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In,03 and 2.5-10 at% Al-doped In,03 are prepared through a simple solvothermal method, and samples
are characterized by a variety of methods to investigate the phase and morphological properties. The
gas sensing measurements reveal that Al-doped In,03 has superior ethyl acetate sensing capability as
compared to pure In, 03, with the maximum response value approaching 56.3-100 ppm ethyl acetate at
184°C, which is about 2.34 times higher than pure In,0s. In addition, 5 at% Al-doped In,03 gas sensor
is also found to have lower detection limit and better selectivity to ethyl acetate. Hence, Al-doped In,03;
material can be promising for sensing ethyl acetate gas with high performance. Also, the mechanism
involved in improving sensing performance of Al-doped In;0s is discussed.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Cancer has become a leading cause of death worldwide, espe-
cially in North America, Europe and Australia. Early detection has
been proven to be a highly effective approach to increase the cura-
tive ratio. Many medical equipments have been explored, and one
of them is through the breath test. Comparing with other coun-
terparts, the breath test can be operated easily and with minimal
invasion [1,2]. The use of breath text in illness detection is a rapidly
developing area, because every kind of disease patients exhale spe-
cial gases, such as acetone (in the case of diabetics), nitric oxide
(in the case of asthma) and ammonia (in the case of renal dis-
eases) [3]. Among various gas sensors, the ethyl acetate gas sensor
has become vital since both colorectal and gastric cancer patients
exhale this kind of gas and these two kinds of cancer are listed
on the top five cancers due to the notorious high death rate [4].
Moreover, ethyl acetate gas sensor can be used in meat aging pro-
cess. The quality control of meat is totally different from the case
of fish which is as fresh as possible after being caught. However,
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meat needs to undergo an aging process for optimal eating quality.
And ethyl acetate is a major product at the initial stage of bacterial
putrefaction [5]. Ethyl acetate is broadly used as industrial solvents
and extractant of volatile organic compounds (VOCs). Inhalation of
400 ppm ethyl acetate can cause acute toxicity and ethyl acetate
concentration over 2% in the atmosphere can cause blast. With the
development of industry, the demand for ethyl acetate is grow-
ing fast, which will increase the risk to workers. Therefore, the
development of low-cost, ultrasensitive, highly selective and con-
venient gas sensors, which can sense microscale amounts of ethyl
acetate, has become vital to biomedical applications, food industry
and environmental monitoring.

In light of the attractive advantages of easy fabrication, low
power consumption and high sensitivity, gas sensors based on
semiconductor oxides have shown potential and been regarded
as commendable approach in the monitoring atmosphere [6]. In
recent years, several semiconductor oxides such as SnO,, In,03,
Fe,03, ZnO and TiO, have been extensively investigated as gas
sensor materials [7-14]. Among these, In,0j3 is one of the widely
studied sensing materials for detection of NO, [15], CH3CH,OH
[16], CO [17], O3 [18] and has been widely applied in window
heaters, liquid-crystal displays and solar cells [19-21]. The basic
sensing principle of semiconductor oxide-based gas sensors is
that their resistance will change when exposed to different gas
atmosphere. Hence semiconductor oxides' chemical composition,
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crystalline size and microstructure have significant impact on sens-
ing performances [22].

Ethanol is one of the most representative gases that can be
detected in a selective manner using semiconductor oxide proba-
bly because of its high reactivity. In contrast, there are few journals
about ethyl acetate gas sensor. Naomi et al. reported that Rh-La;O3-
In,03 gas sensor displayed a sensitivity of 100 for 300 ppm ethyl
acetate at 300°C [5]. Xiaoan et al. studied the sensor based on
Y,03-nanoparticles for 3600 ppm at 264 °C [23].

