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Abstract

Hierarchical SnO, blooming nanoflowers were successfully fabricated via a simple yet facile hydrothermal method
with the help of different surfactants. Here we focus on exploring the promotion effects of surfactants on the self-
assembly of 2D SnO, nanosheets into 3D SnO, flower-like structures as well as their gas-sensing performances. The
polyporous flower-like SNO, sensor exhibits excellent gas-sensing performances to ethanol and H,S gas due to high
porosity when polyvinyl pyrrolidone is added into the precursor solution as a surfactant. The response/recovery
times were about 5 s/8 s for 100 ppm ethanol and 4 s/20 s for 100 ppm H,S, respectively. Especially, the maximum
response value of H,S is estimated to be 368 at 180 °C, which is one or two orders of magnitude higher than that
of other test gases in this study. That indicates that the sensor fabricated with the help of polyvinyl pyrrolidone has
good selectivity to H-S.

Keywords: Tin dioxide, Gas sensor, Surfactant, Nanoflowers

Background

Gas sensors have attracted a widespread attention due to
their potential applications in detecting toxic, noxious,
flammable, and explosive gas [1]. At present, the metal
oxide semiconductors occupy an important position in
various sensors due to their simple preparation process,
lower cost, and higher sensitivity to the target gases [2—4].
Tin dioxide (SnO,), a multifunctional n-type material with
a direct band gap of 3.6 eV [5], has been widely used in
both fundamental study and practical applications, such
as gas sensors [6], catalysis [7], and optoelectronic devices
[8]. Especially, SnO, has been regarded as the most
potential sensing material owing to its natural
non-stoichiometry [9], high sensitivity, fast response/re-
covery speed, and high chemical stability [10].

It is well known that the gas-sensing mechanism of
metal oxides is related to the adsorption and desorption
processes of the target gas on the sensor surface, giving
rise to a change of the electrical conductivity [11]. These

* Correspondence: sunyuping@sdut.edu.cn; liub@sdutedu.cn

'Laboratory of Functional Molecules and Materials, School of Physics and
Optoelectronic Engineering, Shandong University of Technology, Zibo
255000, China

Full list of author information is available at the end of the article

@ Springer Open

processes strongly depend on the size, morphology, and
dimension as well as crystalline structure of the samples
[12]. There are two main ways to effectively enhance the
sensing performance of SnO, [13]. One is to synthesize
composed materials based on SnO,, such as fabrication of
p-n junctions, surface decoration, or doping [14]. The
other is to prepare various pure SnO, materials including
nanotubes [15], nanorods [16], nanospheres [17], hollow
structures [14], and nanoflowers [18], which have unique
nanostructures, high specific surface area, and strong elec-
tron capture abilities [19]. Recently, three-dimensional
(3D) hierarchical SnO, nanostructures have drawn much
attention because of their better gas-sensing performance
caused by large specific surface area and rapid gaseous dif-
fusion compared with 1D and 2D nanostructures [20].
Various techniques have been used to fabricate 3D nano-
structures of SnO, [21], such as chemical vapor deposition
[22], solvothermal synthetic method [23], template
method [24], sol-gel method [25], and hydrothermal
route [26]. Among them, solvothermal and hydrothermal
routes with low cost [27], high yields, and simple manipu-
lation have been proved to be the promising methods to
synthesize 3D hierarchical SnO, nanostructures. For in-
stance, Dong et al. prepared hollow SnO, nanospheres
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with the diameter ranging from 200 to 400 nm using a
solvothermal synthetic method [28]. Li et al. fabricated
a novel snowflake-like SnO, hierarchical architecture
with excellent gas-sensing properties via a facile hydro-
thermal method [29]. Moreover, Chen et al. successfully
synthesized hierarchical flower-like SnO, blooming
nanoflowers constructed by self-assembly of many
regular-shaped nanosheets through conventional
hydrothermal method [30].

The practical application of SnO, sensors is still lim-
ited to a certain extent due to the relative higher work-
ing temperature and poorer selectivity to test gases [31].
In order to improve the gas-sensing properties, re-
searchers have paid attention to controllable synthesis of
3D flower-like SnO, nanostructures with surfactant ef-
fects [32], yet a significant challenge is posed because of
the variety of surfactants.

