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Abstract

In this work, the hierarchical tin oxide nanoflowers have been successfully synthesized via a simple hydrothermal
method followed by calcination. The as-obtained samples were investigated as a kind of gas sensing material
candidate for methanol. A series of examinations has been performed to explore the structure, morphology,
element composition, and gas sensing performance of as-synthesized product. The hierarchical tin oxide
nanoflowers exhibit sensitivity to 100 ppm methanol and the response is 58, which is ascribed to the hierarchical
structure. The response and recovery time are 4 s and 8 s, respectively. Moreover, the as-prepared sensor has a low
working temperature of 200 °C which is lower than that for other gas sensors of such type has been reported
elsewhere. The excellent sensitivity of the sensor is caused by its complex phase mixture of SnO, SnO,, Sn,03, and
SngQy4 revealed by XRD analysis. The proposed hierarchical tin oxide nanoflowers gas sensing material is promising

for development of methanol gas sensor.
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Introduction

With the development of science and technology,
methanol gas sensors have been widely applied in chem-
ical industry. As a kind of colorless gas with a smell of
ethanol, methanol can cause extremely serious health
problems and environmental safety problems. For ex-
ample, the central nervous system disorder and explo-
sion would happen when the methanol concentration
exceeds a threshold value.

Recently, the methanol gas sensing performance of
variety of sensitive materials has been researched by a
lot of researchers. For instance, Das et al. studied the gas
sensing properties of the Mg* *LaNiOj thin film and ob-
tained the response of 200-400 ppm methanol at 325 °C
[1]. Ji et al. investigated the high-performance methanol
sensor based on GaN nanostructures grown on a silicon
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nanoporous pillar array and gained the high gas sensing
performance at the operating temperature of 350 °C [2].
Wang et al. reported methanol sensing properties of
honeycomb-like SnO, grown on a silicon nanoporous
pillar array and showed the quick response properties at
the operating temperature of 320 °C [3]. Although the
above scientists have made an excellent progress, the
high working temperature and cost sufficiently restrict
the application of sensor, which motivates us to fabricate
a high methanol performance gas sensor working at low
temperature and prepared via a simple and low-cost syn-
thetic method.

SnO, gas sensors attract attention of researchers due
to their simple and low-cost synthesis method and room
temperature operation. The huge improvement of gas
sensing performance has been achieved by decreasing
crystallite size [4, 5], doping by metal elements [6, 7],
fabricating heterostructure of metal oxide [8, 9], and, es-
pecially, fabricating hierarchical structure [10, 11]. To
date, a variety of gas sensors has been proposed to im-
prove gas sensing to methanol, such as In,O3; porous
nanospheres [12], three-dimensionally macroporous
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LaFeOj3 [13], and aluminum-mesoporous silicon copla-
nar [14]. However, the gas sensing properties of most of
methanol gas sensors are not enough satisfactory. There-
fore, the development of a kind of methanol gas sensor
with high sensing properties at low working temperature
by a simple method is still relevant.

In this work, we have tried to fabricate hierarchical tin
oxide nanoflowers (HTONF) gas sensor to improve the
gas sensing properties of sensor. We have performed a
series of gas sensing examination of HTONF. And the
results indicate the HTONF own excellent gas sensing
performance (high sensitivity, good selectivity, rapid re-
sponse and recover rates, and long stability) to methanol
at low working temperature. The high gas sensing per-
formance is caused by the hierarchical structure of the
material and its phase composition, and this kind of
hierarchical structure could provide many effective sites,
which make the detected gas and material contact very
well and extremely improve the gas sensing performance
of the as-obtained materials.

Methods

Sample Preparation

Stannous chloride dehydrate (SnCl,-2H,O, 99.9%) and
metyltrimethyl ammonium bromide (CTAB, 99.9%) were
purchased from Sigma-Aldrich (USA). Sodium hydrox-
ide (NaOH, 99.9%) was bought from Aladdin (China).
The above chemical regents were analytical grade and
were used without further purification. HTONFs were
synthesized via the hydrothermal method. In brief, the
solution of 2.2170 g stannous chloride dehydrate,
1.6032 g sodium hydroxide, and 0.7290 g metyltrimethyl
ammonium bromide was dissolved and stirred in 35 ml
distill water for 3 h. The as-obtained solution was
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transferred into a 50 ml Teflon-lined autoclave and
heated for 5 h at 180 °C in a furnace and cooled down
naturally. Then the resulting products were washed with
distilled water and dried at 80 °C in a vacuum for 1 h.
Finally, the as-obtained products were calcinated in a
muffle furnace at 300, 400, 500, 600, and 700 °C for 3 h,
and, as a result, the HTONF have been synthesized. The
route of synthesis of HTONF is shown in Fig. 1.

