highest  selectivity  to NO2 relative  to
H2 and  CH4. These  results  show  that  tin  oxide  semiconducting  nanomaterials,  with  the  unusual  oxida-
tion  states  of  SnO  and  Sn3O4, show  great  promise  as alternatives  to SnO2 for use  in  high  performance  gas
sensor  devices.

© 2014  Elsevier  B.V.  All  rights  reserved.

as sensor

. Introduction

The development of chemical sensors with improved sensitivity
as been greatly accelerated in recent years with the introduction
f semiconductor nanostructures with optimized morphologies [1].
uch devices show promise for detecting pollutant gases at ppm,
nd even ppb levels, with high sensitivity, selectivity and response
peed [2], thereby potentially satisfying a wide range of require-
ents in the safety, health, environment and energy conservation

reas [3,4]. SnO2 is a wide band gap n-type semiconductor [5,6],
nd among many metal oxides studied for gas sensors applica-
ions [7–11], is one of most investigated materials [12]. Due to its
xcellent thermal and chemical stability at different atmospheres,
ngineered SnO2-based gas sensors have been used for the detec-
ion of different gases [13–16] taking advantage of chemical and/or

orphological modifications and optimization of operating condi-
ions.

While SnO2 is the most studied and best known gas sensing

aterial, the gas sensor properties of tin oxides with other oxy-

en stoichiometries (e.g., SnO and Sn3O4) have very recently been
eported [17–19]. This delay in examination of these other tin
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niversity – UNESP, Rua Francisco Degni 55, Quitandinha, P.O. Box 355, Araraquara,
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E-mail address: orlandi@iq.unesp.br (M.O. Orlandi).
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925-4005/© 2014 Elsevier B.V. All rights reserved.
oxides is not surprising given the difficulty in synthesizing these
phases and their thermal instability at high temperatures (above
400 ◦C for SnO [20,21] and above 500 ◦C for Sn3O4 [22]). SnO is
reported to exhibit p-type conductivity, an indirect band gap of
approximately 0.7 eV and a direct band gap of 2.7 eV and is found to
crystallize in orthorhombic or tetragonal structures [23,24]. The gas
sensor properties of tetragonal single crystalline SnO micro-disks,
synthesized by a carbothermal reduction method, were recently
reported, for the first time, by the authors [17]. These materi-
als were found to exhibit an approximately 1000-fold response
to 100 ppm NO2. This so-called Giant Chemo-Resistance (GCR)
response was  attributed to the existence of a high density of
active lone pair electrons on the exposed (0 0 1) planes of the
SnO structure. Even less examined than SnO, Sn3O4 is an inter-
mediate tin-oxide phase lying between SnO and SnO2 [25]. The
authors also reported, for the first time, the gas sensor properties
of single crystalline Sn3O4 nanobelts, synthesized by a carbother-
mal  reduction method [18]. These nanostructures displayed n-type
semiconductor behavior and good sensitivity to O2. Given the initial
attractive sensor response reported for both SnO and Sn3O4, the gas
sensor performance of these new alternative tin oxide based mate-
rials merit closer examination, particularly in comparison to the
response of the standard SnO2 sensor material.
In this work, a comparative study of the gas sensor properties
of SnO2, SnO and Sn3O4 nanobelts synthesized by carbothermal
reduction is presented. As demonstrated below, both SnO and
Sn3O4 nanobelts exhibit higher sensitivity and selectivity relative

dx.doi.org/10.1016/j.snb.2014.10.119
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2014.10.119&domain=pdf
mailto:orlandi@iq.unesp.br
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d Actuators B 208 (2015) 122–127 123

t
T
o
t

2

s
p
b
m
a
o
i
d
g
i
t
d
o
w
f
m
a
w
a
b
m
o
p
n
s
a

i
J
t
m
w
[
i
c
h
s
a
a
w
s
s
e
a
o
t
t
N
5
c
w
t
t
a
m
5
n

P.H. Suman et al. / Sensors an

o potential interferent gases (H2, CO and CH4) than SnO2 nanobelts.
hese observations suggest that these lower oxidation state tin
xides represent a new class of promising materials with excep-
ional gas sensor performance.

