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Special nanostructures control of ethanol sensing
characteristics based on Au@In,0; sensor with good
selectivity and rapid response

Ying Wang’, Ying Lin®, Dingsheng Jiang®, Feng Li° Chao Li®, Linghui Zhu®, Shanpeng
b, . a, %
Wen™*,Shengping Ruan

Unique Au@In,0; core—shell nanostructure was firstly prepared through a simple sol-gel
method, the structure and morphology were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), transmission electron microscopy (TEM) and energy-
dispersive X-ray spectroscopy (EDX). The results showed that unique architectures were core-
shell nanostructure assembled from Au core and In,0; shell. The gas sensing properties of the
as-prepared pure In,03 and Au@ In,0; core—shell samples were tested toward various gases.
The sensor based on Au@ In,0; core-shell nanostructure showed excellent selectivity toward
ethanol at the operating temperature of 160 °C, giving a response of about 36.14 to 100 ppm,
which was about 1.5 times higher than that of sensor based on pure In,03. The tres and the
trec values of the Au@ In,03; sensor to 100ppm ethanol were 4 s and 2 s respectively, while
those of the pure In,03 sensor were relatively long. The enhancement might be attributed to

the unique core—shell structure and exists of Schottky junction between Au/In,0s.

Introduction

Among various metal oxide semiconductors, such as In,05"
2.C03043, Cr,05*°, NiO”'2 have been widely used as gas sensors.
Indium oxide (In,O;), one of the most important n-type
semiconductors with bandgap of 3.55-3.75 e¢V'3, has been widely
used in UV irradiation™, gas sensors’ due to its excellent electronic
and optical properties. It is known that pure In,O; has been used to
detect gas for a long time', but in practical application there is still
some performances that need to be solved, such as selectivity,
response and recovery time.

It is well known that the morphology and microstructure play
important roles on the gas sensing performance of metal oxide
semiconductors. Recently, many efforts have been made to the
synthesis of metal oxide semiconductor with different morphologies,
including nanofiber', nanopartical'®, core-shell nanostructure® and so
on, which expand practical applications of In,O; to a large
extend.For the most fabrications of core-shell nanostructure,
materials are usually synthesized by chemical vapor deposition'”,
pulsed-laser deposition'®, hydrothermal method®, which are usually
complex and expensive.

This journal is © The Royal Society of Chemistry 2013

Based on our summary to the current manufacture process of
core-shell structure, sol-gel is a method rarely encountered used to
perform synthesis of core-shell structure and is much more simple,
practical and economical than other approaches with large scale
equipment and sophisticated detection demanding, but Feng Chao
Chung, Ren-Jang Wu, Fu-Chou Cheng prepared the Au@SnO,
sensor by sol-gel method in 2014. Therefore, we are considering sol-
gel to be a feasible and effective process to the preparation of unique
structure.

Many studies shown that noble metals (like Au, Ag, Pt, Cu) 19-
22 worked a lot to improve the catalytic activity of metal oxide. It is
also found that the gas sensing performances are related to core-shell
nanostructure. Thus, synthesizing hierarchical Au@In,0; core-shell
nanostructure has vitally scientific and practical significance. In
general, noble metal was made to decorate surface of various as-
prepared precursor to enhance optical properties, electrical properties
and so on. However, our group firstly synthesized unique
nanostructure of Au@ In,O; core—shell structure with In,O; shell
formed on the Au core firstly through a simple sol-gel method
successfully, the preparation process of which is more environmental
friendly and less costly. Aiming to demonstrate the potential
applications, the as-prepared materials were used to fabricate gas
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sensor. The results revealed that the Au@In,O; core-shell
nanostructure sensor exhibited a rapid response to ethanol at
optimum operating temperature of 160 °C, which was superior to
pure In,Os.

Experimental section

Preparation of In,O; nanopartical

All the used materials for this synthesization of Au@In,0;
core—shell are analytical grade and without further purification.
Certain amounts of In(NO3);-4.5H,0 were dissolved in ethanol (20
mL) to form a clear solution (0.15 M), and dodecylamine was added
in ethanol (20 mL) to form another clear solution (0.1 M). The above
two solutions were mixed and stirred vigorously for 5 h to form the
precursor solution, then maintained at 80 °C for 24 h. The obtained
products were calcined at 600 °C for 4 h in air.