Fabrication of Sensor

The HTONF gas sensor was fabricated as follows: firstly,
the powders were mixed with some amount of distilled
water to form a paste. After that, the paste was printed uni-
formly on a ceramic tube with a pair of gold electrodes.
Then, a Ni-Cr alloy wire coil, as a kind of heater, was
inserted into a ceramic tube to control the operating
temperature. The sensor response was defined as a ratio R,
to R, (R,/Ry), where R, and R, are resistances of structures
in air and target gas, respectively [15, 16]. The schematic
structure of the gas sensor device is presented in Fig. 2.

Material Characterization

The crystallinity and structure of HTONF were charac-
terized by X-ray diffraction (XRD) ADX-2700D X-ray
Powder Diffraction Instrument with Cug, radiation (A =
1.15406 A). The morphology of the samples was ob-
served by scanning electron microscopy (FEI SKLSLM
Magellan 400) and transmission electron microscopy
(TEM, JEOLJEM-200FS). The specific surface area and
pore size distribution of the samples were evaluated by
Brunauer-Emmett-Teller (BET) model by Beijing
JW-BK132F equipment. The mass changes of
as-obtained HTONF powders were measured by thermal
gravimetric analysis (TGA, SDT Q600, TA Instruments,
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Fig. 2 a Typical structure model of the gas sensor. b Schematic diagram of the circuit under test

USA). The CGS-8 system (chemical gas sensing, Beijing
Elite Tech. Co. Ltd., China) was used to measure the gas
sensing performance of samples.

Results and Discussion

Thermogravimetric Analysis

The thermogravimetric analysis (TGA) curve of initial
as-prepared powders is shown in Fig. 3; there are three
stages of weight loss that can be distinguished. The first
weight loss from 50 to 125 °C is due to the steaming of
physiosorbed water molecule. The second weight loss in
the range of 125-220 °C is attributed to the thermal
degradation or the transformation of structure [17, 18].
The third stage lies in the temperature range 220-

380 °C. And the thermogravimetric curve remains al-
most stable for temperatures over 400 °C.

XRD and BET Analysis

It is well known that interaction of Sn (II) salts with al-
kaline solutions such as NaOH leads to formation of
SnO,H,0 (x < 1) [19]. So, in our case, the primary inter-
action of SnCl, should correspond to the scheme:

6 SnCl, + 12 NaOH—SngO4(OH), + 12 NaCl + 2 H,O

(1)
Dehydration of SngO4(OH), leads to formation of SnO
which is gradually oxidized by oxygen of air to SnO,:

SngO4(OH),—6 SnO + 2 H,O1 (2)
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2 Sn0O + 02—>Sn02 (3)

At the same time, the mechanism of transformation of
SnO to SnO, (Scheme 3) is quite complex and accom-
panied by appearing of different metastable crystalline
phases (SnyO3, SnzO,) when heated, that can be shown
by the next schemes:

4 SnO—Sn304 + Sn (4)

(5)

In turn, the oxidation of metallic tin by oxygen of air
is accompanied with generation of SnO and following
repeating of reaction (4 and 5). Analysis of literature re-
vealed that the rate of formation of mixture oxides
(Schemes 4-5) and their disproportioning depends on
many factors: composition of the initial precursors and
conditions of reaction for fabrication of SnO and follow-
ing thermal annealing regime. As it was shown that the
complete oxidation to SnO, is usually observed at an-
nealing temperatures over 450 °C.

From the results of XRD data (Fig. 4a), for the samples
annealed at 300 °C, the three types of phases were ob-
served: SnO,, SngO4(OH),, SnO. Respectively, the simul-
taneous dehydration of SngO4(OH), and oxidation to
SnO, has place. In the XRD of samples annealed at
400 °C, the peaks of the phase SngO4(OH), are already
absent that is in well agreement with the results of the
thermogravimetric analysis (Fig. 3). At the same time,
the peaks of low intensity that can be attributed to the
phases SnO and Sn,Oj3 are observed (400 °C). In order
to specify the composition of the material, we made a
detailed XRD analysis (Fig. 4b). It allowed to confirm the

3 SnO—Sn,0O3 + Sn
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Sn,O3 [22] that were also observed in other studies. In-
creasing the annealing temperature to 500 °C leads to
the complete oxidation of the phases consisting of Sn
(IT) and formation of pure SnO,. Further increasing of
the temperature (600-700 °C) does not result in suffi-
cient changes of phase composition of the samples.

