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a  b  s  t  r  a  c  t

Triethylamine  (TEA)  gas  sensor  with  high  response  and  selectivity  was  fabricated  successfully  with  PN
heterojunction  consisted  of n-type  SnO2 hollow  spheres  and  p-type  NiO nanoparticles.  SnO2 hollow
spheres  were  synthesized  by  a template-assisted  hydrothermal  method.  The  NiO/SnO2 P–N  junction  was
formed  by  depositing  NiO  nanoparticles  onto  the  surface  of  SnO2 hollow  sphere  sensors  via a  pulsed laser
deposition  (PLD)  process.  The  response  of NiO/SnO2 sensor  is up  to 48.6 when  exposed  to 10  ppm  TEA gas,
which  is  much  higher  than  that  of  pristine  SnO2 hollow  spheres  and  most  of  other  reported  TEA  sensors.
The  detection  limit can  also  be  as low  as  2  ppm-level.  Moreover,  the  optimal  operating  temperature  is

◦ ◦

iO
–N heterojunction
EA sensor

down  to 220 C, and  40 C lower  than  that  of  the  pristine  SnO2 hollow  sphere  sensor.  These  good  sensing
performances  mainly  attribute  to  the  formation  of  depletion  layer  at the  P–N junction  interface  in  the
NiO/SnO2 sensor,  which  makes  great  variation  of  resistance  in air and TEA  gas.  Thus,  the  combination  of
n-type  SnO2 hollow  spheres  and  p-type  NiO nanoparticles  provides  an  effective  strategy  to design  new
TEA  gas  sensors.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Triethylamine (TEA) is an explosive and excitant gas, which has
een widely used as catalyst, preservatives, organic solvents and
ynthetic dyes in industry [1,2]. It exhibits a great damage on health,
uch as skin burns, headaches, and pulmonary edema when the
oncentration is more than its threshold of 10 ppm on volumetric
asis (ppmV) in air [2]. Moreover, it also endangers our environ-
ent when its steam is mixed with air and exposed to the flame

2,3]. Although some traditional methods like gas detection tube
nd chromatography methods are powerful for TEA detection, the
omplex detection process and expensive equipment hinder their
ide applications [1,4,5]. Thus, there is a strong demand of simple

nd portable TEA sensor with high response and good selectivity in

rder to monitor the real environment.

SnO2 is generally well-known as a wide band gap n-type oxide
emiconductor with a direct band gap of 3.6 eV [6,7]. It has been

∗ Corresponding authors at: School of Materials Science and Engineering, Uni-
ersity of Jinan, Key Laboratory of Inorganic Functional Materials in Universities of
handong, Jinan 250022, Shandong, China.

E-mail addresses: mse  xuhy@ujn.edu.cn (H. Xu), mse  caobq@ujn.edu.cn (B. Cao).

ttp://dx.doi.org/10.1016/j.snb.2015.03.015
925-4005/© 2015 Elsevier B.V. All rights reserved.
widely used for catalysts [8], lithium ion batteries [9] and trans-
parent electrodes [10], especially in combustible and toxic gas
detection devices (gas sensors) [11,12]. Previous reports have
demonstrated that SnO2-based gas sensors exhibit good response
to many toxic gases like H2S [13], CO [14] and volatile organic gas
[15]. However, gas sensors based on SnO2 for detection of TEA are
rarely reported. To the best of our knowledge, only Wang et al. [16]
fabricated SnO2 nanorods sensor to detect TEA with a response of
200 to 1000 ppm TEA at 350 ◦C. Then, Liu et al. [17] prepared SnO2
submicron rods and the response was  as low as 11–450 ppm TEA
gas. Clearly, their sensing response needs to be further improved.