In this report, In,03 and Al-doped In,03 were synthesized by
a facile hydrothermal route. The prepared In;O3 showed high
response to ethyl acetate. To enhance gas sensing properties, Al
was introduced into In;03. As expected, it was revealed that Al-
doped In,03 showed much higher response, lower detection limit
and better selectivity to ethyl acetate than pure In,03. The dra-
matic improvement in gas sensing properties might be caused by
larger chemical potential gradient, more electrons transfer and the
changes in grain size. The results confirmed that Al-doped In;03
gas sensor was a promising candidate for detecting ethyl acetate.

2. Experimental
2.1. Chemical reagents

Indium nitrate tribasic hydrate was obtained from Sinopharm
Chemical Reagent CO. Ltd. Aluminum chloride and sodium hydrox-
ide were purchased from Beijing Chemical Works. Polyvinylpyrroli-
done was purchased from Aladdin Chemistry CO.Ltd. All chemical
reagents involved in the experiment were analytical grade and
directly used without any further purification.

2.2. Preparation of pure and Al-doped In,03

The pure and Al-doped In, O3 with doping concentration of 2.5, 5
and 10 at% were synthesized by hydrothermal procedure, labeled as
SO, S1, S2 and S3. Generally, 1.18 g Indium nitrade tribasic hydrate
(In(NO3)3-4.5H,0) was dissolved into a mixture solution of 50 mL
deionized water and 10 mL ethanol under vigorously stirring. Then
0.08 g PVP(MW =1300000), 0.01 g sodium hydroxide (NaOH) and
different amounts of aluminum chloride (AlCl3) were added into
the before-mentioned solution under constant stirring. After 6 h
vigorous stirring, the transparent solutions were transferred into
Teflon-lined stainless steel autoclaves, which were heated at 180°C
for 18 h and then cooled to room temperature. The products were
collected by centrifugation, washed by deionized water and ethanol
five times and dried at 60°C for 12 h. Finally the products were
annealed at 600 °C for 2 h.

2.3. Characterization

The materials were characterized by X-ray power diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), energy dispersive
X-ray spectrogram (EDX), scanning electron microscopy (SEM)
and transmission electron microscope (TEM). The specific sur-
face area was estimated using the Brunauer-Emmett-Teller (BET)
equation based on the nitrogen adsorption isotherm obtained
with Micromeritics Gemini VII apparatus. XRD was performed on
a Scintag XDS-2000 X-ray diffractometer with Cu Ko radiation
(A=1.5418 A). XPS data was obtained from Scienta ESCA200 spec-
tromrter equipped with Al Ko radiation source. SEM images and
EDX were gained using a SHIMADZU SSX-550 (Japan) instrument.
TEM images were obtained on a JEM-ARM200F.

— +(200)
«(220)
+(321)
+(400)
«(420)
«(422)
+(440)
+(600)
«(620)

+(310)
«(222)

Intensity (a.u.)

5 at% L A & l
l |
A

In(OH), L

CPDS 16-0161

T T T 4 T X T ¥ T X T

10 20 30 40 50 60 70 80
26 (degree)

Fig. 1. XRD patterns of pure and Al-doped In(OH)s.

*(222)

.11
«(400)
*(411)
*(332)
«(431)
«(440)
+(611)
«(622)
- (444)

S2

|

r

Intensity (a.u.)

A S0

JCPDS 06-0416|

40 50 60 70 80
20 (degree)

10 20

Jo
.J‘_j.)k

Fig. 2. XRD patterns of pure and Al-doped In,0s.

2.4. Fabrication and measurement of sensors

The prepared material was mixed with deionized water at a
weight ratio of 5:1 and grinded in a mortar for a while. Then the
paste was coated on the surface of alumina ceramic tube with gold
electrodes fabricated by jetting Au paste through a metal-jetting
system (M]-10, Beijing Elite Tech Co., Ltd., China). After that a Ni-
Cr heating coil was inserted through the ceramic tube to form a
side-heated gas sensor.

