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In  this  work,  hierarchical  porous  SnO2/Zn2SnO4 composites  were  synthesized  via  a  facile  one-step
hydrothermal  method  with  subsequent  heat  treatment.  Many methods  were  performed  to investigate
the  crystalline  and  morphological  characterization  of the  as-prepared  composite.  The  gas  sensors  based
on the  porous  SnO2/Zn2SnO4 composite  were  fabricated  and their  gas  sensing  performance  was  sys-
eywords:
nO2/Zn2SnO4

riethylamine
ydrothermal method
as sensor

tematically  investigated.  Significantly,  compared  with  the  pure  SnO2 and  Zn2SnO4 solid  particles,  the
hierarchical  SnO2/Zn2SnO4 porous  spheres  exhibited  excellent  gas  sensing  properties  toward  triethy-
lamine  (TEA).  The  response  value  was 48  toward  100  ppm  TEA,  and  the  detection  limit  could  be down  to
500  ppb  with  a response  value  of 1.4.  The  excellent  gas  sensing  properties  are  contributed  to the  porous
nanostructure  and the  heterojunction  between  SnO2 and  Zn2SnO4 composite.

© 2018  Published  by  Elsevier  B.V.
. Introduction

Triethylamine (TEA), as an explosive and inflammable gas, can
ause great damage on human health and environment, such as
ye and skin burns, headaches and especially respiratory difficulty
1–4]. Therefore, it is necessary to detect and monitor the con-
entration of TEA in the air. Up to now, many methods have been
xplored to achieve the detection and monitoring TEA, including gel
hromatography techniques, electro-chemistry analysis, and col-
rimetric method [5–7]. Though these methods have high precision
nd good stability, however, they also have complicated detection
rocess, long detection period and expensive equipment, which
ave limited them into practical application. Therefore, it is signifi-
ant to develop an accurate and fast detection method for TEA with
igh sensitivity, good selectivity and low detection limit.

Metal oxide semiconductor gas sensors have been demon-
trated as a kind of sensor with advantages of high sensitivity, low

ost, low power consumption and real-time operation [8–11]. Pre-
ious researches revealed that the gas sensing properties of oxide
emiconductors were closely related with their compositions, crys-

∗ Corresponding authors.
E-mail addresses: pengsun@jlu.edu.cn (P. Sun), lugy@jlu.edu.cn (G. Lu).

ttps://doi.org/10.1016/j.snb.2018.03.044
925-4005/© 2018 Published by Elsevier B.V.
talline sizes, and surface morphologies [12–15]. Zn2SnO4 as an
n-type semiconductor oxide with a wide band gap of 3.6 eV at room
temperature is a transparent conducting oxide with high electron
mobility, low visible adsorption, and high electrical conductivity.
Therefore, it has been widely used in the areas of solar cells [16–18],
photocatalysts [19–21], lithium ion batteries [22–24] and gas sen-
sors [25–28]. As known, the gas sensors based on the Zn2SnO4
composite exhibit good sensing properties to many volatile organic
chemicals (VOCs), such as ethanol, acetone, formaldehyde and
toluene [29–33], however, as far as we know the research on
Zn2SnO4 material for the detection of TEA has been rarely reported
[34].

Herein, porous SnO2/Zn2SnO4 composites were prepared
through a facile hydrothermal method with subsequent calcination
processes. Gas sensing performances of sensors based on the as-
prepared products were evaluated and systematically investigated.
Compared with pure SnO2 and Zn2SnO4 solid particles, the porous
SnO2/Zn2SnO4 composites exhibited excellent gas sensing proper-
ties toward TEA at the optimum temperature of 250 ◦C, giving a
response of 48–100 ppm TEA. Moreover, the sensor also showed

fast response, super selectivity and a low detection limit (500 ppb).

https://doi.org/10.1016/j.snb.2018.03.044
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2018.03.044&domain=pdf
mailto:pengsun@jlu.edu.cn
mailto:lugy@jlu.edu.cn
https://doi.org/10.1016/j.snb.2018.03.044
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Fig. 1. Schematic diagram of the sensor device.
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. Experimental section

.1. Synthesis process

All reagents used in this experiment were of analytical grade
nd directly used without any further purification.

