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Aiming to improve the gas sensing property of SnO; by utilizing the advantages of both porous structure
and p-n junctions, NiO-decorated SnO, microflowers assembled with porous nanorods were successfully
prepared via a sacrificial template-assisted synthesis method by using SnC,04 as sacrificial template
for porous SnO, and Ni(NOs); as NiO source. Through this method, different amounts of NiO can be
homogenously dispersed in porous SnO; to form p-NiO/n-SnO, junctions without changing the origi-
nal flower-like morphology of SnC,04. In the as-prepared flower-like NiO/SnO, architecture, the porous

ifz{;‘:fsrgzucmre nanorods are about 2 wmin length and 100-200 nm in diameter and are constructed by numerous loosely
NiO/SnO, stacked nanoparticles with the size about 20 nm. Gas sensing tests indicate that the NiO/SnO, microflow-

ers exhibit a remarkably improved gas sensing performance compared with pristine SnO,. The response
of INTO (with the optimal NiO content of 1 mol%) to 1000 ppm ethanol is as high as 576.5, which is much
higher than that of the pristine SnO, (315.5). Besides of high sensitivity, the 1INTO sensor also exhibits
excellent linearity in a wide range of ethanol concentration (50-1000 ppm) as well as good repeatability

Sacrificial template
Heterojunction
Gas sensor

and durability. The p-NiO/n-SnO, heterojunction related gas sensing mechanism was discussed.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Detecting the existence and concentration of flammable, explo-
sive or toxic gases plays a crucial role in human safety and
environment protection. In the past decades, metal oxide semicon-
ductor (MOS) based gas sensor has attracted much attention owing
to the merits of low cost, easy fabrication, and good response to a
wide range of gases. Developing novel MOS sensing materials with
high performance to make MOS sensor more suitable for practical
application has long been a hot topic in the field of gas sensor field
[1-5].

Tin oxide (Sn0O,), as a well-known n-type MOS with a wide
band gap of 3.6 eV, has been intensively studied due to its diverse
functions and potential applications in photocatalyst [6], lithium
ion battery [7-9] and solar cells [10,11]. Particularly, SnO, has
good capacity to response to many reducing and oxidizing gases
and thus is regarded as one of the most promising gas sensing
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materials [12-16]. Recently, aiming to improve the gas sensing
performance, many researchers have devoted their efforts on fabri-
cating SnO, micro/nanostructure with novel morphology because
of its prominent morphology-dependent property [17-22]. Among
various micro/nanostructure, porous SnO, micro/nanostructures
have been considered as a promising family for achieving high sens-
ing performance [13,23-28]. A great number of pores contained
in porous micro/nanostructures can provide enough channels for
gas diffusion and transport. Moreover, their rough surface and
large specific surface area can provide more active sites for gas
adsorption and subsequent surface reaction. Such characteristics
can always endow SnO, with enhanced gas sensing properties.
For example, Huang et al. reported the synthesis of porous SnO,
microcubes with enhanced ethanol and formaldehyde sensing
property via hydrothermal acid-washing Mn,03/SnO, hybrids
[23]; Jin et al. prepared the nanoparticle-assembled porous SnO,
microspheres with enhanced ethanol sensitivity by using biopoly-
mer sodium alginate as the structure-directing agent [24]; Xu et al.
reported the fabrication of hierarchical porous SnO, microrods
through topological transformation of tin oxalate and applied them
in gas sensor for fast detecting trace formaldehyde [27]. Besides of
fabricating novel micro/nanostructures, the construction of oxide
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heterojunctions in SnO, by introducing a proper amount of foreign
p- or n-type MOS can also improve the sensor response [29-35].
Choi et al. reported that the response of SnO, nanowire to reduc-
ing gases like H, and CO can be remarkably enhanced by surface
functionalization with Cr,03 nanoparticles (NPs) [29]; Ju et al.
reported that the NiO/SnO, hollow spheres consisting of p-NiO/n-
Sn0, junctions exhibited much higher response to triethylamine
than the pristine SnO, hollow spheres [30]; In our previous work,
we found that through decorating SnO, nanosheets with discrete
ZnO NPs, the response of the SnO, microflower built of nansosheets
was improved due to the formation of ZnO-SnO, heterojunctions
[32]. All these results clearly demonstrated that fabricating porous
structure and constructing oxide heterojunctions are of two effec-
tive strategies to improve the gas sensing performance of SnO,.
As an extension of above two strategies, it is reasonable to believe
that superior gas sensing performance can be achieved by inte-
grating the advantages of porous structure and heterojunctions in
Sn0,. However, to the best of our knowledge, in contrast with the
abundant reports on porous SnO,, the researches on the synthesis
and gas sensing property of the porous NiO/SnO, nanocompos-
ites are relatively rare, especially the heterostructured NiO/SnO,
microflowers assembled with porous nanorods.