Preparation of Au@In,O; core—shell structure

HAuCl, solution (0.15 mL, 0.01 M) and sodium citrate solution
(0.4 mL, 0.01 M) were added into 10 mL deionized water. The
mixture was heated until the solution turned purplish red.
Immediately the same dose of indium nitric acid ethanol solution and
dodecylamine ethanol solution (10 mL, 0.0015 M) were added to the
above mixture. The obtained precursor solution was stirred
vigorously for 5 h and dried at 80 °C for 24 h. Then collected
precursors were calcined at 600 °C for 4 h in air, and the Au@In,0,
core-shell nanostructures were obtained.

Characterization

X-Ray diffraction (XRD) analysis was conducted on a Scintag
XDS-2000 X-ray diffractometer with Cu Ko radiation (A=1.5418
A). Scanning electron microscopy (SEM) images were performed on
a SHIMADZU SSX-550 (Japan) instrument. Transmission electron
microscope (TEM) images and energy-dispersive X-ray
spectroscopy (EDX) were obtained on a JEM- ARM200F
microscope.

Fabrication and measurement of gas sensor

The as-prepared material was mixed with deionized water in a
weight ratio of 100:25 and ground in a mortar for 3 h to form a paste.
The paste was then coated on an Al,O; ceramic tube to form a
sensing film (a thickness of about 300 pm) on which a couple of
parallel Au electrodes was previously printed. Pt lead wires attached
to these Au electrodes were used as electrical contacts. After the
ceramic tube was calcined at 300 °C for 2 h, a Ni-Cr heating wire
was inserted into the ceramic tube as a heater for controlling the
operating temperature. The structure of the sensor is shown in Fig. 1.
The details of the sensor fabrication were similar to our previous
works'® .,

(a)

Fig. 1 Schematic structure of the gas sensor.

2| J. Name., 2012, 00, 1-3

Gas sensing properties were measured by CGS-8 intelligent gas
sensing analysis system (Beijing Elite Tech Co., Ltd., China) under
laboratory condition (25 °C, 40 RH%). The test gases were injected
into a test chamber with a microinjector. The response value (S) was
defined as S = Ra/Rg, where Ra and Rg denoted the sensor’s
resistance in the air and presence of the target gases. The time taken
by the sensor to achieve 90 % of the total resistance change was
defined as response time when the target gas was introduced to the
sensor (target gas adsorption) or the recovery time when the chamber
was full of air replacing target gas (target gas desorption)*.

Results and discussion
Structural and morphological characteristics

The XRD patterns of pure In,O; and Au@In,O5 products are
shown in Fig. 2. It can be observed that all of the diffraction peaks of
pure In,O; can be indexed to In,O;, and no other peaks
corresponding to impurities were observed, which was consistent
with the Joint Committee on Powder Diffraction Standards card
(JCPDS, 06-0416). While the crystal phase of the Au@In,0,
product was the mixture of Au and In,Os;. Most of the diffraction
peaks can be indexed to In,Oj;, which was well agreed with the
reported values from the standard data file (JCPDS, 06-0416). The
residual peaks were indexed to Au, which was consistent with the
standard card file 04-0784. We can infer that the peaks of Au@In,03
cover Au and In,0;. Combined with SEM, TEM and EDX analysis
of the Au@In,0; product, it can be deduced the successful synthesis
of Au@In,0; core—shell nanostructure.
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Fig. 2 XRD patterns of pure In,0; and Au@In,0; core-shell

The morphologies of the as-prepared Au@In,O; core—shell
nanostructure were investigated by SEM and TEM. Fig. 3(a) and
Fig. 3(b) showed the high magnification SEM images of pure In,0;
and Au@In,0; core—shell, respectively. The resulting images of Fig.
3 showed that the Au@In,0; core—shell nanostructure was formed
spheres with diameter about 20 nm, which was similar to the values
determined by TEM.