The porous SnO2/Zn2SnO4 composite was synthesized through
 hydrothermal method. In a typical process, 1 mmol  of
a2SnO3·4H2O and 0.06 g of sodium alginate were dissolved in
0 mL  of deionized water (named as solution A). 2 mmol  of Zn
CHCOO) 2·2H2O was dissolved in 2 mL  of deionized water, and
hen added with 5 mL  of ammonia hydroxide (named as solution
). After about 15 min, solution B was mixed with solution A with
tirring for another 30 min  at room temperature. Then the mixed
olution was transferred into a 50 mL  of Teflon-lined autoclave and
eated at 160 ◦C for 6 h. After the autoclave cooled down to room
emperature, the product was collected by centrifugation, washed
ith deionized water and ethanol for several times, respectively,

nd dried in air at 80 ◦C for 12 h. The product was then annealed
t 800 ◦C for 30 min  in air with a heating rate of 5 ◦C/min to obtain
nO2/Zn2SnO4 composites. The SnO2 solid particles used in this
ork were of analytical grade commercial SnO2 particles, and the

n2SnO4 particles used in this work were synthesized through a
ydrothermal method, the synthetic process of Zn2SnO4 solid par-
icles was described in supporting information.

.2. Characterization

The phase characterization of SnO2/Zn2SnO4 composite
as characterized by X-ray powder diffraction (XRD) on a
igaku D/Max–2550 V diffractometer using Cu-K� radiation
� = 1.54178 Å). The morphology and composition of the product
ere investigated by field emission scanning electron microscopy

FESEM) on a JSM-7500F (JEOL) microscope operating at an accel-
rating voltage of 15 kV, Transmission electron microscopy (TEM)
nd high-resolution transmission electron microscopy (HRTEM)
bservations were carried out on a JEM-2200FS apparatus (JEOL)
perating at 200 kV. Elemental mapping analysis was performed
y the energy dispersive X-ray spectrometry (EDS) by the TEM
ttachment.

.3. Fabrication and measurement of gas sensor

The sensor fabrication and the measurement system are referred
o the literature process [9]. An alumina ceramic tube was  selected
ith the length, external diameter and internal diameter of 4, 1.2,

nd 0.8 mm,  respectively, and a pair of gold electrodes was attached
n the end of the tube. The as-synthesized SnO2/Zn2SnO4 com-
osite was mixed with deionized water to form a paste, and then
oated onto the ceramic tube with a small brush to form a thick
lm. The device was dried at room temperature and calcined at
00 ◦C for 2 h. A Ni-Cr alloy coil heater was inserted into the alu-
ina ceramic tube. The operating temperature was controlled by

djusting the heating current. The schematic diagram of the sensor
evice is illustrated in Fig. 1.The gas sensing properties were mea-
ured by using a RG-2 gas sensing characterization system under
aboratory condition (30 RH%, 23 ◦C). The measurement was con-
ucted by a static process. A given amount of the tested gas was

njected into a closed glass chamber, and the sensor device was put
nto the chamber for the measurement of the sensing performance.

he sensor response is defined as S = Ra/Rg, where Ra is the sensor
esistance in the air, and Rg is the sensor resistance in the tested gas.
he response time (�res) and recovery time (�recov) were defined as
he time taken by the sensor to achieve 90% of the total resistance
Fig. 2. XRD patterns of the as-prepared SnO2/Zn2SnO4 composite.

change in the case of adsorption and desorption, respectively. The
operating temperature was  varied between 200 and 350 ◦C.