Following above-mentioned thought, in this paper, NiO-
decorated SnO, microflowers built of porous nanorods were
fabricated via a reliable two-step route by using self-synthesized
SnC,04 as sacrificial template, and characterized by X-ray diffrac-
tion (XRD), filed-emission electron scanning microscopy (FESEM),
energy dispersive spectroscopy (EDS) and transmission electron
microscopy (TEM). The gas sensing properties of the prepared sam-
ples were investigated in detail. It was found that the as-prepared
heterostructured NiO/SnO, microflowers showed superior ethanol
sensing performances to the pristine SnO, counterpart. The pos-
sible improved gas sensing mechanism was discussed in relation
with p-NiO/n-SnO, heterojunctions.

2. Experimental
2.1. Materials

All of the chemical reagents in experiments, including
stannous chloride dihydrate (SnCl,-2H,0), oxalate dehydrate
(H2C,04-2H,0), polyethylene glycol (PEG-400) and absolute
ethanol, are of analytical grade and used as received without any
further purification.

2.2. Preparation of SnC,04 sacrificial template

Flower-like SnC,0,4 microstructure was synthesized through a
PEG-assisted precipitation method. In a typical procedure, 6.1g
H,C,04-2H,0 was first dissolved in a mixed solvent of ethanol
(130 mL) and PEG-400 (40 mL). Then, 7.2 g SnCl,-2H,0 was intro-
duced into the solution under magnetic stirring, followed by adding
20 mL deionized water drop by drop. After continuously stirring for
90 min, the produced white precipitate was collected by centrifu-
gation, washed with distilled water and ethanol for several times,
and finally dried in air at 60°C for 5 h.

2.3. Preparation of NiO-decorated SnO, microflowers

In a typical synthesis procedure, 2 g as-syntheiszed SnC,04
powder was added into 10mL aqueous solution containing a
designed amount of Ni(NO3 ), under magnetic stirring. After stirring
for 5 min, the above mixture solution was ultrasonically treated for
another 10 min, and then heated at 70°C to remove the solvent.
Finally, the obtained mixed powder was calcined in air at 500°C
for 2 h to obtain the NiO/SnO, composite. The NiO content can be

precisely controlled by tuning the amount of Ni(NOs),. The com-
posites with the NiO contents of 0.75 mol%, 1 mol% and 1.25 mol%
were successfully prepared and denoted as 0.75NTO, 1NTO and
1.25NTO, respectively. In addition, pure SnO, was also prepared
by directly annealing SnC,04 in absence of Ni(NOs3),. The whole
synthesis process is schematically illustrated in Fig. 1.

2.4. Characterization

The phase structure and purity of the prepared samples were
investigated by powder X-ray diffraction (XRD) using a Bruker/D8-
Advance diffractometer with Cu Ko radiation. The morphology
and microstructure were investigated by field emission scanning
electron microscopy (FESEM, Quanta 250 FEG) and transmission
electron microscopy (TEM, JEOL, JEM-2100). Elemental analysis
was performed by energy dispersive spectroscopy (EDS, INCA
ENERGY 250) integrated into the FESEM system. The differen-
tial thermal analysis (DTA) and thermogravimetric analysis (TGA)
were carried out on a Setaram Evolution 2400 thermal analyzer.
The specific surface area of the prepared samples was measured
on a Micromeritics Triatar 3020 apparatuses by using Brunauer-
Emmett-Teller (BET) method. UV-vis adsorption spectra were
obtained on a UV-vis diffuse reflection spectrometer (TU1901).