In the present study, we report a well-controlled
optimization of 3D hierarchical SnO, nanoflowers based
on self-assembly of thin nanosheets with the help of differ-
ent surfactants under hydrothermal condition. Our sys-
tematically comparative gas-sensing study between
fabricated sensors focuses on the promotion effect of sur-
factants on sensor behaviors. The results show that the
amphiphilic non-ionic surfactants, such as PVP and Tri-
ton X-100, can be potential candidates to optimize the
morphology of 3D nanoflowers with high porosity and
large specific surface area. Particularly, the sensor based
on PVP exhibits high response, fast response time, and
good selectivity to H,S at a relative lower temperature. In
addition, a possible well-controlled growth mechanism of
SnO, nanostructures is proposed.

Methods/Experimental
Trisodium citrate dihydrate and tin chloride dihydrate
from Sinopharm Chemical Reagent Co., Ltd. were used
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as precursors for SnO, synthesis. Polyethyleneimine,
hexamethylene tetramine, TritonX-100, and polyvinyl-
pyrrolidone were purchased from Aldrich Chemistry and
used as the structure-directing agents. Distilled water
was used throughout the experiments. All chemicals
were of analytical grade and used as-purchased without
any further purification.

Synthesis of SnO, Nanoflowers with Different Architectures
A typical synthesis procedure with simple hydrother-
mal method can be described as follows (Fig. 1): firstly,
5 mmol of NaOH was added into an 80-ml mixture of
anhydrous ethanol and deionized water (1:1) under
magnetic stirring. Then, 20 mmol NazCsH50,-2H,0
and 10 mmol SnCl,:2H,O were dissolved into the
mixed solution successively under vigorous stirring for
1 h at room temperature. The mixed solution was then
transferred into a 100-mL Teflon-lined stainless steel
autoclave, and maintained at 180 °C for 12 h, and then
cooled down to room temperature naturally. After
reaction, the obtained precipitate was collected by cen-
trifugation, washing with deionized water and anhyd-
rous ethanol for several times, and dried at 60 °C for
6 h. The SnO, nanoflowers were finally obtained after
calcining the precipitate in a muffle furnace under air
ambient condition at 500 °C for 2 h. In order to
synthesize SnO, nanoflowers with different micro-
structures, different surface active agents (1.0 g) were
introduced into the solution respectively before the
dissolution of NazCcH50--:2H,O. In this work, four dif-
ferent kinds of surfactants were used, including PVP,
PEI, HMT, and TritonX-100, and the corresponding
final products are named as Spyp Spep, Sum and Sty
tonX-100» respectively, while the product without surfac-
tant is signed as So.

L B
Solution A ‘X l

| ; stirred ==

‘wm -

Autoclave

Surtactant |

Solution B

> Q0
G 000

© Na;CeHO;2H,0

< SnCl2H,0

Materials C

e
! @ (Without)
Cad

lg oA 2 '
S ‘EE (TntonX 100)
=

Fig. 1 Schematic illustration of the formation process of the hierarchical flower-like SnO, nanostructures using different kinds of surfactants
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Characterizations

It is well known that the gas-sensing properties of gas sen-
sors are highly related to the morphology, size, and disper-
sibility of nanomaterials. The as-prepared products were
analyzed in terms of their structures and morphologies by
means of polycrystalline X-ray diffraction (XRD, Germany
Bruker AXS D8 Advance), scanning electron microscopy
(SEM, USA FEI Sirion 200), and field emission transmis-
sion electron microscopy (FETEM, USA Tecnai
G2 F20 S-TWIN). The surface area is measured using
Elemental Analyzer (USA ASAP 2460) based on the
Brunauer-Emmett-Teller (BET) method.

Sensor Fabrication and Gas-Sensing Test

The gas sensor was fabricated using screen printing
method on top of an alumina tube (seen in Fig. 2a). Typic-
ally, a proper amount of as-prepared powder was firstly
mixed with anhydrous ethanol to form a slurry suspension.
Subsequently, the slurry suspension was coated onto the
alumina tube by a small brush, which is supported by two
Au electrodes and four Pt conducting wires. Next, a Ni-Cr
heating wire was inserted into the alumina tube to control
working temperature by tuning the heating voltage. Finally,
the product was aged at 80 °C for 72 h before testing.