The nitrogen absorption-desorption isotherms and
pores size distribution curve are shown in Fig. 5. From
Fig. 5a—e, it is clearly seen that the as-synthesized
HTONF samples annealed at 400 °C show the biggest
surface area (35.678 m?/g), which provides the biggest
number of active sites and improves the gas sensitivity
performance of the HTONF [30, 31]. In our opinion, the
changes in specific surface area are part of a complex
process of phase transformation accompanied with
growth of nanostructures of different shapes such as
leaves, needles, membranes, etc. [32-35] that strongly
depends on conditions of synthesis process.

SEM and TEM Analysis
The morphology of the as-synthesized HTONF was in-
vestigated by scanning electron microscopy (SEM), as il-
lustrated in Fig. 6. Figure 6¢ presents the SEM picture of
the sample that forms flower-like morphology and shows
good uniformity. Meanwhile, no other morphologies are
observed in Fig. 6¢, indicating that the proposed experi-
mental procedure leads to formation of the only hier-
archical nanoflower morphology of the product [36, 37].
A SEM image of an individual HTONF is shown in
Fig. 6d. One can see that the HTONF is assembled with
a lot of acicular-like nanosheets forming a shape of
Callistephus chinensis flower.

It should be noted that the temperature of the hydro-

previous analysis and shows phases SnO [17, 20-29] and  thermal synthesis sufficiently influenced on the
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morphology of the obtained composites. And SEM
image of as-obtained HTONF annealed at different tem-
peratures were shown in Fig. 6a—j. From this picture, it
is very clearly seen that the morphologies of tin oxide
materials will change when the annealing temperature is
increased, and the tin oxide materials annealed at 400 °C
shows the morphology similar to magnificent fractal
structures. Such morphology should have specific sur-
face area higher than other sintered disordered
powder-like materials and it was confirmed by BET mea-
surements (Fig. 5). As it was noted in [23], the
as-obtained composite forms cubic shape with surface
covered by nano-sheets at the temperature 140 °C. Thus,
the temperature is the factor that obviously effects on
the nucleation process and following growth of
tin-containing composites. And the morphology of
as-prepared materials will be changed when the calcin-
ation temperature changes.

The as-obtained HTONF were further investigated by
HRTEM. The HRTEM images and corresponding SAED
patterns of HTONF annealed at 300 °C and 400 °C are
shown in Fig. 7a, b. From these pictures, it clearly indi-
cated that as-synthesized HTONF samples annealed at
300 °C and 400 °C have polycrystalline structure and
consist of SnO,, SnO, and Sn,O3; phases which is in
agreement with the above XRD results and results of
other research teams [35, 38].

Gas Sensing Properties
It is well known that gas sensing properties of metal
oxide semiconductor gas sensors are highly dependent

on the operating temperatures. In order to find out the
optimal operating and annealing temperature, the
HTONTF gas sensors were investigated for different tem-
peratures. Figure 8 shows the sensitivity of the
as-synthesized HTONF gas sensor to 100 ppm methanol
as a function of the operating temperature ranging from
164 to 265 °C. It can be seen that the as-prepared gas
sensor based on the sample annealed at 400 °C exhibits
the maximum response of 58 at 200 °C. The gas sensitiv-
ity greatly rises and reaches a maximum response when
the operating temperature increases up to 200 °C, and
then the gas sensitivity drastically decreases at further
rising of the operating temperature. The relationship of
sensitivity and operating temperatures can be explained
by mechanism of gas adsorption and desorption on the
surface of semiconductor metal oxide gas sensor [39].
The chemical activity of a gas sensor is rather weak at low
operating temperature, which leads to low sensitivity. The
desorption rate of gas increases with growing the sensor
surface temperature, and at a certain temperature it will ex-
ceed the adsorption rate that results in sensitivity drop [40].
Therefore, 200 °C and 400 °C were defined experimentally
as the optimum operating temperature for the gas sensing
measurement and calcination temperature, respectively.
Table 1 indicates that the HTONF gas sensor possesses
a better gas sensitivity to methanol at low working
temperature compared with sensors based on other com-
plicated structures. So, the studied hierarchical nanoflower
structure would sufficiently improve the gas sensing per-
formance of tin oxide material that can be used for fabri-
cation of high-sensitivity low-cost methanol sensors.
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Fig. 6 SEM images of the HTONF annealed at 300 °C (a, b); 400 °C
(c, d); 500 °C (e, f); 600 °C (g, h); 700 °C (i, j)
A\