It is well know that the sensing properties of nanomaterials are
directly related to their structure and morphology. Taking above
factors into account, hollow nanospheres have been proved to
be a preferred structure due to their large surface area, efficient
catalytic activity, and structural stability [18,14,19]. In addition,
the introduction of noble metal particles or hetero-junction has
also been reported to be an alternative way to improve sensing
properties [20–22]. Thus, many efforts have been carried out to

enhance their sensing performance. For example, Hong et al. [23]
synthesized Pd-loaded SnO2 yolk–shell nanostructures for methyl
benzene. The sensors exhibited an unusually high response and
selectivity to methyl benzenes, with very low cross-responses

dx.doi.org/10.1016/j.snb.2015.03.015
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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o various interfering gases. This made them suitable for precise
onitoring of indoor air quality. Recently, our group synthesized
iO/ZnO nanosheet heterostructures and the sensing response was
nhanced obviously compared with pristine ZnO sensor [22]. The
nhancement of their performance could be attributed to the for-
ation of P–N heterojunction at the interface of NiO/ZnO.
In here, a p-type NiO/n-type SnO2 heterojunction TEA sensor

as designed, where NiO nanoparticles were implanted onto the
urface of SnO2 hollow sphere sensors by a pulsed laser deposition
PLD) method. NiO is a p-type oxide semiconductor with a bandgap
f 3.4 eV and easily forms P–N heterojunctions with n-SnO2 [24,25].
fter the formation of P–N junctions, the sensing performances

o TEA are enhanced obviously compared with the reported data,
hich indicates a great potential application in detecting TEA.

. Experimental

.1. Synthesis of SnO2 hollow spheres and NiO/SnO2
eterostructure

All chemicals were purchased from Sinopharm Chemical
eagent (Shanghai, China). In a typical synthesis, 8 g of glucose
as dissolved in deionized water (40 ml)  under vigorous magnetic

tirring. Then, the solution was transferred into a 50 ml  Teflon-
ined autoclave, and maintained at 180 ◦C for 6 h in order to obtain
arbon microspheres. After centrifugation, the product was  dis-
ersed into 100 ml  ethanol followed by adding 4.5 g SnCl2·2H2O

nto above mixture with assistance of ultrasonication to ensure the
ufficient diffusion of Sn2+ onto surface of carbon spheres, due to the
ydrogen bond interactions. The obtained sample was rinsed with
eionized water and absolute ethanol several times. Afterwards, it
as dried at 70 ◦C, followed by calcinations at 500 ◦C for 2 h. The

s-prepared SnO2 hollow spheres were dispersed into deionized
ater to form a paste and then coated onto the outside surface of

lumina tubes. Afterward, a thin layer of p-type NiO nanoparticles
as deposited onto the surface of SnO2 hollow spheres by PLD. The
ypical PLD growth condition for NiO is as following. A KrF laser
f 1 mJ/cm2 and an oxygen partial pressure of 3 × 10−4 Pa were
ypically applied. The alumina tubes with SnO2 hollow spheres
ere fixed on the substrate. By controlling the 3000 laser pulses

Fig. 1. Schematic for the preparatio
ors B 215 (2015) 39–44

with 5 Hz frequency, the NiO nanoparticles were emitted from a
NiO ceramic target and deposited onto the SnO2 films. Then, the
above process was repeated two  times but the alumina tubes with
SnO2 were rotating around 120◦ each time, and then NiO/SnO2 hol-
low spheres heterojunction layer was grown. Thus, the SnO2 and
NiO/SnO2 heterojunction hollow sphere sensors were ready for fur-
ther measurements. The sensor fabrication process is similar to that
of SnO2 sensor, as summarized in Fig. 1.

2.2. Characterization and gas sensing measurement

The morphology and elemental analyses of SnO2-based hol-
low spheres were characterized by a field emission scanning
electron microscope (FESEM, FEI QUANTA FEG250) equipped
with energy dispersive X-ray spectrum (EDS, INCA Energy X-
MAX-50) and transmission electron microscope (TEM JEOL-1400).
The average pore size, pore volume, and specific surface area
of SnO2 hollow spheres were examined through measuring N2
adsorption–desorption isotherm with a Micromeritics ASAP2020
apparatus. X-ray diffraction (XRD) pattern of the samples was per-
formed on a Bruker/D8-Advance with Cu K� radiation. The sensing
properties were tested by a gas sensing measurement system (WS-
30A, Weisheng Electronics, China) using ambient air as the dilute
and reference gas at a relative lower humidity of 30%. The concen-
trations of target gases were obtained by the static gas distribution
method. Test gases with calculated concentration were injected
into the testing chamber by a microsyringe. Sensor response is
defined as the ratio of Ra/Rg, where Ra and Rg are the resistance
of the sensors in air and in target gas, respectively.