3. Results and discussion

3.1. Structural and morphological characteristics

The phase and crystal structure of the SnO2/Zn2SnO4 product
were investigated by XRD. Fig. 2 is the representative XRD pattern
obtained after annealing the precursor at 800 ◦C. From the XRD pat-
terns, it can be clearly seen that most of the XRD peaks could be
indexed to Zn2SnO4 and the rest peaks to SnO2, which indicates
that the product was  a composite of Zn2SnO4 and SnO2. Compared
with the standard JCPDS cards, Zn2SnO4 and SnO2 in the composite
were in good agreement with the inverse spinel Zn2SnO4 (JCPDS:
74-2184) and tetragonal SnO2 (JCPDS: 41-1445). Additionally, no
other peaks could be found in the XRD patterns of SnO2/Zn2SnO4
composite, indicating the high purity of the crystalline composite.

The morphology and surface structure of the sample were
observed by FESEM and TEM. It can be seen in Fig. 3a that the as-
prepared SnO2/Zn2SnO4 composite had a sphere-like morphology
and were uniformly dispersed with a rough surface. Fig. 3b is the
SEM image of a single SnO2/Zn2SnO4 sphere, it could be seen that
the sphere with the diameter of about 200 nm was composed of
many nanoparticles. The TEM images of Fig. 3c and d show more
micro-structural details of the composite. It is clearly that the as-
synthesized spheres had a porous microstructure which agreed
well with the SEM observations. This porous structure may increase
the specific surface area, and provide more surface active sites
which will contribute to the improved sensing property. The SEM
images of the pure SnO2 and Zn2SnO4 solid particles were displayed
in Fig. S1.

The HRTEM analysis of SnO2/Zn2SnO4 composites is depicted

in Fig. 4a–c. The HRTEM images of the selected area marked with
white rectangles in Fig. 4a indicated the lattice fringe spacing of
0.261 nm corresponding to the spacing of the (311) lattice plane
of inverse spinel Zn2SnO4 (Fig. 4b), and 0.334 nm correspond-
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Fig. 3. (a and b) FESEM and (c and d) TEM images of the SnO2/Zn2SnO4 spheres.
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Fig. 4. (a–c) HRTEM, (d) TEM, and (e–g)

ng to the spacing of the (110) lattice plane of tetragonal SnO2
Fig. 4c). TEM elemental mapping images corresponding to a single
nO2/Zn2SnO4 sphere (Fig. 4d) was applied to illustrate the spa-
ial distributions of Zn, Sn and O elements in the sample of the

nO2/Zn2SnO4 composite. It can be clearly seen that O, Sn and Zn
ere homogeneously distributed in SnO2/Zn2SnO4 composite, as

hown in Fig. 4e–g.
ntal mapping images of the composite.

3.2. Gas sensing characteristics

The gas sensors based on the pure SnO2, Zn2SnO4 solid parti-
cles and porous SnO2/Zn2SnO4 spheres were fabricated and the

responses of the gas sensors to TEA were measured as a function
of operating temperature. The corresponding bar graph is shown
in Fig. 5a, all of the three sensors showed an “increase-maximum-
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Fig. 5. (a) Responses of the gas sensors based on SnO2 and Zn2SnO4 solid particles
to  100 ppm TEA and the porous SnO /Zn SnO spheres to 50 ppm TEA. (b) Response
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than to the other tested gases. The responses to TEA, ethanol, ace-
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f  the gas sensor based on porous SnO2/Zn2SnO4 spheres to acetone and ethanol of
00  ppm, and TEA of 50 ppm.