The gas-sensing properties were measured using chem-
ical gas sensor-4 temperature pressure small (CGS-4TPs)
intelligent gas-sensing analysis system (Beijing Elliott Tech-
nology Co., Ltd., China) under the lab conditions. Figure 2b
displays the typical schematic electrical circuit. R is the re-
sistance of sensor and R; is the load resistance, and a heat-
ing voltage (V) is used to adjust the working temperature.
In the present work, the response of the sensor was defined
as S = (R; — R,)/R,, where Rs is the initial resistance and Rg
is the resistance after injection of gases. The response and
recovery times are defined as the time taken by the sensor
to achieve 90% of the total resistance change in the case of
adsorption and desorption, respectively.

Results and Discussion

Structural and Morphological Characterization

The crystalline phase of the as-prepared SnO, products
was identified by power X-ray diffraction as shown in
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Fig. 3. From the XRD pattern, all the observed diffrac-
tion peaks can be easily assigned to the tetragonal rutile
structure of pure SnO, with the standard JCPDS file
card no. 41-1445, and no other peaks can be identified
due to impurities. The sharp peaks indicate the high de-
gree of crystallinity of our SnO, samples, and no re-
markable shift is detected in the diffraction peaks,
revealing that the samples are of high purity.

Figure 4a shows the SEM image of the product with-
out surfactant. A hierarchical flower-like architecture
can be observed and the unique nanoflowers are assem-
bled by ultrathin nanosheets with an average thickness
of 20 nm around. Unfortunately, these nanosheets are
closely staggered with respect to each other, which
results in a sharp decrease in its reaction spaces.
Figure 4b—e shows the morphologies of the products
obtained by introducing different surface active agents
while keeping other experimental conditions un-
changed. One can see that upon addition of
TritonX-100 surfactant (Fig. 4b), the nanosheets are
loosely intersected with each other, and some meso-
pores are shaped at the edge of the nanosheets. When
HMT was added into the reaction mixture as the sur-
face active agents (Fig. 4¢), it can be seen that the nano-
sheets are arranged randomly and a number of smaller
nanosheets are formed between ultrathin nanosheets.
Figure 4d shows the SEM images of the products ob-
tained by introducing PEI surfactant in the precursor
solution, which reveals that the nanosheets with
smooth surfaces are arranged orderly and are vertically
intersected with each other, leaving a larger reaction
space. Figure 4e, f presents the typical SEM images of
the products obtained upon addition of PVP surfactant
under the same conditions. One can see that the nano-
sheets are uniformly distributed along the radius across
the whole sample to form a flower-like structure. More-
over, compared with other structures of Stiitonx-100s
Summ and Spg;, the nanosheets of Spyp are enclosed
into an inverted triangle cone with a relative larger hol-
low space (Fig. 4e). Further enlarged image reveals that
the flower-like architectures are assembled by mesopo-
rous nanosheets to form an open porous hierarchical
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Fig. 3 XRD patterns of the SnO, samples with different
morphologies. a So, b Stritonxi00, € Stimr, d Spe, and e Spyp
.

structure, and each nanosheet was fabricated with nu-
merous mesopores (Fig. 4f).

In order to further investigate the microstructures and
crystalline properties of the nanoflowers, low-magnification
TEM and typical HRTEM combined with the selected area
electron diffraction (SAED) analysis techniques are
employed. From TEM images (Fig. 5a—e), it can be seen
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that the nanoflowers with an average diameter of 3 pum are
assembled of numerous individual nanosheets, and its
morphology and size are similar to the SEM images.
Especially, the TEM image of Spyp (Fig. 5e) shows that
the most flower-like structure with the uniform dark
color in the middle region is constructed from the well
dispersion of numerous uniform nanosheets along the
radius direction. Combining the SEM with TEM mea-
surements, a conclusion can be drawn that the struc-
tures obtained upon the addition of PVP surfactant are
the most stable. The high-resolution TEM (HRTEM)
images show that for samples Sy, Symt Sper, and Spyp
the observed 0.335-nm lattice spacing is consistent with
the (110) lattice plane of tetragonal rutile SnO, (Fig. 5f
only shows a typical HRTEM image for Sy as a rep-
resentative). The exposure of (110) lattice plane reveals
that (110) lattice plane is the most stable plane for
SnO, in air, which is consistent with the theoretical
study. It should be noted that Stonx.100 is @ special
case in this work (Fig. 5b). Upon addition of
TritonX-100 surfactant, the growing and the dispersion
of nanosheets are randomly leading to a relative larger
diameter (3~4 pum ) of the nanoflowers compared with
other samples. Moreover, its HRTEM image shows that
the calculated lattice spacing is 0.264 nm, which is cor-
responding to (101) lattice plane of tetragonal rutile
structure of SnO,. Furthermore, SAED pattern reveals

.