3. Results and discussion

3.1. Characterizations of SnO2 and NiO/SnO2 hollow spheres

The morphology of as-prepared samples was characterized via
SEM and TEM microscopes. The typical morphology of SnO2 is

shown in Fig. 2(a and b). Most of samples consist of interconnected
SnO2 hollow spheres with average diameters about 300 nm.  The
hollow spheres show a rough and porous morphology. They are
composed of numerous SnO2 nanoparticles where can be observed

n process of the gas sensors.
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Fig. 2. (a) SEM image of SnO2 hollow spheres, (b) TEM image of SnO2 hollow spheres
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Fig. 3. XRD patterns of (a) pristine SnO2 hollow spheres and (b) NiO/SnO2 hollow
spheres.

peting desorption of the chemisorbed oxygen [12,28]. When the
aken from (a), (c) SEM image of SnO2 hollow spheres after a PLD growth process
or NiO and (d) the corresponding EDS spectra of the sample shown in (e).

n the TEM images of Fig. 2(c and d). The rough and porous struc-
ures increase their specific surface area and may  absorb more
arget gas molecules to improve the sensing properties. Fig. 2(e)
hows the SEM images of NiO/SnO2 hollow spheres where the
nO2 hollow spheres have been coated on the alumina ceramic
Al2O3) tube and the NiO nanoparticles were implanted onto the
urface of SnO2 hollow sphere film by PLD method. The EDS spec-
rum shows clear peak of Ni from NiO as observed in the spectra of
ig. 2(f).

Fig. 3(a) illustrates the XRD patterns of pristine SnO2 hollow
pheres. All diffraction peaks can be well indexed to the tetrago-
al rutile SnO2 structure (JCPDS card NO. 41-1445). No additional
haracteristic peaks are observed in the XRD pattern, proving
he high purity of SnO2 hollow spheres. When NiO nanoparticles
ere implanted onto SnO2 hollow spheres by PLD process, a few

dditional weak peeks of NiO (JCPDS card No. 78-0643) are also
bserved due to its small dose, as demonstrated in Fig. 3(b).

To further investigate the inner architectures of SnO2 hollow
pheres, nitrogen adsorption–desorption analysis was  used to esti-

ate its textural properties. The nitrogen adsorption–desorption

sotherm and corresponding BJH pore size distribution plots (inset)
f SnO2 hollow spheres are shown in Fig. 4. The N2 isotherm of SnO2
Fig. 4. Nitrogen adsorption–desorption isotherms and pore size distribution curves
(inset) of the SnO2 hollow spheres.

hollow spheres is a type-IV isotherm with a large type H3 hystere-
sis loop [26], and does not exhibit any limiting adsorption at high
P/P0. The products show a high BET surface area of 53.9 m2/g. As
calculated by the BJH method from the desorption branch of nitro-
gen isotherm, the pore size distribution (inset in Fig. 4) presents
that SnO2 hollow spheres contain an average pore size of 6.4 nm,
with the small microspores in the order of 2.3 nm.  The pores dis-
tributed in SnO2 hollow spheres are also observed in TEM image
(Fig. 2b) between the adjacent nanoparticles. It clearly indicates
that SnO2 hollow spheres show a high specific surface areas and a
large textural porosity, which is benefit for enhancing gas sensing
performance [27].