ecrease” tendency. The highest response value toward TEA could
e observed of the sensor based on the porous SnO2/Zn2SnO4
pheres, and the maximum response was 29.5 toward 50 ppm TEA
t the operating temperature of 250 ◦C. For the sensors based on
nO2 and Zn2SnO4 solid particles the maximum response toward
00 ppm TEA was reached at 9.9 and 9.3, respectively. Obviously,
he sensor based on the porous SnO2/Zn2SnO4 spheres exhibited
etter response toward TEA. Then, the gas sensing response of the
ensor based on the porous SnO2/Zn2SnO4 spheres toward TEA,
thanol and acetone was investigated as a function of operating

emperature, as depicted in Fig. 5b. It can be observed that the
esponse of the sensor varied with operating temperature and
xhibited a temperature-dependent feature. As can be seen in
ig. 5b that the sensor showed the highest response to 50 ppm TEA

ig. 6. (a) Response of the porous SnO2/Zn2SnO4 spheres to different concentrations of
ifferent concentrations of TEA at 250 ◦C.
tors B 266 (2018) 213–220

with the temperature ranged from 200 ◦C to 350 ◦C. However, the
maximum response value of the sensor toward TEA of 50 ppm was
29.5 at 250 ◦C, while the response value to ethanol and acetone with
a concentration of 100 ppm was  only 15.5 and 14.2, respectively,
which was only half of the response value to TEA, and 250 ◦C was
chosen as the optimum operating temperature to further evaluate
the sensing performance of the sensor toward TEA.

The dynamic responses of the gas sensors were explored when
orderly exposed to different concentrations of TEA at 250 ◦C, (Fig. 6).
It can be seen in Fig. 6b that the response increased with the
TEA concentration ranging from 500 ppb to 5 ppm, the responses
were 1.4, 1.6, 2.2, 3.2, 3.7 and 4.3, respectively. And then with the
TEA concentration changed from 10 to 50 ppm, the correspond-
ing responses were 13.1, 19.6, 22.0, 24.3, and 29.5, respectively
(Fig. 6c). Fig. 6a and the inset is the corresponding linearity curve
of the gas sensing responses toward TEA with different concentra-
tion. Clearly, the sensor displayed an approximately linear increase
with the concentration of TEA increased from 500 ppb to 5 ppm, and
10 ppm to 50 ppm. The sensing performances comparison between
the as-prepared SnO2/Zn2SnO4 spheres and literature results is
summarized in Table 1 [34–39]. It is worth noting that the sensor
based on SnO2/Zn2SnO4 spheres has relatively better gas sensing
performance toward TEA than that of the reported sensors, includ-
ing lower detection limit, lower operating temperature, and higher
sensing response.

Selectivity is a vital parameter of gas sensors for their practi-
cal application. The selectivity of the sensor based on pure SnO2,
Zn2SnO4 solid particles and porous SnO2/Zn2SnO4 spheres were
investigated as shown in Fig. 7. The bar graph of the responses of
the sensors toward various kinds of volatile organic gases, including
TEA, ethanol, acetone, methanol, formaldehyde, and toluene with a
concentration of 100 ppm at their optimum operating temperature
was listed. All of the three sensors showed the highest response to
TEA, and a relatively lower response to other tested gases. For the
sensors based on pure SnO2, Zn2SnO4 solid particles the gas sens-
ing response toward TEA, ethanol and acetone had no significant
difference, while the sensor based on the porous SnO2/Zn2SnO4
spheres, the gas sensing response toward TEA was  much higher
tone, methanol, formaldehyde and toluene were 48.2, 15.5, 9.7, 5.6
4.7 and 4.1. Obviously, the response value to TEA was 3–12 times
higher than to the other tested gases, which indicated that the sen-

 TEA at 250 ◦C. (b and c) Response transients of porous SnO2/Zn2SnO4 spheres to
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Table  1
Comparison of TEA sensing performance of gas sensors based on other material in previous reports.

Sensing materials Con. (ppm) Tem. (◦C) Res. (Ra/Rg) Det. Lim. (ppm) Ref.