Fig. 4 showed the In,O; shells formed on Au core
nanoparticles. The high-magnification TEM images in Fig. 4 showed
a portion of the Au and In,0j; crystal lattices. In Fig. 4, the fringe
patterns indicated by d = 0.204 nm spaces corresponding to the Au
(2 0 0) nm planes, and the fringe patterns indicated by d = 0.185nm,
d=0.217 nm and d = 0.238 nm spaces corresponding to the (5 21), (3
3 2) and (4 1 1) planes of In,0s3, respectively. Fig. 4 showed that the
Au core diameter (within the green dotted line) was about 15 nm,

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 High magnification SEM images of pure In,03; and Au@In,0;
and the In,O; shell thickness was about 8 nm. These results
demonstrated that the (5 2 1), (3 3 2) and (4 1 1) In,O;planes
corresponded to the (2 0 0) plane of Au>> 2%,

~ 0.185nm

Fig. 4 High magnification TEM image of Au@In,0; core—shell nanostructure
and its crystal lattice.

EDX revealed that the core—shell structures contained In, O and
Au, as shown in Fig. 5. The energy diagram indicates that the green
circle outside the shell contained In,0s, and the green circle inside
the core comprised gold, thereby confirming the successful
preparation of Au@In,0; core—shell nanostructure.

Gas sensor performance and sensing mechanism

We all know that the gas response of a semiconductor sensor is
usually dependent on the sensor operating temperature'> ?’. The
responses of the sensors based on pure In,O; and Au@In,O; core—
shell nanostructure to ethanol (C,HsOH) were tested to determine
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. Fig.5 EDX image of Au@In,0s core-shell nanostructure.
the optimum operating temperature, as shown in Fig. 6. It can be

observed that the responses of the tested sensor varied with operating
temperature. According to Fig. 6, 185 and 160 °C were suggested to
be the optimum operating temperature for ethanol detection based on
pure In,0O; and Au@In,0; core—shell sensors, respectively, because
these sensors showed the maximum response of 36.1 and 24.5 at the
corresponding temperature. It is apparently that the optimum
operating temperature of Au@]In,0O5 core—shell sensor is lower than
that of pure In,Oj; sensor.
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Fig. 6 Responses of sensors based on pure In,0; and Au@In,03 core-shell

nanoarchitecture to 100 ppm ethanol as a function of operating temperature.
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The sensing transients of pure In,O; and Au@In,0; sensors to
The sensing transients of pure In,O3 and Au@In,0; sensors to 5-100
ppm ethanol were given in Fig. 7. It clearly showed that with the
increase of ethanol increase concentration, the value of real-time
response of both sensors increases obviously. The existence of Au
core makes the response amplitude changing extremely huge and far
more evidence. Corresponding to Table 3, introduction of Au

Table 1 Performance comparison of various In,0; -based gas sensors toward ethanol.

Operating temperature (°C) Ethanol (ppm) Response(R./Ry) Response time (s) Recovery time (s)
0.2 wt% Au/In,03 nanofibers>> 140 500 13.8 12 24
porous In,03 nanospheres29 275 100 ~22 16 24
In,03: Agcomposite nanoparticle Iayers:l‘2 200 1000 22 70
Co-doped In,03 nanoﬁbers33 300 100 16.5 2 3
Au@In,03 in this paper 160 100 36.14 2

Table 2 Response and Sethanol /Sgas cOMparisons of In,0; & Au@In,0; gas sensors toward various gases.

Gas Ra/ Rg In203 sethanol / sgas
H, 3 8.17
CcO 1.05 23.34
NH; 1.13 21.69
toluene 1.21 20.26
benzene 1.51 16.23
ethylene glycol 2.69 9.11
acetone 15.3 1.6
formaldehyde 6.34 3.86
ethanol 24.16 1

n,0; R/R, Au@In,0; Seibanot /Sgs Au@In;05
1.21 29.87
1 36.14
1.34 26.97
1.39 26
3.24 11.15
1.1 32.85
11.1 3.25
1.01 35.78
36.14 1