3.2. Properties comparison of SnO2 and NiO/SnO2 sensors

The sensing properties of prepared NiO/SnO2 sensors toward
TEA detection were initially investigated at different operating
temperatures. Fig. 5 shows the response of two sensors toward
10 ppm TEA at working temperature ranging from 160 ◦C to 360 ◦C.
The pristine SnO2 sensor exhibits relatively low response of 14.5
at 220 ◦C and maximum response of 23.3 at 260 ◦C. In contrast,
the response of NiO/SnO2 sensor can reach to 30 even the work-
ing temperature as low as 160 ◦C. Then the response continuously
increases and reaches its maximum of 48.6 at 220 ◦C which is
about 3.4 times higher compared with SnO2 sensor at 220 ◦C. After-
ward, the response of NiO/SnO2 sensor gradually decreases as the
temperature further increases. This might be attributed to the com-
working temperature is higher than 220 ◦C, the rate of desorption
is much higher than that of adsorption, which limits the reac-
tion between adsorption oxygen and target gas molecules, and
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Table 1
Sensing properties of NiO/SnO2 hollow spheres and other reported gas sensors
working under different operating temperatures.

Sensing material [TEA] (ppm) Tsens (◦C) Response
(Ra/Rg)

Refs

SnO2 nanorods 50 350 65 [16]
ZnO nanorods 500 150 300 [17]
NiO/ZnO nanosheets 100 320 185.1 [22]
SnO2 flowerlike 45 350 2.97 [29]
Brick-shaped SnO2 100 160 70 [30]
NiFe2O4 nanorods 100 175 100 [31]

10 220 46.5

F
s

ig. 5. Relationship between working temperature and response of pure SnO2 sen-
or  and NiO/SnO2 sensor to 10 ppm TEA gas.

ecreases the response of sensors. In addition, the response of pris-
ine NiO nanoparticles toward TEA gas was also investigated, and
hen compared it with SnO2 and NiO/SnO2 sensors, as shown in the
upplementary material.

Fig. 6(a) displays the response curves of sensors to different TEA
oncentrations from 2 ppm to 100 ppm at 220 ◦C. The NiO/SnO2
ensor shows a remarkable enhancement of the sensing charac-
eristics toward TEA. The response can reach to 270, which is much
igher than that of pristine SnO2 sensor with gas concentration of
00 ppm, as shown in Fig. 6(b). Furthermore, the high response can
lso be observed upon exposure to the TEA concentration as low as

 ppm with a better response about 5.2, indicating a relatively low
etection limit.

Response and recovery times are also important parameters of
as sensors and real-time detection usually needs their fast proper-
ies. The response and recovery times (Tres and Trec) of a gas sensor
re usually defined as the time takes for the resistance to reach 90%
f its steady-state value after introduction or removal of the analyte
as, respectively [20]. Fig. 7(a) shows the response–recovery curve
f two sensors to 10 ppm TEA at 220 ◦C. Both sensors can quickly
espond to the TEA gas with response time of 11 s and 6 s, respec-
ively. However, the NiO/SnO2 sensor needs a longer time to recover
han pristine SnO2 sensor after the gas was removed. To identify
he selectivity of NiO/SnO2 sensor, we also tested its gas sensing
roperty toward other gases including ethanol, acetone, benzene,

ylene of 10 ppm at 220 ◦C, as shown in Fig. 7(b). The response of
iO/SnO2 sensor is lower than 10 to other interfering gases. But,

o TEA, it is as high as 48.6, indicating an excellent selectivity. A
omparison of the sensing performances between our sensor and

ig. 6. (a) Responses of two sensors to TEA gas of different concentrations at 220 ◦C, (b)
howing linear relationship over a wide concentration range.
NiO/SnO2 hollow
spheres Our  work50 163.6

100 267.5

literature reports is summarized in Table 1. It is noteworthy that
our sensor exhibit higher response than those reported.

3.3. Mechanism on improved sensing properties

The generally accepted sensing mechanism for pure SnO2 gas
sensors has been well interpreted by the space-charge layer mode
[4,32–34]. The basic working principle of SnO2 gas sensors depends
on the variation of resistance, caused by the chemical adsorption
and desorption of gas molecules. However, the sensing mechanism
will be different after the formation of P–N heterojunction at the
interface of oxide semiconductors. The heterojunction interface
of p–n junction should be considered to analyze the behav-
ior of a semiconducting metal oxide composite [20]. Here, the
enhancement of sensing properties to TEA could be ascribed to the
formation of P–N junction between p-type NiO and n-type SnO2. As
we all know, SnO2 mainly shows n-type conductivity by electrons
and NiO displays p-type conductivity by holes. When NiO nanopar-
ticles are implanted onto the surface of SnO2 hollow spheres, the
electrons in SnO2 and holes in NiO diffuse in opposite direction
due to the great gradient of the same carrier concentration. This fur-
ther induces the formation of internal built-in electric field between
their interfaces. As a result, the energy band bends in the depletion
layer until the system get equalization of Fermi levels (EF), which
lead to the formation of PN junction, as shown in Fig. 8(a).