. Experimental

Tin oxide nanobelts in different oxidation states were synthe-
ized by a carbothermal reduction method using a mixture of SnO2
owder (Sigma–Aldrich, 99.9% purity) and carbon black (Union Car-
ide, >99% purity) in the molar ratio of 1.5:1 (SnO2:C) as starting
aterial. This mixture was used in two synthesis runs performed

t 1135 ◦C for 75 min, but with different synthesis atmospheres. In
ne synthesis, a nitrogen gas flow of 80 sccm was  used to ensure an
nert synthesis atmosphere. In another synthesis, a controlled oxi-
izing synthesis atmosphere was established by using a nitrogen
as flow of 150 sccm and an oxygen gas flow of 0.5 sccm, which was
ntroduced in the counter-flow of nitrogen gas when the tempera-
ure reached 900 ◦C. Optimized parameters used and experimental
etails of these syntheses are described in detail in our previ-
us reports [18,26]. Following both syntheses, wool-like materials
ith different colors (dark gray, white and yellow) were removed

rom the inner walls of the alumina tube in different regions, i.e.,
aterials grown at different temperatures. In an inert synthesis

tmosphere, the dark material was collected in the tube region
here the temperature was about 350 ◦C and both SnO nanobelts

nd micro-disk structures were obtained. Due to the size difference
etween these structures, it was possible to separate them by sedi-
entation in isopropyl alcohol. The SnO nanobelts, the morphology

f interest in this study, were dried at 50 ◦C following separation
rocedure. Both SnO2 (white material) and Sn3O4 (yellow material)
anobelts were obtained when using an oxidizing synthesis atmo-
phere in the tube region where the temperature was about 500 ◦C
nd 700 ◦C, respectively.

The morphological characteristics of the nanobelts were exam-
ned by field emission scanning electron microscopy (FEG-SEM;
EOL, model JSM-7500F) and the phase and the crystallinity of
he nanobelts were studied by X-ray diffraction (XRD; Shimadzu,

odel XRD 6000) using CuK� radiation. Specific surface area
as determined by the Brunauer–Emmett–Teller method (BET)

27] under N2 adsorption/desorption experiments (Micromeritics
nstrument, model ASAP 2000). For gas sensing measurements, the
ollected materials were separately dispersed in isopropyl alco-
ol with the aid of an ultrasonic cleaner. Several drops of each
uspension containing the nanobelts were directly dropped onto
lumina substrates coated with interdigitated platinum electrode
rrays (100 �m Pt fingers spaced 200 �m apart). The substrates
ere then heated to 100 ◦C for 15 min  to evaporate the solvent. The

ubstrates were then inserted in a tube furnace capable of mea-
uring the gas sensor response of 8 materials in parallel, thereby
nabling a comparison of the sensor response of different materi-
ls under near identical conditions. Gas sensing tests were carried
ut by applying a direct voltage of 0.1 V and monitoring changes in
he electrical resistance (using an HP34970A data acquisition mul-
iplexer unit) during cyclic exposure to different concentrations of
O2 (between 1 and 50 ppm) and H2, CO and CH4 (between 10 and
00 ppm) diluted in dry air (baseline gas) with the aid of mass flow
ontrollers (MKS). The total gas flow rate (test plus balance gas)
as maintained constant (200 sccm) during all tests. The sensor

est devices were equilibrated in dry air for 12 h at each tempera-
ure before the beginning of each gas sensor measurement to insure
 stable and reproducible baseline resistance. Gas sensor measure-
ents were performed in the range from 150 to 350 ◦C, with steps of

0 ◦C, to insure thermal stability of these materials. The sensor sig-
al, which represents the magnitude of the change of the electrical
Fig. 1. XRD patterns of as synthesized materials. (a) white, (b) dark and (c) yellow
material.

resistance of the nanobelt arrays, was defined as Rgas/Rair for oxi-
dizing gases where Rgas is the electrical resistance measured when
the materials were exposed to the analyte gas and Rair is the elec-
trical resistance measured in the air reference (baseline gas). The
sensor signal for reducing gases is defined instead by Rair/Rgas. The
response (recovery) time was  defined as the time needed to reach
90% of the final steady state electrical resistance following exposure
(removal) to (of) the analyte gas [28,29].