This journal is © The Royal Society of Chemistry 2012
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nanoparticle as a core in In,O; system improved its sensing
performance in terms of response and recovery time. The 1, values
of the Au@In,0O; sensor were very short (4 s to 100 ppm ethanol)
while those of the pure In,O; sensor were relatively long. The T,
values of the Au@In,0; sensor were also shorter (2 s to 100 ppm
ethanol) than pure In,O; sensor in the entire ethanol concentration,
which was much more rapid than most In,O;-based sensor’® %,
Table 1 presents comparisons between the gas sensing performances
of the Au@]In,0; core-shell nanostructure and other reported results.
The quick response and recovery in Au@In,0; core-shell sensor
maybe caused by fast in-diffusion and out-diffusion of reducing gas
occurred in the sensor surface®. In addition, it may be attributed to
that the noble nanoparticles could improve the modulation of nano-
Schottky barriers during the oxidation of ethanol due to the electron
mechanism®'. The improved sensing performances maybe caused by
formation of Au / In,O; Schottky barriers, making it modulating for
the electrons to travel between Au/In,O; with the direction of the
electron transfer depending on desorbing gas molecule.

40 100 ppm
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Fig. 7 Responses to different concentrations of ethanol for pure In,0; sensor
at 185 2C and Au@In,0; sensor at 160 °C.

The response, T, and T, were calculated from sensing
transients (Fig. 7) and the results were summarized in Fig. 8. It was
seen that the response increased with the increasing of ethanol
concentration from 5 to 100 ppm. As the concentration of ethanol
rose, the responses increased. The responses of pure In,O; sensor to
5-100 ppm ethanol ranged from 2.01 to 24.51, which increased from
2.1 to 36.14 in Au@In,0; core-shell sensor (Fig. 8).
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Fig. 8 Responses of sensors based on pure In,0zat 185 ° C and Au@1n,03
core- shell nanostructure at 160 ° C versus ethanol concentrations.
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Ethanol(ppm) In,05 Au@In,04
Tres(s)/ Trec(s) Tres(s)/ Trec(s)
5 12/2 5/4
10 10/8 4/3
20 38/84 4/2
50 23/47 4/2
100 2324 4/2

Table 3 Response and recovery times comparisons of In,0; & Au@1n,0; gas
sensors toward different ethanol concentrations.

Fig. 9 shows the bar graph of the response of sensors based on
pure In,O; and Au@In,O; core—shell sensor to a variety of gases
with a concentration of 100 ppm, which were tested at their optimum
operating temperatures. It can be observed that the response of the
pure In,O; sensor to 100 ppm ethanol at 185 °C was 24.16, which
was higher than the response to 100ppm H, ,CO, NHj, toluene,
benzene, ethylene glycol, acetone, formaldehyde (3-15.3) (Table 2).
In the Au@In,O5 core—shell sensor, the Ra/Rg value to 100 ppm
ethanol at 160 °C increased to 36.1, while those to most of other
gases decreased (3-15.3) (Table 2). The selectivity to target gases
was defined as the response ratio between gas response to 100ppm
target gases and that to other gases S¢ihanol /Sgas %S hanol /Sgqs values
of interference gases were 1.6-23.34 in pure In,O; sensor (Table
2).These values increased to 3.25-36.14 in Au@In,0; core—shell
sensor. These results clearly demonstrated that Au@In,0; core—shell
nanostructure was effective for enhancing response to ethanol as
well as selectivity. Thus, the Au@In,0s core—shell sensor had good
selectivity to ethanol over other gases at 160 °C.

H,

2 100 ppm test gas
CcO - In,0,
NH; (I Au@In,0,

toluene

benzene

ethylene glycol

acetone

formaldehyde
ethanol

I T T T

(1] 10 20 30 40
Response (Ra/ Rg)

Fig. 9 Responses of sensors based on pure In,03 at 185 ° C and Au@1n,0s core-
shell nanostructure at 160 ° C to 100 ppm various gases.