Polyhedral Zn2SnO4 100 200 37 5 [34]
ZnO  nanorod 50 300 45 2 [35]
V2O5 hollow sphere 100 370 7.3 0.01 [36]
TiO2 nanorod 50 290 9.5 0.1 [37]
SnO2 microfibre 100 270 

SnO2 nanowire/ZnO nanorod 115 300 

SnO2/Zn2SnO4 porous sphere 100 250 

F
o

s
a

p
t
s

F
b

ig. 7. Responses of the sensors to various test gases of 100 ppm at their optimum
perating temperature.

or based on porous SnO2/Zn2SnO4 spheres had a high response
nd good selectivity to TEA.
Response and recovery characteristic is another important
arameter of gas sensor. The response and recovery properties of
he sensors to 20 ppm TEA were investigated, The response tran-
ients of the SnO2/Zn2SnO4 sensor at 175 ◦C, 200 ◦C, 225 ◦C, 250 ◦C,

ig. 8. (a–f) Response transients of the porous SnO2/Zn2SnO4 composites to 20 ppm TEA
ased  on SnO2/Zn2SnO4 composites at different operating temperature.
49.5 2 [38]
8.2 No [39]
48 0.5 This work

275 ◦C and 300 ◦C are displayed in Fig. 8(a–f). It can be seen that the
resistance was significantly decreased with the increasing of oper-
ating temperature, moreover, the response and recovery time was
also varied with different temperature. It could be also seen that the
response and recovery time was reduced greatly with the increas-
ing temperature, and at the optimal temperature of 250 ◦C, the
response and recovery time was  2 s and 184 s, respectively. Fig. 8g
displays the response and recovery time with the increase of tem-
perature and also it can be observed that the response and recovery
time was  nearly linearly decreased with the operating temperature.

Since water vapor is an important interference factor to gas
response, in order to evaluate the humidity effect, the TEA sens-
ing tests were conducted under a RH of 20, 40, 60, 80 and 98%.
Fig. 9a and b depicts the response transients of SnO2/Zn2SnO4 under
a RH of 20, 40, 60, 80 and 98%, respectively. Under all RH, the
SnO2/Zn2SnO4 sensor showed a relatively stable response to TEA.
However, the response to TEA decreased with the increasing RH,
and the resistance of the sensor also reduced with the RH change
from 20 to 98%. As shown in Fig. 9c, the ratio of the gas response at
98% and 40% RH (Rgas,98%RH/Rgas,40%RH) was  0.91, which indicating
that the RH did not much affect the sensing response to TEA. Stud-

ies have shown that under humid conditions, there is an interaction
between water vapor and adsorbed oxygen ions, which results in
the formation of terminal hydroxyl groups on the sensing material,

 at different operating temperature. (g) Response and recovery times of the sensor
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Fig. 9. (a) Dynamic response curves of SnO /Zn SnO sensor to 20 ppm TEA under various humidity (20%–98% RH) at 250 ◦C, (b-c) Corresponding resistance and response
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Fig. 10. (a) Ten cycles of dynamic response curves of SnO2/Zn2SnO4 sensor to
2 2 4

hanges with increasing humidity.

nd leads to a reduction in the depletion layer, and consequently, to
 decrease in the sensor resistance [40–42]. Moreover, under high
H, the TEA molecules compete with water vapor for adsorbed oxy-
en ions on the surface of sensing material, which contribute to a
ower response to TEA under wet conditions [43].

Fig. 10a is the continuous response of the SnO2/Zn2SnO4 sensor
o 20 ppm TEA at 250 ◦C. The ten reversible cycles of the response
urves at 250 ◦C showed almost unchanged response, indicating an
xcellent repeatability of the sensor. In order to further evaluate
he long-term stability of the sensor, the response of the sensor to
0 ppm TEA at 250 ◦C was measured during 30 days, as shown in
ig. 10b and c. Although, the resistance and response of the sensor
hanged every day, there was no obvious fluctuation in the resis-
ance and response values during the test days, which indicated
hat the sensor based on the porous SnO2/Zn2SnO4 spheres had a
ood stability.

