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In this report, uniform SnO, nanosheets (NSs) have been in-situ grew on the surface of Al,03 tubes via a
cost-efficient hydrothermal synthesis at low temperature. The nanostructures of ZnO/SnO, were pre-
pared by employing pulsed laser deposition (PLD) method. Furthermore, Au surface modification with
DC-sputtering process is used to improve the sensitivity of ZnO/SnO, NSs sensor to TEA gas. The
Au@Zn0/Sn0O, NSs exhibited high response (S = 115) to 100 ppm trimethylamine (TEA) gas at 300 °C,

which was about 20 times higher than that of the pristine SnO, NSs. The enhanced sensing properties of
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Au@Zn0/Sn0; NSs sensor are discussed from the points of Au@ZnO Schottky contact and ZnO/SnO, n-n
heterojunction on the basic of depletion layer model.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Triethylamine (TEA), as a volatile organic compound, is widely
used as organic solvents, catalyst, preservatives, and synthetic dyes
[1]. However, TEA is also toxic, volatile, inflammable, and explosive,
which easily generates risks to environment. Moreover, it is also a
gaseous organic amine given off during the decay of fishes and
seashells after death, and the concentration of TEA increases with
the decreasing freshness of fishes [2,3]. According to National
Institute for Occupational Safety and Heathy (NIOSH) recom-
mended, the permissible exposure limited concentration of TEA is
10 ppm in the workplace [4]. Therefore, there is an urgent need to
develop new TEA sensors with high response and good selectivity
for the biomedical, chemical, food industries, and also our daily life
[5].

It is well known that the both high sensitivity and selective
detection are the most important parameters in gas sensors per-
formance [6—10]. Meanwhile, metal oxide semiconductors (MOSs)
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are a promising functional material for gas sensors with several
advantages which include cost-efficient, simple fabrication, and
good stability [11]. MOSs such as ZnO [12], SnO; [13,14], Fe;03
[15,36], and MoOs3 [16] have been extensively investigated for gas
sensor applications. As one important kind of sensing material,
SnO, has been extensively studied due to its high electron mobility,
superior chemical properties, and good response toward various
gases [17,18]. However, pure SnO; (with a direct band gap of 3.6 eV)
sensors have its drawbacks, including low response, pure selec-
tivity, and high working temperature. Work in more complicated
systems and under more harsh conditions, there is insufficient
application to meet demand [19,20]. Up to now, composites con-
sisting of two or more metal/metal oxides heterojunction struc-
tures have gained extensive attention to indeed improve the
sensing properties [21—25]. For example, Xu et al. [26] prepared
TiO,/Sn0, n-n heterojunction nanosheets, and the response of its
sensor was higher than that of pure SnO, sensor. Moreover, deco-
rated with Au nanoparticles could also enhance the sensing per-
formances of MOSs based sensors [27]. Li et al. [28] synthesized
Au@SnO; yolk-shell nanospheres, and their response to 100 ppm of
acetone was about 2—3 times higher than that of SnO;
nanospheres.

Inspired by the above works, we designed and fabricated
ternary Au@ZnO/SnO, NSs sensors. The pure SnO, NSs directly
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Fig. 1. Schematic of the grow process of Au@Zn0O/SnO; NSs.

grown on Al,03 tubes by a simple hydrothermal synthesis method,
which overcome the shortcomings from the traditional slurry
coating process in term of time-consuming and destroyed the
intrinsic physical nanostructure [15,16,29]. Then, the ternary
Au@Zn0O/Sn0, NSs sensors are obtained through ZnO and Au sur-
face depositing. Moreover, the gas sensing performances of the
sensors toward TEA were comprehensively studied. Compared with
other two sensors, the test results show that the Au@ZnO/SnO, NSs
sensor exhibits greatly high gas response (S = 115) for 100 ppm TEA
gas at 300 °C. In the final section the mechanism of the enhanced
sensing properties of Au@ZnO/SnO, NSs was discussed in detail.