Fig. 4 The SEM images of the SnO, nanoflowers with different morphologies. a So, b Stitonx-100 € Stimr, d Spe, and e, f Spyp
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lattice images of Syut. g SAED patterns of So. h SAED patterns of Spye

Fig. 5 Low-magnification TEM images of SnO, samples. a So, b Stitonx-100. € Smr, d Spe, and e Spyp. f HRTEM micrograph showing enlarged

that Spyp has a nearly perfect single crystalline
structure, and the diffraction spots correspond to
(110),(110), (110), and (200) lattice planes of SnO,
(Fig. 5h). Contrarily, for other samples such as S,
Stmt Spen and Stritonx-100, the SAED pattern shows a
polycrystalline structure, and the diffraction ring is
indexed to the (110), (101), and (211) planes of tetrag-
onal rutile structure of SnO, (Fig. 5g).

Growth Mechanism of the SnO, Nanoflowers

Based on the experimental observations and analysis
above, it is believed that the surfactants play a significant
role in the formation of various SnO, nanoflowers [33].
The possible growth mechanism of hierarchical
sheet-flower SnO, nanostructures is briefly illustrated in
Fig. 1. In this work, all SnO, nanoflowers are synthesized
using SnCl, as precursor [34]. Under the hydrothermal
conditions, the overall reaction for the growth of SnO,
crystals with high temperature and pressure can be
expressed as follows [35]:

SnCl, + 20H™ —Sn(OH), + 2CI° (1)

Sn(OH)2—>SnO + H,O (2)
1

SnO + 5 02—>Sn02 (3)

1
Sn(OH), + 5 0z + H;0—Sn(OH);—$n0, + 2H0  (4)

During the whole process, three chemicals greatly
affect the morphology growth of SnO, nanoflowers, in-
cluding NaOH, sodium citrate, and the surfactant.
Firstly, a number of tiny primary nanocrystals were

formed due to the hydrolysis of Sn®>* in a basic
ethanol-water solution as well as its rapid reaction with
OH" ions from NaOH. It should be noted that the basic
ethanol-water environment is significant for stimulating
the SnO, nucleation and growth [36]. The addition of
sodium citrate plays a crucial role in the space distribu-
tion of precursors due to its strong coordinating ability,
which can promote an anisotropy in the fast growth and
aggregation of SnO, nanosheets with the driving force of
decreasing surface energy and accelerate the assembling
of nanosheets into the stable hierarchical blooming
nanoflowers [37].

Generally, the addition of surfactants is favorable for
the enlargement of the surface area as well as the en-
hancement of the surface activity [38]. Among the sur-
factants used in this work, PEI is one kind of cationic
surfactants. When PEI is added into the reaction solu-
tions, due to the existent N* ions with a hydrophilic tail,
PEI will preferentially adsorb on a certain crystal facet,
which is conducive to the nucleation of SnO, nanocrys-
tals as well as the orderly growth of SnO, nanosheets
with a directional selectivity. Both PVP and TritonX-100
are amphiphilic non-ionic surfactants, which can serve
as a soft template in the fabrication of mesoporous ma-
terials. Let us take PVP for example to explain the
growth mechanism of porous structures on the SnO,
nanosheets as follows: when PVP is added into the solu-
tion, PVP molecules self-assemble into spherical micelles
because of the strong hydrophobic attraction between
the straight alkyl tails. Due to its amphiphilicity, the
hydrophilic radical will move toward the direction of
aqueous solution, and the hydrophobic radical will move
in the opposite direction, leading to the formation of
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inorganic domains around periodically arranged PVP
micelles. Then, Sn** and OH™ ions are easily adsorbed
on the outer surfaces of these micelles via electrostatic
interactions until SnCl, is oxidized into SnO, nanosheet,
which are followed by the self-assembly of nanosheets
into blooming nanoflowers with the help of sodium cit-
rate. Finally, the soft-template PVP micelles are removed
during the calcination process, yielding hierarchical
SnO, nanoflowers with mesoporous structures. Al-
though both PVP and Triton X-100 contributed to the
formation of porous structures, it should be noted that
PVP can also play a role of dispersing agent, which
makes the SnO, nanosheets grow more uniformly and
separately owing to the strong interactions and short
electrostatic interaction distances between the SnO,
nanosheets and PVP.