.3. Gas sensing mechanism

Zn2SnO4 and SnO2 are well-known n-type semiconductor metal
xides. A popular and widely accepted sensing mechanism for
-type semiconductor oxides is based on the space-charge layer
ode [44,45], which is based on the change in resistance of the

ensor exposed to different gas atmospheres. When the sensor is
xposed to ambient air, oxygen molecules adsorb on the surface
f SnO2/Zn2SnO4 composite and trap free electrons from the con-
uction band of the sensing materials to form surface adsorbed
xygen species, including O2

−(ads), O−(ads), O2−(ads) [46]. As a
esult, electron depletion layers are formed on the surface of the
nO2/Zn2SnO4 composite, resulting in a reduction of the carrier
oncentration. When the sensor is exposed to reductive gas, for
nstance, TEA, at a moderate temperature, the gas will react with

dsorbed oxygen species on the surface of SnO2/Zn2SnO to form
O2, H2O and N2 [46–48]. During this process, the captured elec-
rons will be released back into the conduction band. This process
arrows the width of the depletion layer, resulting in increased
20  ppm TEA at 250 ◦C, (b) Resistances in air and (c) Responses to 20 ppm TEA of
the  SnO2/Zn2SnO4 sensor as a function of the test days at 250 ◦C.

electrical conductance and decreased resistance of SnO /Zn SnO
2 2 4
sensor.

The excellent gas sensing performances of the sensor based
on the porous SnO2/Zn2SnO4 spheres are mainly attributed to
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Fig. 11. Schematic diagram of the TEA sensing mechanism of (a)

he porous architecture and the formation of the heterojunctions
etween SnO2 and Zn2SnO4. Firstly, the porous SnO2/Zn2SnO4
omposite are composed of numerous SnO2 and Zn2SnO4 nanopar-
icles. As illustrated in Fig. 11a and b, the hierarchical structure
nd porous surface can provide a higher accessible surface area
nd facilitate the diffusion of oxygen and tested gases (Fig. S2 and
able S1). Therefore, more surface active sites are available for
ensing reactions between the adsorbed negatively charged oxy-
en ions species and tested gas molecules. Then the utilization rate
f the sensing body is increased thus the gas sensing performance
s improved. While for the pure SnO2 and Zn2SnO4 nanoparticles,
he nanoparticles are packed tightly, and the oxygen and tested gas
ould only adsorb on the surface of the sensing body resulting in a
ow utilization of the sensing body, and a relatively lower sensing
esponse.

Another reason is the existence of SnO2/Zn2SnO4 hetero-
unctions which will make a significant contribution to the
nhancement of the gas sensing performance [49,50]. When
n2SnO4 is doped with SnO2, the electrons can be transferred
etween these two semiconductors because of their different band
ap energy and work function. Therefore, SnO2/Zn2SnO4 hetero-
unctions are created between SnO2 and Zn2SnO4. Due to the
onduction band edge of Zn2SnO4 locates at higher potential than
hat of SnO2, and the electrons in the conduction band of Zn2SnO4
ill migrate to the conduction band of SnO2 [51] until their Femi

evel become equal. And an additional electron depletion layer will
enerated in the interface of SnO2/Zn2SnO4 composites, which will
lay an important role in the sensing reactions, and resulting in an
nhanced sensing performance.

. Conclusions

In summary, a facile one-step hydrothermal method combined
ith subsequent calcination process was developed for the synthe-

is of porous SnO2/Zn2SnO4 spheres. The as-prepared product was
tilized as sensing material for the fabrication of gas sensor, and
he sensing properties were systematically investigated. The results
ndicated that compared with pure SnO2 and Zn2SnO4 solid parti-
les, the sensor based on porous SnO2/Zn2SnO4 spheres showed
apid response, good repeatability and high selectivity toward TEA.
nd the detection limit was 500 ppb with a response value of 1.4.
he good sensing property of SnO2/Zn2SnO4 samples is attributed
o the porous architecture as well as the existence of SnO2/Zn2SnO4
eterojunctions. The SnO2/Zn2SnO4 spheres show a good potential

or the applications of TEA gas sensor.
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