Gas sensing mechanism

In typically, In,O3 is an n-type metal oxide semiconductor, and
its sensing mechanism could be explained through the change in
resistance of the sensor caused by the adsorption and desorption
process of gas molecules on the surface of the oxide **6. When
In,O5 sensor is exposed to air, oxygen molecules adsorb on the
surface of the material. These adsorbed oxygen molecules will
capture electrons from the conductance band of In,O; to become
oxygen ions (O,, O, 027) 28 which results in the increase of

This journal is © The Royal Society of Chemistry 2012
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resistance of the sensors. In ethanol environments, ethanol reacts

with chemisorbed anions. This reaction can be expressed as follows
37,

C,H,OH + 0> — CH;CHO+H,0+2¢ (1)

CHOH+50" — 2C0,+2H,0+10e  (2)

Ethanol molecules react with absorbed surface oxygen and
release electrons back to the conduction band of In,Os;, thus
decreasing the width of electron depletion layer, and leading to
decrease in the sensor resistance.

For Au@In,0; core-shell nanostructure, Au as a noble metal
and In,0; which is a metal oxide semiconductor would joint together
to form a Schottky junction between Au/In,O;. Thus, Au/In,0;
Schottky junction will generate an electron depletion layer and a
decrease in conductivity of Au@In,O; core-shell material. The Au
work function (Wy = 5.1 eV) is larger than that of In,0; (Wg = 5.0
eV) *2, electrons in conduction band of In,O; shell will transfer to
Au core, which will make In,0;3 energy band around the Au/In,0;
interface bend up,. The values of (Ec - Epy) enlarged, while the
values of (Epy - Ev) diminished (Ec, Ey, Epy correspond to the
conduction band minimum, the valence band maximum and the
Fermi level position of n-type semiconductor oxide, respectively, as
is shown in Fig. 10), As a result, a decrease in electron concentration
and an electron depletion layer inside In,O; around Au/In,0;
interface come out. It means a decrease in conductivity and an
increase in resistance of Au@ In,O; core-shell material. Thus,
compared to pristine In,0s, the ethanol enhancement of can be due
to presence of Au / In,O5 Schottky barriers in Au@ In,0Os.

O

S

Fig. 10 Schematic illustration of energy band in Au/ In,03 system.

The excellent gas sensing performance of Au@In,0; core-shell
nanostructure sensor can be attributed to the Au/In,O; metal-
semiconductor junction: when Au@In,O; material is exposed to
ethanol gas, reactions (1) and (2) will take place on the surface and
the generated electrons transfer from ethanol molecule into In,0;,
leading to increase of the charge carrier density and a diminish of
electron depletion layer showing as a marked change in resistance of
Au@In,O; material. Thus, Au@In,O; core-shell nanostructure
shows an enhanced response to ethanol.

Another reason for the enhanced ethanol sensing properties may

be attributed to Au catalysis. Au nanoparticals can lower the
operating temperature as a catalyst by decreasing activity energy,

This journal is © The Royal Society of Chemistry 2012
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and accelerated the sensing reaction (1) and (2) resulting in the
improvement of response and fast response-recovery speed to
ethanol.

Stability test

Fig.11(a) shows that short term reproducibility of the In,O; and
Au@In,05 sensor response data is maintained at a constant value.
Fig.11(b) shows that long term reproducibility of the In,O; and
Au@In,0; sensor response data were with no change over 21 days,
indicating that both sensors displayed a stable response to ethanol
gas. Therefore, Au@In,0; is a potential nanomaterial with long-term
service to ethanol gas.
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Fig.11 reproducibility of the In,0; and Au@In,0; sensor

Conclusions

In summary, the pure In,O; and Au@In,0; architectures had
been successfully synthesized through a sol-gel process and their gas
sensing properties were investigated. Comparison with pure In,0O;,
the sensing performance: selectivity, response-recovery speed of the
sensors based on Au@In,0; exhibited enhanced a lot to ethanol due
to introduction of Au core. The excellent gas performance of
Au@In,05 sensor may be contributed to their properties, such as
unique structure, synergistic effect of Au core and In,O; shell and
the presence of Au/In,O;3 Schottky junction. The results certified that
the core-shell nanostructure sensor is a potential candidate for high
performance gas sensors.
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