Gas-Sensing Properties

As reported previously, the hierarchical flower-like
nanostructures were favorable for the absorption and
diffusion of probe gases in sensor materials. To shed
light on the promotion effect of surfactants and corre-
sponding morphology on sensor behavior, a systematic-
ally comparative gas-sensing study between fabricated
sensors is performed in this work.

Gas-Sensing Behaviors of Fabricated Sensors to Ethanol

The optimum operating temperature is a key factor for
the application of semiconductor oxide gas sensors.
Firstly, the responses of sensors to 100 ppm ethanol gas
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at various operating temperatures from 180 to 360 °C
are tested as shown in Fig. 6a. It is clearly observed that
all these sensors exhibit a similar gas-sensing behavior,
i.e., the response values first increase with a rise of
temperature, reach a maximum value at 270 °C, and
then decrease gradually with a further increasing of
temperature. Therefore, 270 °C can be chosen as the
optimized operating temperature for gas-sensing study
of all fabricated flower-like SnO, sensors in our work.
The reason for the dependence of the response on the
temperature is as follows: When the operating
temperature is too low, a relative smaller response value
is assigned to the inert response due to chemical activa-
tion, while for too high operating temperature, the
absorbed gas target molecules can escape from the sen-
sors before reactions, resulting in a poor response as
well. In addition, it can be seen from Fig. 6a that of all
the five SnO, sensors based on different surfactants,
Spvp shows the highest response to ethanol gas and the
largest gas response value (38). The maximum response
values of other four sensors are 27 for Spg;, 16 for Sy
11 for Styitonx.100, and 8 for S,.

Figure 6b shows the response of all SnO, sensors to-
ward ethanol in the concentration range 10~150 ppm at
the optimal work temperature 270 °C. It can be clearly
observed that the response of all sensors increases rap-
idly with the gas concentration below 50 ppm, and this
trend becomes smooth from 50 to 150 ppm, tending to
be saturated at about 100 ppm. As expected, the surfac-
tants and the induced morphologies can produce a large
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Fig. 6 a The response of the sensors to 100 ppm ethanol under different operating temperatures (180-360 °C). b The dynamic response curves
of the sensors to ethanol with different concentrations (10-150 ppm) at 270 °C. ¢ Response versus time curves of the sensors to 10-200 ppm
ethanol consecutively at 270 °C. d Dynamic sensing transient of the sensors to 100 ppm ethanol at 270 °C
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influence on the gas-sensing of fabricated sensors.
Among these fabricated sensors, the Spyp sensor exhibits
the best sensing behavior toward ethanol gas, and Spg;
comes second. To get a deep insight of gas-sensing
mechanism, BET (Brunaure-Emmett-Teller) nitrogen
adsorption-desorption is also performed to determine the
specific surface areas of these samples, as shown in Table 1.
One can see that Spg; has the largest specific surface area
(384 m? g') with overall majority. It is noteworthy that
despite the relative smaller surface area (15.5 m? g "), Spvp
is the best candidate for ethanol gas sensor due to its per-
fect flower-like architecture with orderly stacking
self-assembly and relative higher porosity, providing more
active adsorption sites for ethanol molecules. Even at low
ethanol concentration as 10 ppm, the sensitivity of Sg, Sty
tonX-1000 SHMT Spep, and Spyp sensors can reach 2, 4, 7, 9,
and 11, respectively, indicating their potential application
for ethanol sensors even at low concentrations.

Figure 6¢ displays dynamic gas-sensing response and
recovery curves of fabricated sensors toward ethanol
with an operating temperature of 270 °C, from which
one can see that the responses of all fabricated sensors
increase with increasing the ethanol concentration, and
a remarkable modulation of resistance is achieved at
about 100 ppm. The responses show a drastic rise once
the sensor was exposed to target gases and then dropped
to its initial value in air. As shown in Fig. 6d, the re-
sponse and recovery time to 100 ppm ethanol are about
16 s and 28 s for Sy, 14 s and 18 s for Styitonx-100, 11 S
and 15 s for Symm 9 s and 11 s for Spg, and 5 s and 8 s
for Spyp respectively. It is obvious that the Spyp sensor
has the best response/recovery characteristics compared
with other sensors.