3. Results and discussion

Fig. 1 shows the XRD patterns of as synthesized materials. The
white material (Fig. 1a) presents only the cassiterite SnO2 phase
peaks with clear evidence for (101) orientation (peak at 33.9◦). For
the dark material obtained after the synthesis, Fig. 1b shows con-
tributions largely from the SnO phase with minor contributions
from SnO2 and Sn. For the yellow material, Fig. 1c shows peaks
large from the Sn3O4 with minor contributions from SnO2. Sample
holder peaks are also observed in Fig. 1c. Based on the above results,
it is shown that controlling the synthesis conditions it is possible
to obtain structures in different tin oxidation states.

Fig. 2a–c shows FEG-SEM images of the tin oxide nanobelts in
the different oxidation states. Nanobelts, grown in all three phases,
have relatively uniform widths along their length with the max-
imum width distribution centered in the range of 20–30, 50–100
and 100–150 nm for SnO, SnO2 and Sn3O4 nanobelts, respectively
and lengths of the order of dozens of microns or even millime-
ters. Furthermore, the surfaces of the nanobelts are flat and smooth
[24,26], though the Sn3O4 belts present a layered surface [18].
The presence (or not) of metallic spheres at one extremity of the
nanobelts is related to their growth mechanisms, which occurs by
a self-catalytic vapor–liquid–solid (VLS) process [24,26,30] for SnO
nanobelts (the Sn peak at XRD is related to the catalytic metal)
and by vapor–solid (VS) process [31,32] for both SnO2 and Sn3O4
nanobelts. Moreover, these belts were also characterized by XRD
and TEM [18,24,31] showing that they are single crystalline and
SnO2 nanobelts grow in the (1 0 1) plane of tetragonal structure,
SnO nanobelts grow in the [1 1 0] direction of orthorhombic struc-
ture, and Sn3O4 nanobelts growth is related to the (1 0 1) plane of
triclinic structure.
Measurements of the gas sensor response showed the electrical
resistance (Rgas) of all nanobelts to increase after exposure to dif-
ferent levels of NO2 and decrease after exposure to all levels of H2,
CO and CH4 (not shown here). This is a typical behavior of n-type
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ized by a carbothermal reduction method under controlled synthesis atmospheres.
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Fig. 2. FEG-SEM images of (a) SnO, (b) SnO2 and (c) Sn3O4 nanobelts synthes

emiconductor materials, well known for SnO2 [5], and consistent
ith results obtained in previous work for SnO micro-disks [17]

nd Sn3O4 nanobelts [18]. SnO materials are usually reported in the
iterature to be p-type semiconductor [19,23], possibly due to the
resence of tin vacancies [33]. However, as the SnO nanobelts inves-
igated in this study were synthesized by a carbothermal reduction

ethod under a reducing atmosphere, and this material is likely
xygen deficient and therefore exhibits n-type behavior. Similarly,
n3O4 nanobelts were formed in a region with oxygen deficient
tmosphere; thus n-type behavior is also expected. Additional
xperiments are underway to examine this question regarding the
elation between carrier type and concentration and the degree of
xygen nonstoichiometry in these compounds.