To further analyze the reproducibility and long-term
stability of gas sensor, the HTONF gas sensors with cal-
cination at different temperatures were tested by carry-
ing out eight cycles of response measurements of
100 ppm methanol, as-fabricated, and 60 days aged. As
shown in Fig. 9a, the gas sensor annealed at the 400 °C
presents good sensitivity and repeatability without visible
changes after eight-cycle examination. The response and
recovery time to 100 ppm methanol at 200 °C were
about 4 s and 8 s, respectively. The gas sensibility was
about 58 which means that the fabricated gas sensor has
high sensitivity and repeatability. And this may be attrib-
uted to the hierarchical structure suitable for the perva-
sion and detecting methanol gas [41, 42]. From Fig. 9b,
it is fairly observed that the as-synthesized gas sensor
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annealed at 400 °C shows good stability at the operating
temperature of 200 °C within 60 days. The above results
indicate that the HTONF gas sensor can be a good
methanol detector [43, 44].

Figure 10a displays the dynamic response and recovery
curves of the as-obtained sensor for different concentrations
of methanol molecules ranging from 1 to 100 ppm at the
200 °C. It is obvious that the HTONF gas sensor annealed
at 400 °C shows the good response and recovery perform-
ance. Moreover, the fabricated gas sensor has shown the
response of 1.6 for the concentration of methanol as low as
1 ppm, demonstrating that the HTONF sensor can detect
extremely low concentrations of methanol [45, 46].

In addition, the response behavior of the gas sensor to
different concentrations of methanol at 200 °C is shown in
Fig. 10b. It can be easily found that the sensor presents
upward tendency when the concentration of methanol is
increased. The gas sensitivity depends linearly on the con-
centrations of methanol vapor varying from 1 to 100 ppm.
However, the gas sensitivity saturates when the concentra-
tion of methanol exceeds 2000 ppm. The phenomenon
can be explained as follows: the methanol molecules are
absorbed on the surface of the HTONF and participate in
surface reaction, resulting in the rise of gas sensing. The
gas sensor is saturated when the concentration of metha-
nol exceeds a threshold value, and the gas sensitivity of
the sensor shows slow growth [47, 48].

The sensor selectivity is a kind of extremely important
parameter for sensors in the wide practical applications.
The fabricated sensor has been additionally analyzed in
terms of the selectivity. Figure 11 shows the gas sensing
performance of the HTONF sensor to 100 ppm metha-
nol, ethanol, acetone, formaldehyde, paraxylene, and
dimethylformamide at 200 °C. Different gases have dif-
ferent chemical properties, leading to different gas sensi-
tivities of the fabricated gas sensor [49, 50]. It is clearly
seen that the gas sensitivity of the HTONF gas sensor
annealed at 400 °C to 100 ppm methanol is 58 while the
responses to 100 ppm ethanol, acetone, formaldehyde,
paraxylene, and dimethylformamide are 19, 16, 10, 7,
and 3, respectively. It is obviously seen that the HTONF
gas sensor is much more sensitive to methanol com-
pared with other studied gases demonstrating a high se-
lectivity to methanol.

Gas Sensing Mechanism

The sensing mechanism of metal oxide gas sensors has
been researched and reported in previous works [51, 52].
It was stated that gas sensor response mechanism mainly
refers to the reaction between the target gas and the sur-
face chemisorbed oxygen ions, which leads to changes in
the resistance of the gas sensor. In order to understand
the gas sensing mechanism for the as-obtained HTONF
gas sensor, a schematic diagram of the mechanism is
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Fig. 7 HRTEM images and corresponding SAED patterns of HTONF annealed at 300 °C and 400 °C, respectively. a SnO,—300 °C; b SnO,—400 °C

shown in Fig. 12. Generally, the reaction of gas sensor 0, (gas)—O,(ads) (6)
based on the as-prepared sample can be divided into two

parts: firstly, when the HTONF are exposed to the air, O>(ads) 4 e”—0O; (ads) (7)
oxygen molecules in air are absorbed on the surface of _ _ _