2.5. Sensor fabrication and measurement

A proper amount of as-prepared sample was mixed with
several drops of distilled water in an agate mortar to form a
homogeneous past, which was then coated onto a ceramic sub-
strate (13.4mm x 7mm, screen-printed with Ag-Pd comb-like
electrodes) to obtain the resistance-type sensor. The gas-sensing
properties of the sensor were tested on an intelligent gas sensing
analysis system of CGS-4TPS (Beijing Elite Tech. Co., Ltd., China).
Before testing, the sensor was aged at 200°C for 12 h to improve
the repeatability and stability. The sensor response (S) was defined
as the ratio of Ra/Rg, where R; and Rg were the electrical resistance
of sensor in air and in target gas, respectively. The response and
recovery times were defined as the time required for a change in
response to reach 90% of the equilibrium value after injecting and
removing the detected gas, respectively. During the test, the oper-
ating temperature range was set at 200-380°C and the relative
humidity was 40%.

3. Results and discussion
3.1. Characterization of the SnC,0, sacrificial template

Fig. 2a shows the XRD pattern of the prepared SnC, 04 sacrificial
template. All of the diffraction peaks are good agreement with the
standard dates of the monoclinic SnC,04 (JPCDS file: No. 510614),
and no peaks from other impurities are detected, indicating the
formation of crystalline SnC,0,4 phase with high purity. The FESEM
images displayed in Fig. 2b and c reveal that the SnC;04 sample is
composed of many ~5 pwm flower-like microstructures, which are
built of numerous 1D nanorods with the size about 2 wm in length
and 100-200nm in diameter. The TEM image showed in Fig. 2d
further indicates that the rod-like petals in the flower-like archi-
tecture are of dense and gather together via their bundled ends. The
thermal stability of the prepared SnC,04 was investigated, and the
obtained DTA-TGA curves are showed in Fig. 3. A strong exother-
mic peak centered at 292°C (DTA curve) can be observed. This
exothermic process corresponds to a weight loss about 27.4% (TGA
curve), being agreement with the theoretical weigh loss (26%) of
the decomposition of SnC,04 to produce SnO,. In our experiment,
in order to get better crystalline SnO, and simultaneously pre-
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Fig. 1. Schematic illustration for the preparation of flower-like NiO/SnO, and SnO, architectures assembled with porous nanorods.

Fig. 2. (a) XRD pattern, (b, c) FESEM and (d) TEM images of the synthesized SnC,0;4 sacrificial template.

vent the porous structure from collapsing, the following calcination
temperature is chosen at 500°C.

3.2. Characterization of the flower-like microstructure of SnO,
and NiO/SnO,

Considering that SnC,04 can decompose to SnO; at the temper-
ature above 292 °C, the present flower-like SnC,04 microstructure
provides us an ideal sacrificial template to prepare SnO, and
NiO/SnO,. Thus, by annealing SnC,04 with or without Ni(NO3),,
NiO/SnO, composites and pure SnO, were prepared, respectively.
Fig. 4 displays the XRD patterns of the obtained samples. The
diffraction peaks arising from tetragonal rutile SnO, (JCPDS file:
No. 41-1445) as well as a small diffraction peak arising from
orthorhombic SnO, (JCPDS file: No. 29-1484) are observed, indi-
cating the formation of crystalline SnO, phases in the four samples.
However, no obvious peaks related to NiO can be found in 0.75NTO,
1NTO and 1.25NTO, which is probably due to the low content and
small crystal size of the NiO dopant. Based on the Scherer formula

(D= %, where \ is the wavelength of the X-ray beam, B is

the full width at half maximum, and 0 is the diffraction angle), the
average grain sizes of SnO, crystallites calculated from (110) plane
are 22.7, 19.8, 19.0, 17.7nm for pure SnO,, 0.75NTO, 1NTO and
1.25NTO, respectively. With the increase of NiO content, the grain
size of SnO, was slightly decreased, indicating that the presence of
NiO can restrain the growth of SnO, crystals.