2. Experimental sections

All chemicals were purchased from Sinopharm Chemical Re-
agent (Shanghai, China) and used without further purification. The
schematic diagram of the Al,O3 tube is shown in Fig. 1, which has
three basic components including Pt wires, gold electrodes, and
ceramic tube. Moreover, Fig. 1 schematically illustrates the fabri-
cation process of the Au@ZnO/SnO, NSs sensor, which has been
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described in detail on section 2.1 and 2.2 of experimental sections.

2.1. Direct growth of SnO, NSs on Al;03 tubes

The SnO, NSs were synthesized by low-temperature hydro-
thermal way. In a typical preparation of SnO, NSs structures, 0.1 M
SnCl,-2H,0 solution were add into 0.1 M CO(NH3) solution under
vigorous stirring for about 20 min. In brief, a cleaned Al;03 tube
was placed in a Teflon-lined stainless steel autoclave, then the final
mixture was also transferred into Teflon-lined, maintained at 95 °C
for 24 h. And these were allowed to cool to ambient temperature in
the air, what obtained in this moment is SnO. The samples were
dried at 70 °C in an oven then annealed at 500 °C for 30 min in a
furnace to form SnO; NSs on Al;O3 tube directly.

2.2. Growth of Zn0O/Sn0O» NSs and loading of Au nanoparticles

ZnO nanoparticles were deposited onto the surface of SnO; NSs
by pulsed laser deposition (PLD) method in a vacuum at room
temperature. Using ZnO target deposition, a binary structure of
Zn0/Sn0, was formed on Al,03 tube. Where after, Au nanoparticles
were sputter on the surface of ZnO/SnO, NSs by DC sputtering,
which was obtained Au@ ZnO/SnO; NSs.

2.3. Material characterizations and sensor properties testing

The morphology of the samples was investigated by a field
emission scanning electron microscope (FESEM, FEI QUANTA
FEG250) and a transmission electron microscope (TEM, JEM-2100F,
JEOL). Elemental analysis was performed by energy dispersive
spectroscopy (EDS, INCA MAX-50) integrated into the FESEM sys-
tem. The phase and surface elemental composition of sensing
materials, was checked with X-ray diffraction (XRD, D8-Advance,
Bruker) and X-ray photo-electron spectroscope (XPS, Thermo
ESCALAB 250XI), respectively. The gas sensing properties of the
sensor were tested with the gas-sensing test system (WS-30A,
Weisheng Electronics, China). The devices were put into an airproof
test box. Target gases such as TEA with calculated concentration
were injected into the testing chamber by a microsyringe. Here, the
gas sensing response is defined as the ratio of the resistance in air
(Ra) to that of the resistance in target gas (Rg) [3,30]. The response
and recovery time was defined as needed time spans to reach a 90%
variation in resistance of the difference from the maximum after
injecting and removing the detected gas [31].
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Fig. 2. (a) The XRD patterns of SnO,, ZnO/Sn0,, and Au@ZnO/SnO, NSs. (b) SEM image of SnO, nanosheet in cross-sectional view.
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Fig. 3. (a) SEM morphologies of SnO, (inset pattern) gas sensor fixed on an electronic bracket, (b) EDS spectrums of SnO,. The SEM morphologies and EDS spectrums of (c,d) ZnO/
Sn0;, (e,f) Au@Zn0O/Sn0O; NSs.
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3. Results and discussion
3.1. Characterizations of SnO2-based NSs

The crystal of SnO,-Based NSs was characterized by XRD. Fig. 2a
shows the XRD pattern of obtained SnO,, Zn0O/Sn0,, and Au@ZnO/
SnO; samples. The XRD pattern of the SnO; NSs can be indexed to a
SnO, phase (JCPDS Card No. 41-1445). Compared with the strong
peaks of Al,O3 substrate, those of SnO, phase are relatively weaker.
When Au and ZnO were deposited onto SnO; NSs, the XRD peaks of
Au and ZnO could not be observed due to the low contents of Au
and ZnO. Fig. 2b reveals that sheet-like SnO; in-situ grow on the
substrate, evidenced by cross-sectional of image.