HTONEF and create a number of chemisorbed oxygen spe- O (ads) + €207 (ads) (8)
cies (Oy(ads)”, O(ads)”, and O(ads)?®) by capturing free 207 (ads) + e —>02_(ads) (9)

electrons in conduction band, which could extremely de-
crease the density of free carriers and form an electron de-
pletion layer on the surface of HTONEF. Therefore, the Secondly, when the as-obtained HTONF gas sensor is
resistance of HTONF in air will increase (R,) [43, 44]. The  exposed to methanol gas, the chemisorbed oxygen spe-
process can be explained as follows: cies react with methanol and release electrons back to
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Fig. 8 The relationship of response to 100 ppm methanol versus the operating temperature of gas sensor based on the as-prepared sample
annealed at different temperatures
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Table 1 Comparison of methanol gas sensors based on tin oxide materials with different morphologies

Gas sensor Operating temperature, °C Methanol concentration, ppm Sensitivity value Reference
HTONF 200 100 58 This work
SnO, hierarchical porous nanosheets 275 100 3 [32]
Rolled-up SnO, nanomembranes 220 10 2 [33]
Hollow SnO, microfiber 270 100 10 [34]
Honeycomb-like SnO, 320 100 18 [35]

the conduction band. So, the electron depletion layer is
reduced and the surface resistance (R;) of HTONF is
decreased. The chemical reaction can be presented as
follows:

CH;30OH(gas)—»>CH3OH (ads) (10)

CH3O0H (ads) + 3 O* (ads)—CO, + 2 H,O + 6 e
(11)

According to the Knudsen approach to diffusion in
pores, the gas diffusivity is:

(12)

where 7 T, and M are pore diameter, operating
temperature, and molecular mass, respectively. From
this formula, it can be easily concluded that higher oper-
ating temperature, bigger pores diameter, and lighter
molecular mass play an important role in increasing the
diffusion rate of detected gas [53, 54]. Therefore, the re-
markable gas sensing properties of HTONF to methanol
could be caused by the hierarchical structure. The hier-
archical structure has a large surface area contributing

to gas adsorption and desorption. As a result, the as-
obtained HTONF gas sensor exhibits high sensitivity,
quick response and recovery rates, and selectivity.

The presence of humidity in the atmosphere should
decrease the methanol gas sensing performance of sen-
sor by increasing the conductivity of the metal oxide gas
sensor as it was described in [55]. It is noticeable that
the sensing behavior of the HTONF sensor to formalde-
hyde having molecular mass less than methanol, the
lower sensitivity was observed comparing to methanol.
The methanol and other alcohols contain hydroxyl
group that allows its easy adsorption on surface of
HTONF with chemisorbed oxygen. At the same time,
the least molecular mass of the methanol in compari-
son with other alcohols provides its fast diffusion in
pores of the fabricated HTONTF increasing sensitivity of
the material in accordance with the Knudsen approach
(Eq. 12). In the series of studied gases, the noticeable is
low sensitivity of the fabricated sensor to formaldehyde
(Fig. 11). Although the formaldehyde molecule is even less
than methanol one, it contains highly negative-polarized O
atom that sufficiently impedes absorption of the molecule
on the surface of material with chemisorbed oxygen species
and consequently sensitivity of the device to that gas is low.
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In light of the results obtained from XRD spectra,
thermogravimetric curve, and surface area measure-
ments, the model of sensitivity we proposed also ac-
counts the next two reasons. The material annealed at
temperatures below 450 °C includes several phases of tin
oxides: SnO,, Sn,03, and SnzO,4. These phases are re-
sponsible, by our opinion, for high sensitivity properties
of the obtained structures, as it was reported by different
research teams in recent publications.

The second factor is the high specific surface area of
the sample 400 °C. Annealing of the samples at
temperature 300 °C and 500 °C and higher results in for-
mation of the developed surface with area value less

than that of the sample annealed at 400 °C. The two de-
scribed factors effect onto the sensitivity in opposite
ways. And the compromise annealing temperature 400 °
C resulted in simultaneously high value of the surface
area and the high-sensitive tin oxides Sn,O3 and SnzOy.
It led to the highest sensitivity of the fabricated sensor
based on HTONF.

Conclusions

In summary, hierarchical tin oxide nanoflowers for gas
sensors have been synthesized via one-type hydrother-
mal route. A series of results indicates that the HTONF
gas sensor shows high gas sensitivity, short response and
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Fig. 12 The diagram of gas sensing mechanism of HTONF
o

methanol
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In methanol circumstance
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recovery time, long stability, and high reproducibility.
The gas response of the as-obtained gas sensor to
100 ppm methanol is about 58 and response/recovery
time is about 4 s and 8 s, respectively. The excellent gas
sensing performance of the HTONTF sensor is attributed
to the original hierarchical structure and phase compos-
ition of tin oxides. The HTONF could be a desirable
candidate for applications in sensor area.
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