The FESEM images of the prepared SnO, and NiO/SnO; com-
posites are presented in Fig. 5a-h. From Fig. 53, one can clearly see
that the flower-like hierarchical microstructures, similar to SnC,04
precursor, were obtained in the pure SnO, product, revealing that
after a phase transformation from SnC, 04 to SnO,, the SnC,04 pre-
cursor can pass its morphology on to SnO,. While, in sharp contrast
with the dense structure of the SnC,04 nanorods (Fig. 2c and d), a
plenty of pores are created on the SnO;, nanorods (Fig. 5b) due to
the decomposition of SnC,04. When a small amount of Ni(NOs ),
was introduced and then annealed together with the SnC,04 pre-
cursor, such flower-like hierarchical microstructure that consisting
porous nanorods as building blocks can be also obtained in the
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Fig. 3. TGA/DTA curves of the synthesized SnC, 04 sacrificial template.

Fig. 4. (a) XRD patterns of the synthesized pure SnO,, 0.75NTO, INTO and 1.25NTO.

final NiO/SnO, composites (Fig. 5¢c-h). Such result indicates that
under the present experimental condition the addition of a small
amount of Ni(NO3), has almost no impact on the formed morphol-
ogy of the product. EDS measurements were subsequently carried
out to investigate the chemical composition of the porous nanorods.
Fig. 5i-k displays the EDS element mappings recorded from Fig. 5f.
Three elements of Sn, Ni and O are observed, suggesting that these
porous nanorods are composed of SnO, and NiO. Moreover, the
good dispersion of Ni elements among Sn and O elements indi-
cates that NiO is homogeneously distributed on the porous SnO,
nanorods.

The obtained NiO/SnO, composites were further investigated by
TEM. Fig. 6a shows a typical TEM image of 1NTO. Being consistent
with above FESEM observation, the flower-like microstructure built

of porous nanorods can be clearly observed. From the enlarged TEM
image showed in Fig. 6b, it can be further seen that these porous
nanorods are constructed by numerous loosely stacked nanopar-
ticles. The average size of these nanoparticels is measured to be
about 20 nm, being consistent with the result of XRD analysis. The
selected area electron diffraction (SAED) pattern showed in Fig. 6¢
reveals that these porous nanorods are of polycrystalline in nature.
After careful identification, all the diffraction rings from inside to
outside can be indexed as the (110), (101), (211), (210) and (002)
planes of tetragonal rutile SnO, (JCPDS file: No.41-1445)and (111)
and (220) planes of cubic NiO (JCPDS file: No. 78-0643), respec-
tively. The coexistence of crystalline NiO and SnO, can be further
confirmed by the high resolution TEM (HRTEM) image showed
in Fig. 6d. The interplanar distances of 0.33nm and 0.24 nm are
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Fig. 5. (a) FESEM images of the synthesized (a, b) SnO, (c, d) 0.75NTO, (e, f) INTO and (g, h) 1.25NTO and (i-k) the area scanning element mappings of INTO recorded from
figure (f). The inset of figure (f) is the enlarged FESEM image of 1NTO, clearly demonstrating the formation of porous nanorods.
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Fig. 6. (a, b) TEM images, (c) SAED pattern and (d) HRTEM image of 1NTO.

Fig. 7. UV-vis adsorption spectra of the prepared SnO, and 1NTO. The inset is the derived plots of (ahv)? versus photon energy (hv).

close to the d values of (110) and (111) planes for tetragonal SnO,
and cubic NiO, respectively. Moreover, the contacted lattice fringes
between NiO and SnO, reveal that NiO-SnO, heterojunctions were
formed in this sample. In principle, the formation of p-n hetero-
junction (type II) will lead to a narrowed band gap [36]. Thus,
in order to further confirm the formation of p-n heterojunction
in 1NTO, the band gap energies of the prepared SnO, and 1NTO

were investigated by UV-vis absorption spectra. As shown in Fig. 7,
the absorption edge of 1NTO is obviously red shift as compared
with that of pure SnO,. The plots of (athv)? versus photon energy
(hv) (inset of Fig. 7) were obtained according to the equation of
oahv = A(hv - Eg)]/z, where «, h, v, Eg, and A are the absorption
coefficient, Planck’s constant, light frequency, band gap energy, and
a constant, respectively. The band gap energies (Eg) of the prepared
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Fig. 8. Nitrogen adsorption-desorption isotherms and corresponding pore size distribution curves (inset) of different samples.