Fig. 3 shows the sensor signal of the tin oxide nanobelts in the
ifferent oxidation states taken at 200 ◦C, as a function of time, in
esponse to periodic 20 min  long NO2 pulses, with concentrations
anging from 1 to 50 ppm. For all the materials, the sensor signal
ncreased by increasing NO2 concentration, showing that no satu-
ation was obtained in this range. For 1 and 2 ppm of NO2 the sensor

esponse of SnO and Sn3O4 are similar and much higher than the
nO2 response. As SnO belts are thinner than Sn3O4 they should be
ore depleted for low gas concentration, having a higher sensor

ignal. As the NO2 concentration increases, the influence of analyte

Fig. 3. Sensor signal vs. time of the tin oxide nanobelts in the three different oxida-
tion  states, at 200 ◦C, during cyclic exposure to periodic 20 min long NO2 pulses, with
concentrations ranging from 1 to 50 ppm. The sensor signal is defined as Rgas/Rair to
NO2 and Rair /Rgas to reducing gases (H2, CO and CH4).
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Fig. 4. Sensor signal vs. operating temperature of tin oxide nanobelts at 50 ppm NO2

in dry air. The inset shows the response time of the tin oxide nanobelts to 50 ppm
of  NO2 as function of the operating temperature. The response time is defined as
the  time needed to reach 90% of the final steady state electrical resistance following
exposure to the analyte gas. (The open points for SnO material at 150 ◦C and for Sn3O4

material at 350 ◦C means that these values were obtained in a different sample than
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the specific surface areas of the tin oxide nanobelts were deter-
mined by the Brunauer–Emmett–Teller (BET) method [27] to test
this relationship. Fig. 6 shows the N2 isotherms of the tin oxide
nanobelts, and according to IUPAC classification these isotherms
ther points.)

as adsorbed on belts surface becomes more effective on the deple-
ion layer of Sn3O4 and its sensor signal overtake the SnO one, being
lmost 1.5 higher than the SnO sensor signal for 50 ppm of NO2. In
his way, the sensor based on Sn3O4 nanobelts clearly exhibited the
ighest response for NO2 levels greater than 5 ppm, as compared to
he responses of SnO and SnO2 nanobelts, with an approximately
7-fold increase in resistance when exposed to 1 ppm NO2 and
pproximately 155-fold increase in resistance to 50 ppm NO2. It is
mportant to notice that the sensing response of the SnO2 nanobelts

as lower than both the SnO and Sn3O4 responses for all levels
f NO2. Furthermore, as observed in Fig. 3, the kinetics of adsorp-
ion of the analyte gas appears to be similar for all three materials,
nlike kinetics of desorption (recovery process) which seems to be
lower for the SnO than for SnO2 and Sn3O4 nanobelts. A possible
xplanation for this fact is addressed below.

The sensor signal was  found to follow a power law dependence
n gas concentration as R ∝ pˇ

NO2
, with  ̌ taking on the values of

.44, 0.56 and 0.50 for SnO, SnO2 and Sn3O4 nanobelts, respectively.
ssuming that this dependence continues to hold to lower NO2
oncentrations, a sensor response of ∼7, ∼2 and ∼7 to SnO, SnO2
nd Sn3O4 nanobelts, respectively is estimated for an exposure to
00 ppb of NO2 [10,11]. These results easily satisfy the National
mbient Air Quality Standards (NAAQS) requiring detection of
00 ppb per hour, the standard set for public health protection by
he U.S. Environmental Protection Agency [34].

Fig. 4 shows the sensor response to 50 ppm NO2 as a function of
perating temperature. The optimum operating temperature with
espect to the maximum sensitivity is in the range of 200 ◦C for all
anobelts. This is well below their decomposition temperatures,
ointing to the long term stability of these nanostructures under
hese operating conditions. This volcano-like response is likely
he consequence of the competition between slow gas adsorption
inetics of molecular species at lower temperatures and enhanced
esorption of atomic species at higher temperatures [28]. Due to
xperimental issues, no sensor response was obtained for Sn3O4
anobelts at 350 ◦C. The inset in Fig. 4 presents the response
ime of the tin oxide nanobelts to 50 ppm of NO2 as function of

he operating temperature. For all materials, the response time
ecreases with increasing temperature, which is expected due
o faster adsorption/desorption processes at higher temperatures.
Fig. 5. Sensor signal of the three tin oxide nanobelts compositions for 50 ppm of
NO2, H2, CO and CH4 at 200 ◦C.