Seeing from Fig. 3a, one can find that the diameter of the SnO,
NSs is about 200—500 nm, and the distribution of in-situ SnO, NSs

are relatively uniform and the insert shows the optical photograph
of Au@Zn0/Sn0O; gas sensor. The peak of O and Sn can be clearly
observe in this spectrum as shown in Fig. 3b and no peaks are
observed for other impurities, confirming the growth of pure SnO,.
As can be seen from Fig. 3¢, SEM morphology of ZnO/SnO; NSs
sample shows that the nanosheets of the ZnO/SnO, samples are
thicker than that of pure SnO; samples. The reason is that the ZnO/
SnO; NSs sample is prepared by depositing with ZnO on pure SnO;
NSs. According to the SEM morphologies shown Fig. 3e, it can be
seen that gold particles attach themselves to the surface of ZnO/
SnO; NSs samples. As can be analyzed in Fig. 3 (d,f), peaks of Al
observed in the spectrum are attributed to the Al,O3 tubes.
Although the contents of Au and Zn are relatively small, the peaks
of Au and Zn were also observed. Ultimately, it can be concluded
that the surface of pure SnO, sample is covered with ZnO and Au
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Fig. 4. (a) TEM image, (b) corresponding SAED pattern and (c)HRTEM image of SnO, NSs. (d) TEM image of Au@ZnO/SnO; NSs, the insert are HRTEM images for the corresponding

region. (e)The SEM image and (f—h) EDS patterns of Au@ZnO/SnO, NSs.
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materials.

The SnO, lattice fringes seen in HRTEM image shown in Fig. 4c
and single crystalline structure of the SnO, NNs illustrated in the
SAED patter of Fig. 4b. TEM image shows the SnO; and ternary NSs,
which are made up of monodispersed sheet-like nanocomposite
(Fig. 4 a,d). These indicate that the following experiment, after ZnO
and Au deposition, has no effect on morphology of sheet SnO,. The
interconnected nanocrystals obtained at even higher magnifica-
tions show lattice fringes that can be identified with crystallo-
graphic planes of the SnO;, ZnO and Au phases, respectively. In
Fig. 4d, the blue-colored frame insert, represents inter planar dis-
tances of 0.267 and 0.281 nm, representing the SnO; and ZnO. The
red insert, displaying lattice fringes of 0.203 nm, assigned to (200)
plane of Au. As we can see in Fig. 4(f—h), there are three elements:
Sn, Zn and Au in Au@ZnO/SnO; NSs. We can also find that the ZnO
and Au nanoparticles are evenly loaded on the surface of SnO,.
These dates are in good agreement with that ZnO and Au are
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exactly combined to SnO, NSs.

In order to obtain more detailed surface chemical compositions
and their electronic states of the elements, the as-synthesized
Au@Zn0O/Sn0O, microstructure was further characterized by XPS.
Fig. 5a shows the XPS full survey spectrum of the sample, in this
picture, the peaks of Zn, Sn, Au, O, and C elements can be observed
clearly. The plans b, ¢, and d of Fig. 5 display the high-resolution
spectra for Sn, Zn, and Au species, respectively. Fig. 5b reveals
three peaks at 495.01, 486.43, and 498.2 eV, corresponding to Sn
(loss), Sn 3d3)p, and Sn 3ds),. Binding energy of Sn 3ds); was similar
to that of Sn** in SnO,, and higher than Sn* in SnO or Sn [32,33].
The results exhibit that Sn** are stable. The peaks of Fig. 5¢ are
centered at 1021.6 and 1044.7 eV, which are attributed to the Zn
2p3)2 and Zn 2pq ), of Zn element. In Fig. 5d, there are two peaks in
the Au 4f region. The peak located at 87.8 eV corresponds to the Au
4fs; and another one located at 84.1 eV is assigned to Au 4fy).
While the high-resolution XPS O1s peak was fitted using three
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Fig. 5. XPS survey spectra and fitted data of the as obtained Au@ZnO/SnO, NSs: (a) full survey spectrum, (b) Sn 3d spectrum, (c) Zn 2p spectrum, (d) O 1s spectrum, (e) Au 4f