Table 2 shows a comparison of ethanol-sensing per-
formances based on different SnO, fabricated ap-
proaches reported in other literatures and this work at
the concentration of 100 ppm. One can see that our
polyporous SnO, nanoflower presents remarkably
ethanol-sensing behaviors with lower optimal operating
temperature and higher response value as well as faster
response-recovery time, which could be attributed to
the presence of numerous mesopores in SPVP sensor,
leading to a high porosity in favor of the adsorption
and diffusion of ethanol gas.

Gas-Sensing Behaviors of Fabricated Sensors to H,S

As discussed in the previous subsection, Spyp sensor ex-
hibits the best gas-sensing property to 100 ppm ethanol
owing to its high porosity. In order to find out its

Table 1 The BET for the prepared samples
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Table 2 The comparison of ethanol sensing performances of
SnO, materials based on different fabricated approaches
reported in other literatures and this work

Materials Synthetic Working Sensor Response/ Reference

methods temperature response recovery

(O time (s)

SnO, Hydrothermal 300 194 44/232 [1
nanoparticles  route
SnO, hollow  One-step 320 31.2 52/83 2]
microspheres  calcined

method
SnO, Hydrothermal 240 6.9 25/60 [3]
nanoflowers method
SnO, Hydrothermal = 300 10 6/52 [4]
microstructure  method
SnO, Hydrothermal 300 138 5/60 [5]
nanorods route
SnO, Hydrothermal 270 387 5/8 This work
nanoflowers method

optimum detecting gas, we test the response of Spyp
sensor toward different gases, including acetone, metha-
nol, formaldehyde, and H,S, with a concentration of
100 ppm at various operating temperatures (as shown in
Fig. 7a, b). It can be noted that the optimal response ap-
pears at 330 °C of methanol, at 210 °C of formaldehyde,
at 360 °C of acetone, and at 180 °C of H,S. Furthermore,
the maximum response value of Spyp to H,S is estimated
to be 368, which is one or two orders of magnitude (Sy,s/
Sethanol = 9, S]—[zs/sformaldehyde =45) higher than that to
other test gases. The lowest optimal work temperature as
well as the best response value indicates Spyp has the ex-
cellent selectivity to H,S.

Considering the high response of Spyp sensor to H,S,
we also performed a systematic gas-sensing measure-
ment of all other sensors. A dynamic gas-sensing re-
sponse and recovery curves of fabricated sensors
toward H,S at 180 °C are displayed in Fig. 7c. Obvi-
ously, the response values of all fabricated sensors
show a monotonic increasing function of H,S concen-
tration. For 100 ppm H,S, the response and recovery
time are about 9 s and 43 s for Sy, 5 s and 30 s for St,;.
tonX-100, 14 s and 40 s for Sy, 8 s and 38 s for Spgy,
and 4 s and 20 s for Spyp while the maximum response
values are 35, 132, 41, 49, and 368 for Sy, StritonX-100s
Summ Spen and Spyp respectively. It is obvious that the
Spvp sensor has the best response/recovery characteris-
tics and the highest response to H,S gas compared
with other sensors, while Sttonx.100 achieves the
second.
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Figure 8 displays the bar graph of response of five fabri-
cated sensors to formaldehyde, methanol, ethanol, acet-
one, and H,S. All of the gases were tested with a
concentration of 100 ppm at the optimal operating
temperature. Stitonx-100 and Spyp show a distinct response
to H,S, while Spg; shows the highest gas response to
methanol and acetone. It should be mentioned that the
specific surface area and the porosity are two important
factors for gas sensors. The larger specific surface area will
provide more active sites for adsorption and desorption of
test gases, while the larger porosity would induce a greater
speed of gas diffusion owing to the presence of mesopores.
In comparison, Spg; possesses a relative larger specific
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Fig. 8 The comparison among sensor response of SnO, nanomaterials
to 100 ppm of various gases at the optimal operating temperature

surface area than others (seen in Table 1), which shows
the highest gas response to methanol and acetone (Fig. 8),
while Spyp and Stiitonx 100 €xhibit the higher gas response
to H,S due to their polyporous flower-like nanostructures,
proving good selectivity of Styitonx.100 and Spyp toward
H,S. The good selectivity of the samples to H,S can be ex-
plained as follows: when the SnO, sensor is exposed in
H,S gas, both chemisorbed oxygen species and SnO,
nanostructure react with H,S during sensing measure-
ment to form SO, and SnS,, respectively. Compared with
SnO,, the body resistance of SnS, is relatively smaller,
leading to the sensitivity enhancement of the gas sensor
[39]. On the contrary, the SnO, sensor does not react with
any other target gases, such as formaldehyde, methanol,
ethanol, and acetone.