Sn0, and 1NTO were estimated to be 3.65 and 3.55 eV, respectively.
The narrowed band gap of 1NTO further reveals the formation of
p-n heterojunction of NiO-SnO,.

Nitrogen adsorption-desorption measurements were per-
formed on the prepared samples and the results are shown in Fig. 8.
All samples exhibit a type of IV isotherm with type H3 hystere-
sis loop according to IUPAC classification. The BET surface areas
are found to be 28.88, 31.16, 32.23 and 32.72 m?2/g for pure SnO,,
0.75NTO, INTO and 1.25NTO, respectively. With the increase of NiO
content, the surface area of the samples is only slightly enlarged.
The corresponding pore size distribution (inset of Fig. 8) that cal-
culated from the Barret-Joyner-Halenda (BJH) method indicates
that the dominant pore size of the four samples are in the range of
10-50 nm. Thus, based on above analysis, we can undoubtedly con-
cluded that heterostructured NiO/SnO, microflowers consisting of
porous nanorods as building blocks were successfully prepared via
the present method.

3.3. Gas sensing properties

The as-prepared NiO/SnO, microflowers, possessing the advan-
tages of both porous structure and p-n junctions, were expected
to exhibit superior gas sensing properties. So, gas sensing tests
were performed on the NiO/SnO, composites as well as on the
pure SnO; for comparison. During the tests, ethanol vapor was cho-
sen as the representative reducing gas. It is well known that the
chemical reaction happened on the surface of sensing material is
significantly influenced by the operating temperature. Therefore,
the temperature-dependent responses of the sensors were first
investigated to find the optimum operating temperature. Fig. 9a
displays the responses of the sensors toward 300 ppm ethanol
vapor at the operating temperature ranging from 200 to 380°C.
The responses of different sensors exhibit similar variations with
the increase of temperature, and reach their maximum values at
320°C. Thus, 320°C is determined as the optimum operating tem-
perature. At the optimum operating temperature, the responses
of pristine SnO;, 0.75NTO, 1NTO and 1.25NTO are 164.5, 208.1,
257.3 and 185.1, respectively. In general, the response of MOS sen-
sor is closely related with the sensor resistance in air (R;), which

can be severely influenced by many factors, especially including
the operating temperature and the heterojunctions. Here, in order
to investigate the influence of such two factors on the R,, the R,
values of pure SnO, and 1NTO at different temperature were mea-
sured, and the results are showed in Fig. 9b. From this figure, one
can see that the R; values of the two sensors decrease gradually
with the increase of temperature, revealing the negative tempera-
ture coefficient property of SnO, and 1NTO. Moreover, in the whole
temperature range, the R, value of 1NTO is always higher than that
of SnO,. Such result indicates that the R, value of the present SnO,
sensor has been increased through the introduction of NiO, which
can be attributed to the formation of p-NiO/n-SnO-, junctions.

Fig. 10 shows the response of the sensors toward varied ethanol
concentration at the optimum operating temperature of 320°C.
From Fig. 10a, one can easily see that the responses of all sen-
sors increase very fast with the increase of ethanol concentration
before 1000 ppm, but slow down gradually when the ethanol con-
centration is over 1000 ppm. In the whole concentration range, the
NiO/SnO; sensors exhibit higher response than the SnO, sensor,
revealing their superior ethanol sensitivity. In addition, among the
three NiO/SnO, sensors, the 1NTO sensor shows the best sensi-
tivity to ethanol. For example, the responses of 1INTO to 50 and
5000 ppm ethanol are 94.8 and 1328.4, respectively, which are
much higher than that of 0.75NTO (83.1 and 955.1) and 1.25NTO
(74.5 and 831.2). Therefore, the optimal NiO content in the present
NiO/SnO; composite is determined to be 1 mol%. More details about
the gas concentration-dependent response variation in the range of
50-1000 ppm are displayed in Fig. 10b. The sensors based on SnO5,
0.75NTO and 1.25NTO show good linearity from 50 to 500 ppm. In
contrast, the linearity range of 1NTO sensor can extent to 1000 ppm.
The ethanol sensitivity of 1NTO is compared with that of the
NiO/SnO, composites reported in literatures. As is shown Table 1,
an obvious improvement of ethanol sensitivity was observed for
the present 1NTO sensor. The high response and extended lin-
ear detection range of 1NTO imply its better capacity in detecting
ethanol.