spectrum and (f) C 1s spectrum.
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Fig. 6. Gas responses of SnO,, ZnO/Sn0,, and Au@ZnO/SnO; sensor to 100 ppm of TEA
at different operating temperature (160—400 °C). The inset is the larger image of the
red frame. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)

simulated Gaussian peaks are shown in Fig. 5e. Thus, in order to
make the situation about structural properties more clear, the O1s
peak was fitting into three peaks at 532.8 (labeled at O,), 531.4
(marked as Oyp), and 530.4 (labeled at O¢) eV, respectively. Based on
previous reports, O, can be corresponded to surface oxygen, iden-
tified as chemisorbed oxygen species. Oy, represented the surface
active oxygens that reflect on generated oxygen vacancies [34]. O
was attributable to 0%~ in the SnO, which form the O-Sn** bonding
[35]. The high-resolution XPS spectrums of and C 1s (Fig. 5f) show
peaks at 284.7 eV, the existed of carbon is due to surface carbon
contamination of the sample in open air.

3.2. Gas sensing properties

The response of SnO,-based NSs sensors to 100 ppm TEA
measured at different working temperatures are shown in Fig. 6.
With increasing operating temperature, the sensitive of all sensors
increases first and then decreases, hence the maximum response of
Au@Zn0O/SnO, NSs sensor to 100 ppm of TEA is about 115 at a
higher temperature of 300 °C. It is worth noting that the Au@ZnO/
Sn0, sensor exhibits greater response than the above other sensors
(pure SnO; and ZnO/Sn0; sensor). Meanwhile, the response of bi-
nary combination sensors (Zn0O/SnO, sensor) is slightly higher than
pure SnO, sensor, which also can be observed clearly in the inset of
Fig. 6. Compared to SnO; and Zn0O/SnO, sensor, Au@ZnO/SnO;, NSs
sensor exhibits not only lower optimal operating temperature but
also greatly higher sensitivity.

At fixed sensor temperatures, the gas concentration may also
influence the sensing response [36]. We measured the TEA sensing
response in the range of 2—1000 ppm at 300 °C. The tread is that
the response of each sensor increases with increasing TEA con-
centration, as shown in Fig. 7 (a,b). Besides, this figure shows that
the response value of ZnO/SnO, NSs sensors is higher than that of
Sn0O; NSs sensors. As the same time, the Au@Zn0O/SnO; NSs sensors
response can reach to 115, which is far stronger than that of pristine
SnO; sensors with gas concentration of 100 ppm. The response of
Au@Zn0/Sn0O, NSs sensor is about 37 times larger than pure SnO,
sensor which can also be observed more clearly from Fig. 7b. It il-
lustrates that the response of all sensor rises faster with the in-
crease of TEA concentration. However, gas concentration from 500
to 1000, the sensitivity of all the devices changed a little, the cause
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Fig. 7. (a) Response and recovery curves of three kinds of sensors to TEA gas of
different concentration at 300 °C. (b) corresponding relationship between sensor
response and TEA concentration. (c) the log (S-1) versus log (C) plot of three sensors for
TEA gas and the corresponding linearly fitted results.

may be the gas molecules involved in the reaction to the saturation
on the sensor surface. Fig. 7c manifests the linear relationship of log
(5-1)-log (C) plot to TEA. This equation, S = a[C]b+1, represents the
relationship between response of gas sensor and concentration. In
this formula, a and b are the constants, S is the gas response, and C
is the concentration of TEA. The slopes of pure SnO; NSs and ZnO/
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SnO; NSs and Au@ZnO/SnO, NSs based sensors are 0.92579,
0.96257, and 0.93077, respectively. These results indicate that the
gas response of all sensor exhibits well linear characteristic with
increasing gas concentration.

A fast response-recovery is important for the gas sensors in
target gas analysis [30]. Fig. 8 shows response-recovery character-
istics of three kinds of sensors operating at 300 °C to 100 ppm TEA.
According to the above definition of response and recovery time, it
can be clearly observed from Fig. 8. The response time (T,) of SnO,,
Sn0,/Zn0, and Au@ZnO/Sn0O; sensor are 12,12, and 7 s respectively.
Moreover, the recovery time (Ty,) of SnO,, Zn0/Sn0,, and Au@ZnO/
Sn0, sensor are 44, 44, and 30 s, respectively.