Means for reducing the response time of approximately 10 min  at
200 ◦C deserves further attention.

The selectivity of the three different tin oxide nanobelt com-
positions to NO2 versus other potential interferent gases was also
investigated. Fig. 5 shows the sensor response of SnO, SnO2 and
Sn3O4 nanobelts to 50 ppm of NO2, H2, CO, and CH4 in air at 200 ◦C.
All of the tin oxide nanobelts are observed to exhibit selectiv-
ity to NO2 relative to the other common interferent gases. The
results show that the SnO nanobelts exhibit the highest selectiv-
ity to NO2 relative to H2 and CH4, with values of sensor response
approximately 95-fold larger for NO2 than for H2 and approxi-
mately 115-fold larger for NO2 than for CH4. Furthermore, Sn3O4
nanobelts exhibit the largest selectivity to NO2 relative to CO with
values of sensor response more than 100-fold larger for NO2 than
for CO. On the other hand, SnO2 nanobelts showed the lowest values
of selectivity for NO2 compared to H2, CO and CH4.

It is well known that the gas sensor performance is dependent
on the specific surface area of the sensor material [35,36]. Li et al.
[37], for example, showed a linear relationship between the surface
areas of SnO2 and their gas sensitivities to H2 and CO.  Accordingly,
nitrogen adsorption/desorption experiments were performed and
Fig. 6. Nitrogen adsorption/desorption isotherms for tin oxide nanobelts.
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re of type II, characteristic of non-porous or macroporous (>50 nm)
aterials [38]. In fact, as noted in the FEG-SEM images (Fig. 2)

he surfaces of the nanobelts are smooth and without any evident
efects, i.e., they are non-porous structures. The specific surface
reas of the SnO, SnO2 and Sn3O4 nanobelts were determined to be

 m2 g−1, 6 m2 g−1, 7 m2 g−1, respectively. In addition to the non-
orous character of these structures, the relatively low values of
pecific surface areas can be related to the length of the nanobelts
hat may  be of the order of micrometers or even millimeters. These
esults indicate that all tin oxide nanobelts have similar surface
reas, so it should not be the determining factor in their relative
as sensor response. On the other hand, as pointed out before,
he smaller size of SnO belts enables these belts to be more easily
epleted presenting a higher sensor signal at low concentrations.
oreover, recent density functional theory (DFT) calculations of

nO and Sn3O4 structures indicate the presence of lone pairs on
heir surfaces [39,40]. These lone pairs are particularly active sites
or oxidizing gases, such as NO2, and so can explain the superior per-
ormance of SnO and Sn3O4 nanobelts in comparison to the SnO2
tandard material. Thus, the whole sensor response of a material is
he synergic effect of exposed surface, material size and the pres-
nce of lone pairs, providing to SnO and Sn3O4 belts the advantage
o have lone pairs on their exposed surface.

The lone pairs can also be important relative to the low recovery
ime of SnO belts. It is known that SnO has a high density of lone
airs on (0 0 1) surface [39] so it can be less favorable for desorption
f gases, increasing the recovery time of this material.

Given their superior performance, more studies addressing
hese lower oxidation state non-stoichiometric tin oxide structures
re merited, with the objective of developing a deeper understand-
ng of the sensor response of these materials.

. Conclusions

A comparative study of the gas sensor response of SnO2, SnO and
n3O4 nanobelts, synthesized by a carbothermal reduction method,
as presented. The nanobelts of all the tin oxide based materi-

ls exhibit a maximum in sensitivity to NO2 at 200 ◦C, with the
ighest sensor signal observed for Sn3O4 followed by the SnO and
nO2 nanobelts, respectively. Furthermore, exceptional selectivity
gainst potential interferent gases such as H2, CO and CH4 was also
btained. Our results show that SnO and Sn3O4 materials exhibit
uperior NO2 detection than the SnO2 standard for similar mor-
hologies and that these nanostructures show promise for use in
igh performance gas sensors devices.
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