Fig. 11a shows the representative dynamic response-recovery
curve of INTO sensor to different ethanol concentration at 320°C.
For comparison, the corresponding curve of pure SnO, sensor was
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Fig. 9. (a) Response values of the sensors based on Sn0;, 0.75NTO, 1NTO and 1.25NTO to 300 ppm ethanol at different temperatures; (b) the R, values of pure SnO, and 1INTO

sensors at different temperatures.

Table 1

Comparison of ethanol sensitivity of NiO/SnO, sensors in present work and literatures.

Sensing materials T(°C) Ethanol concentration (ppm) Response (Ra/Rg) Ref.
NiO/SnO, nanofiber 330 50 3.7 [38]
Ni-doped SnO; hollow spheres 300 50 14 [39]
NiO-doped SnO; nanofibers 200 50 4 [40]
NiO-SnO; hollow spheres 300 50 12 [41]
NiO/SnO, hollow sphere 220 10 4 [30]
1NTO 320 50 94.8 this work

also displayed. Evidently, with the increasing of ethanol concen-
tration, the response amplitude of 1NTO increases gradually. At
each tested points the response amplitude of 1NTO is obviously
higher than that of SnO,. Fig. 11b gives the response transient
curve of INTO sensor to 2000 ppm ethanol at 320 °C. From this fig-
ure, the response and recovery times were determined as 9s and
34s, respectively. The relatively rapid response and recovery prop-
erty should be attributed to the unique porous structure of 1NTO.

The repeatability and long-term stability of 1INTO were also mea-
sured. As shown in Fig. 11c and d, the 1NTO sensor can maintain its
initial response without major changes after 4 cycles of measure-
ments and can still keep 85% of initial response value after 30 days,
revealing its good repeatability and long-term stability.

The sensitivity of 1INTO sensor were further evaluated by testing
its responses toward 300 ppm different reducing gases at 320°C,
and the results are showed in Fig. 12. The responses of 1NTO to all
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Fig. 10. Response of different sensors versus ethanol concentrations at 320°C: (a) 50-5000 ppm, (b) 50-1000 ppm.

the tested gases are higher than that of the pure SnO, counterpart,
suggesting its improved sensitivity to reducing gases. Moreover,
the response of 1NTO to ethanol is as high as 257, which is about 3,
4.8, 5.4 and 40.8 times higher than to methanol, acetone, formalde-
hyde and benzene, respectively, indicating its selectivity to ethanol.
The ethanol selectivity of INTO sensor may be attributed to the
high activity of ethanol molecule that makes it easier to react with
absorbed oxygen ions on the surface of sensing materials.

3.4. Mechanism of improved sensing properties

Based on the widely accepted space-charge layer mechanism,
the gas sensitivity of MOS is closely related with the electron-
depletion layer (EDL) and hole-accumulation layer (HAL) formed
on the surface of n- and p-MOS, respectively [2]. As illustrated in
Fig. 13a, when the n-SnO, sensor is exposed to air, the surface-
absorbed oxygen will capture electrons from the conduction band
of Sn0, to generate oxygen anions (O— is believed to be dominant

at the present operating temperature of 320°C [37]), leading to the
formation of EDL on the surface of SnO, nanoparticles (NPs). Thus,
the conduction channels in SnO, NPs are narrowed and the sensor
resistance is increased correspondingly. Upon exposure to reducing
gas, such as ethanol vapor, the trapped electrons will be released
back to SnO, due to the redox reaction between ethanol molecules
and oxygen anions. As aresult, a narrowed EDL and a widened con-
duction channel are formed, and the sensor resistance is reduced
accordingly.