A typical response profiles to investigate repeatability of the gas
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sensors after aged for 36 h in Fig. 9a. It is noted that every sensor is
in good reproducible run after five cycles, indicating a very good
repeatability of the sensors. Meanwhile, seeing from Fig. 9b, the
selective capacities of the SnO,, ZnO/Sn0O;, and Au@ZnO/Sn0O;
sensors were tested to 100 ppm various gases (benzene, p-xylene,
acetone, ethanol, isopropanol, triethylamine) identified by TEA
detection. Testing results indicate that the Au@ZnO/SnO, sensors
have excellent selectivity and high sensitivity towards TEA. One
possible reason may be that the low bond energy of C=N for TEA
molecules has high reaction activity. C=N bonds is easier to broken
which is probably contributed to the high response of Au@ZnO/
Sn0O; sensors. A comparison between the sensing performances of
Au@Zn0/Sn0O; nanosheet sensors and the TEA gas sensors of liter-
ature reported is summarized in Table 1 [3,25,37,40,42]. It is note-
worthy that our sensors exhibit higher response than other
nanostructured SnO, sensors.

3.3. The mechanism of the enhanced sensing properties

The experiments show that gas sensors made of SnO, NSs, ZnO/
Sn0, hetero-nanosheets and Au@ZnO/SnO; NSs are all sensitive to
TEA. And the response value of Au@ZnO/SnO, sensor is far larger
than both ZnO/Sn0O, and SnO, NSs sensor. When the semiconductor
heterojunctions such as n-n, n-n, or metal/semiconductor contact
are formed on the surface of the sensing material, the results of
enhanced sensor properties are already reported [37—39]. How-
ever, the mechanism of gas sensing properties becomes rather
complex and remains unclear, especially the mechanism of the
enhanced sensing properties.

Fig. 10a shows the energy band diagrams of ZnO, SnO; and Au.
The work function of SnO; (Ws), ZnO (Wz) and Au (Wm) are 4.9, 5.2,
5.4 eV, respectively [40—43]. As we all known, the working
mechanism of the gas sensor relies on transport of electrons due to
surface reactions namely oxidation or reduction reactions with
different gas exposures [44]. As illustration in Fig. 10c, when the

3 120

0 60 90
Response (Rﬂ/Rg)

Fig. 9. (a) Selectivity of three sensors for different target gases: benzene, p-xylene, acetone, ethanol, isopropanol, triethylamine with same concentration at 300 °C. (b) Repeatability
test of the sensors to 100 ppm of TEA at 300 °C. The illustration is the larger image of the red frame. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

Table 1

TEA sensing properties of our work and other reported stannic oxide semiconductor gas sensors working under different operating temperatures.

Material TEA (ppm) Operating temperature (°C) Response (R,/Rg) Response/Recovery times (s) Ref.
Au@Zn0/Sn0O; NSs 100 300 115 7/30 our work
hexagonal brick-shaped SnO, 100 160 70 3/9 [3]
Au-SnO; nanosheets 50 40 7.1 ~1.2/~70 [36]
TiO,/SnO, nanosheets 100 260 52.3 12/22 [24]
NiO/SnO-, hollow sphere 10 220 48.6 6/25 [33]
SnO; nanorods 1000 350 200 10/10 [38]
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Sn0; sensors are exposed to air, oxygen molecules are adsorbed
onto the surface of SnO, materials. The adsorbed oxygen molecules
extract electrons from the conduction band, which creates an
electron depletion layer at the surface of the SnO, nanosheets and
can result in increasing of the SnO, NSs sensor's resistance [45].
That is to say, the value of SnO, sensor resistance increases in air
(Ra). This progress can be described by following equations [46]:

03(gas) — 0y (ads) (1)
0, (ads) 4+ e~ —0; (ads) (2)
05 (ads) + e~ —20" (ads) 3)
O~ (ads) + e~ — 05 (ads) (4)