Good stability and long service duration are expected
from the viewpoint of practical application. To verify the
stability of the sensor, the successive gas-sensing behav-
ior of Spyp to 100 ppm ethanol was tested under the
same conditions after 1 month. The samples were stored
in the vacuum drying vessel during the 1-month inter-
val. It can be seen from Fig. 9 that Spyp exhibits an ex-
cellent repeatability and stability even after 1 month.
The three cyclic curves are similar to that measured
1 month ago, including the response value as well as the
response-recovery time.

Gas-Sensing Mechanism
Up to now, the most widely accepted gas-sensing mechan-
ism of semiconductor oxide is the model based on the
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Fig. 9 Stability of Spyp over 1 month of aging for 100 ppm ethanol
at 270 °C

electron transfer dynamics during an adsorption—oxida-
tion—desorption process, which can change the resistance
value of the sensors [40]. The response of typical n-type
semiconductor greatly depends on the electron concentra-
tion. As shown in Fig. 10, at elevated temperature, elec-
trons in the valence band are thermally excited to the
conductive band. Once the SnO, sensor is exposed to am-
bient air, oxygen molecules will be chemisorbed on the sur-
face of SnO, nanoflowers. Oxygen ions (O,~, O7, and oY)
are then formed by capturing electrons from the conduct-
ive band of SnO, [41], which is accompanied by an effect-
ive enlargement of electron-depleted layer. As a
typical n-type semiconductor, the broadening of
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electron-depleted region means the decrease of carrier
concentration within SnO, nanoflowers, which will
lead to the increase of resistance of the sensors.
Conversely, when the SnO, sensor is exposed in the
reductive ambient, the absorbed oxygen species will
quickly react with the target gas, which results in re-
leasing the trapped electrons back to the conduction
band and a reduction of the resistance of the sensors.
Among the sensors fabricated in this work, Spg; and
Spvp show relative better gas-sensing performances.
The underlying physical mechanisms are as follows:
the gas sensing properties are strongly dependent on
the surface special area and the porosity. In compari-
son, Spg; possesses a relative larger specific surface
area than others, which will provide more active sites
for adsorption and desorption of test gases. Spyp ex-
hibits a relative higher porosity due to the polyporous
flower-like nanostructures, which is favorable to the
rapid diffusion of gas (as shown in Fig. 10).

Conclusions

We have successfully prepared the 3D hierarchical
flower-like SnO, nanostructures through a simple and
low-cost facile hydrothermal route with the assistance of
different surfactants. The images of SEM and TEM
showed that the fabricated 3D hierarchical SnO, nano-
flowers with an average diameter of 2~4 um were com-
posed of many 2D nanosheets. The addition of
surfactant plays an important role in the formation of
nanoflowers. Based on the experimental observations,
the possible growth process and gas-sensing mechanism

Fig. 10 Schematic diagrams on the gas-sensing mechanism of flower-like SnO, hierarchical nanostructures

(e) “a P
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of SnO, nanoflowers were proposed. As a cationic sur-
factant, the addition of PEI is conducive to the nucle-
ation of SnO, nanocrystals as well as the orderly growth
of SnO; nanosheets, leading to a relative larger specific
surface area. As amphiphilic non-ionic surfactants, PVP
and TritonX-100 can make the nanosheets grow more
uniformly and separately, which can serve as a soft tem-
plate in the synthesis of advanced material, especially in
the fabrication of mesoporous materials. In comparison,
the sensor with the help of PVP (Spyp) exhibits excellent
gas-sensing performances to ethanol and H,S due to its
relative higher porosity. Especially, Spyp shows a high re-
sponse (368), fast response/recovery time (4 s/20 s), and
good selectivity toward H,S gas. In addition, it is found
that NaOH and sodium citrate are also important for
the morphological formation of SnO, nanoflowers.
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