When the heterostructure sensor is exposed to air at a high
temperature, the resistance of the NiO/SnO2 in air (Ra) will be
even higher than without the heterojunction (pristine SnO2) due to
the depletion region at the heterojunction interface [20]. The P–N

interface contributes to the increase of the resistance, as shown
in Fig. 8(b). In addition, a depletion layer will be also formed on
the surface of bare SnO2, due to the chemical adsorption of oxygen
molecules which extract electrons in the bulk to become oxygen

 the corresponding relationship between the response and concentrations to TEA
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Fig. 7. (a) Response–recovery curve of the sensors to 10 ppm TEA at 220 ◦C and (b) the sel

Fig. 8. (a) The energy band structure diagram of p-type NiO/n-type SnO2 hetero-
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ontact, (b) schematic model for the p-type NiO/n-type SnO2 hetero-junctions based
ensor when exposed to TEA gas.

ons species Oı−. This further increases the resistance of NiO/SnO2.
owever, p-type NiO exhibits a reverse behavior in compared with
-type SnO2. It actually forms an accumulation layer because the
xygen pulls out electrons, introducing holes, and decreases the
esistance of NiO. But due to the small dose of NiO and its dis-
ontinuity of NiO film, the resistance is mainly determined by the
nO2 and depletion regions on the heterojunction interface and the
urface of SnO2 film. However, once the NiO/SnO2 hetero-junction
ensor is exposed to TEA gas, the oxygen ions adsorbed on the
ample surface react with TEA molecules and release the electrons
ack to SnO2 semiconductor, causing the decrease of sensor resis-
ance. Meanwhile, TEA release electrons to combine with holes in

-type NiO, leading to a decreased concentration of holes and an

ncreased concentration of elections according to the Law of mass
ction (n0 · p0 = ni

2). Thus, the diffusion of carriers is weakened and
ectivity of two sensors for different target gases with same concentration at 220 ◦C.

the potential barrier height of depletion layers is also decreased,
due to the reduction of concentration gradient on both sides of P–N
junction. This further decreases the resistance of NiO/SnO2 sensor.
Fig. 8(c) shows a sensing mechanism model for p-type NiO/n-type
SnO2 hetero-junction based sensor when exposed to TEA gas. In
short, compared with pristine SnO2 sensor, the formation of P–N
junction greatly increases the resistance of SnO2 sensor in air and
further decrease the resistance in TEA gas. Thus, based on the defini-
tion of response (S = Ra/Rg), the response to TEA is greatly improved
due to the variation of resistance. This theoretical model can also
be used to interpret other systems with their response improved
by P–N junction, such as NiO–ZnO [35] and CuO–SnO2 [36].

4. Conclusion

In conclusion, we reported a highly sensitive and selective TEA
sensor by the formation of NiO/SnO2 P–N heterostructure and the
sensing mechanism was  also discussed. SnO2 hollow spheres were
fabricated by a cost-effective and environment-friendly template
solution method and the p-type NiO nanoparticles were success-
fully implanted on surface of SnO2 hollow sphere by PLD. The
as-prepared NiO/SnO2 sensor response can get up to 48.6 when
exposed to 10 ppm TEA gas. This is much higher than that of pristine
SnO2 hollow spheres and other reported TEA gas sensor. Moreover,
the optimal operating temperature is down to 220 ◦C, and 40 ◦C
lower than that of pristine SnO2 hollow spheres. In comparison
with pristine SnO2 sensor, the enhanced response to TEA is mainly
attributed to the variation of resistance caused by the formation of
P–N junction. This work provides an effective way for design and
fabrication of the gas sensors with high sensing performances.
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