When the SnO, based sensors were exposed to TEA gas, the
reactions between the adsorbed oxygen and TEA on the surface of
Au@Zn0/Sn0; NSs sensors can be depicted as follows [20]:

(C3Hs)3N + 0%~ €O, + Hy0 + NOy + e~ (5)

The TEA molecules react with the oxygen ions, which results in
electrons being released to the depletion layer and increasing the
carrier concentration of SnO,. This decrease of resistance attributes
to the fact that the reactions between surface adsorbed oxygen and
target gases lead to decrease of depleted layer's thickness [47].
Similarly, ZnO/SnO, and Au@ZnO/Sn0O, sensor working principles
in air and target gas are also schematically shown in Fig. 10.

Compared with pure SnO, NSs, the mechanism of the enhanced
gas sensing of ZnO/SnO; NSs is as follows. Many studies have
proven that semiconductor metal oxides with heterogeneous
structure can significantly enhance gas sensing properties and are
promising materials for gas sensor [48]. The improvement of the
sensing properties of the ZnO/SnO, sensors to TEA gas may be
attributed to formation of n-n heterojunctions between SnO; NSs
and ZnO. It is well known that the work function of ZnO (5.2 eV)
[40] is larger than SnO, (4.9 eV) [41,42]. Thus, in air, the electrons
will flow from SnO; to ZnO until their Fermi levels equalize
(schematically illustrated in Fig. 10b). Then, this creates an electron
depletion layer on the surface of SnO; and further bends the energy
band and leads to a slightly higher resistance state of sensing ma-
terials than that of the pure SnO, NSs sensor.

Furthermore, in comparison with ZnO/SnO, NSs, the mecha-
nism of the enhanced gas sensing of Au@SnO; NSs is as follows. It
has been reported that the work function of Au is 5.4 eV [43]. As
shown in Fig. 10e, when Au nanoparticles are loaded on the surface
of ZnO, electrons flow from ZnO to Au, which creates new depletion
layer and further increases R,. Similar to the interface of Au-ZnoO, in
the whole Au@ZnO/SnO, samples was deposited with Au, there
also exists Schottky barrier between the interface of Au and SnO;
NSs. Thus, there are further narrowed the conduction region in
Sn0y, leading to a high resistance of the Au@ZnO/SnO; sensor in air
[49,50]. And based on the fundamental sensor response theory
(5=Ra/Rg), the enhanced sensitivity (S) depends on the bigger
resistance changes. Moreover, during the process of gas sensing, Au
not only promotes electron transfer but also accelerates the kinetics
of surface sensing reactions. That is to say, oxygen molecules can be
more easily adsorbed on the surface of materials due to the sensi-
tization effect of Au. The existence of ternary depletion layers in the
NSs, which enhance a greater decrease in resistance upon exposure
to TEA.

4. Conclusions

In summary, we demonstrate enhanced gas sensing property of
ternary structure based on Au@Zn0O/SnO,. The pure SnO, NSs were
in-situ grown on the surface of Al;03 tubes through hydrothermal
synthesis technique. By employing PLD and sputtering method, the
highly controllable and reproducible Au@ZnO/SnO; NSs hetero-
junction is successfully built. It is the unique combination of
Au@Zn0/Sn0O; nanosheet with transport of charge carriers from
mental oxide semiconductors to Au. In terms of sensing properties
test, the response of as-prepared Au@Zn0/SnO; sensor could reach
up to 115 when exposed to 100 ppm TEA at 300 °C. Moreover, the
enhanced sensing properties could be interpreted from the angle of
building of n-n heterojunctions and Schottky contact. The depletion
layer is formed due to the presence of Au-ZnO Schottky, Au-SnO;
Schottky, and SnO2/ZnO n-n heterojunction contact in Au@ZnO/
SnO, NSs, which greatly increases the sensor resistance in com-
parison with a pristine SnO, NSs sensor. This is the main reason for
the enhanced response to TEA gas. This study would be useful for
the enhancement of gas sensing properties of metal oxide semi-
conductor materials.
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