In our experiments, when NiO was dispersed in the SnO, porous
nanorods, the sensor response is remarkably enhanced. Consid-
ering that the pure SnO, and NiO/SnO, composites have similar
porous structure and specific surface areas, the enhanced response
should be mainly attributed to the p-n junctions formed between
NiO and SnO, NPs. Many previous studies have demonstrated that
the creation of p-n junctions can enhance the sensor response
through changing the width of space-charge layer [29-31]. As
showninFig. 6d, by decorating porous SnO, nanorods with NiO NPs,



G. Sun et al. / Sensors and Actuators B 233 (2016) 180-192 189

Fig. 11. (a) Real time response curves of the pure SnO; and 1NTO to ethanol in the range of 50-5000 ppm; (b) response-recovery curve of INTO to 2000 ppm ethanol; (c)
repeatability and (d) stability measurements of the 1NTO sensors to 500 ppm ethanol at 320°C.

Fig. 12. Responses of Sn0O; and 1NTO sensors to 300 ppm different reducing gases at 320°C.

p-NiO/n-Sn0; junctions were successfully created in the compos-
ite materials. The concentration gradient of charge carriers at the
heterojunction interface will impel electrons to transfer from SnO,
to NiO and holes from NiO to SnO, until the system obtains equal-

ization at the Fermi level (Fig. 13c). As a result, besides of the EDL
formed by absorbed oxygen, an additional EDL can be also formed
on the surface of SnO,, as shown in Fig. 13b. Because the NiO con-
tent in the NiO/SnO, composites is very low, the sensor resistance
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Fig. 13. Schematic diagrams of the ethanol sensing mechanisms of (a) pure SnO; and (b) heterostructured NiO/SnO, porous nanorods, and (c) the proposed energy band

structure diagram of p-NiO/n-SnO, heterojunction.

should be mainly determined by the dominant SnO, phase. Thus,
with the increase of EDL width on SnO, NPs, a higher resistance
is obtained. Such deduction can be proved by the experimental
result showed in Fig. 9b. The measured electrical resistance of INTO
in air at 320°C is about 214 K€2, which is about two times larger
than that of pure SnO, (about 100KS2). When the NiO/SnO; sen-
sors are exposed to ethanol vapor, the captured electron by oxygen
anions and NiO will feed back to SnO, due to the surface redox
reaction, which will decrease the barrier height of p-n junction,
shrink the EDL and widen the conduction channel of SnO, (Fig. 13b).
As a result, the conductivity of NiO/SnO, sensor is significantly
increased and the sensitivity is remarkably improved. Besides of the
p-NiO/n-Sn0O,, junctions, the porous structure is also considered to
have a positive influence on the enhanced response of NiO/SnO, by
providing a great number of channels for gas diffusion and transport
as well as more active sites for gas adsorption and surface reaction,
which has be widely demonstrated in previous literature [23,24].

4. Conclusion

In summary, NiO-decorated SnO, microflowers, consisting of
porous nanorods as building blocks, have been successfully pre-
pared by annealing pre-synthesized SnC,0,4 sacrificial template
with Ni(NO3),. Through this method, NiO NPs can be homoge-
nously dispersed in porous SnO, NRs and the NiO content can
be precisely controlled by adjusting the amount of Ni(NO3),. The
optimal NiO content in the present NiO/SnO, composite is deter-
mined to be 1 mol%. The sensor based on 1NTO exhibit remarkably
enhanced response to ethanol as compared with that based on
the pure SnO,, which can be attribute to the formation of NiO-
SnO, p-n heterojunctions. Our research not only provides areliable
route for synthesizing porous nanorods-assembled NiO/SnO, het-
erostuctured microflowers but also demonstrates that constructing
porous structure and p-n heterojunctions in SnO, is a feasible and
effective method for achieving high gas sensing performance.
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