Gas sensing behavior was estimated by CGS-8 intelligent gas
sensing analysis system (Beijing Elite Tech Co. Ltd., China). The spe-
cific measurement was processed by a static process: the sensor
was placed in a glass chamber full of fresh air at the beginning and
then appropriate amount of test gas was injected into the closed
chamber by a micro-injector. After the response reaching a steady
value, the sensor was transferred into another chamber also full of
air and began to recover. The gas-sensing properties were tested
under the same condition (RH: 30%; room temperature). The gas
response S (S=Ra/Rg) was defined as the ratio of sensor resistance
in air (R,) to that in the test gases (Rg).

3. Results and discussion
3.1. Characterization

To investigate the phase identification and crystal sizes, the XRD
patterns were shown in Figs. 1 and 2. Fig. 1 showed the XRD patterns
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Fig. 3. XPS spectra for S1: (a,d,g), S2: (b,e,h) and S3: (c,f,i).

of as-synthesized powder at different atomic rate of In:Al. All peaks
could be well-assigned to the (200),(220),(222),(420),(422) planes
of In(OH)3, which confirmed to No.16-0161 of the Joint Committee
on Powder Diffraction Standards card (JCPDS) and no other phases
corresponding to aluminum or aluminum compound were found
in the XRD patterns after adding aluminum material. Fig. 2 showed
XRD patterns of as-prepared powder at different atomic rate of
In:Al. All peaks were well-assigned to the single phase of In,03
(JCPDS, 06-416) for both undoped and Al-doped In, 03 materials.
Besides, the crystallinity of the Al-doped In,03 samples decreased
and the diffraction peaks became broader with more aluminum
ions. It indicated that Al ions incorporated into the lattice of In,O3
without significantly destroying the cubic structure of indium oxide
rather than generating crystalline phases of aluminum oxides. Dop-
ing did not change the crystal structure but it caused the change of
the lattice constant. It could be observed that (222), (400), (431),
(440), (622) peaks position shifted to the right with more Al doping.
It was caused by the radius of Al ions (0.0535 nm) was smaller than
that of In ions (0.08 nm).

The average grain size of SO, S1, S2 and S3 was calculated by
using Scherer’s equation,

0.89 x A
B xcosb (1)
where \ is X-ray wavelength, 0 is Bragg diffraction angle and 3 is
the peak width at half maximum. The average crystal size of pure,
2.5at%, 5 at% and 10 at% Al-doped In, 03 was about 34.6 nm, 32.1 nm
20.7 nm and 17.2 nm, respectively. It could be found that the crystal
sizes were decreasing continually with increasing the amount of AL

We evaluated the lattice constants of pure and Al-doped In,03
according to Bragge's law:

n\ = 2dsinf (2)

where, n is the order of diffraction (usually n=1), \ is X-ray wave-
length and d is the spacing between planes of given Miller indices
h, k, I. In the cubic structure of In, O3, the plane spacing is related to
lattice constant and Miller indices by the following formula:

1 h2 + k2 + 2
- 2

(3)
2
d(hkl)
According to the above formula, for the (100) orientation, the lattice
constant a is calculated by

VE
a= Sinb (4)
It could be calculated that the lattice constant a was 1.00733 nm,
1.00697 nm, 1.00504 nm, 1.00454 nm for pure, 2.5 at%, 5 at% and 10
at% Al-doped In, 03, respectively. When In3* ions were replaced by
AI3* jons, a decrease in the lattice constants a was expected, which
would lead to a decrease in grain size.
Fig. 3 showed high-resolution XPS spectra of In 3d, O 1s and
Al 2p for S1, S2 and S3. The binding energies of In 3ds;, and In
3dsp, were listed in Table 1. Compared with pure In,03 (444.6 eV
for In 3ds;, and 452.1 eV for In 3d3,), the binding energies of S1, S2
and S3 had an obvious increasement. The chemical shifts of bind-
ing energies reflected the electronic interaction between the In, 03
and dopant [24]. The spin orbit splitting of In 3d was 7.54, which
indicated the indium was in the form of oxide [25,26]. Fig. 3(d-f)
showed the high resolution scan of Al 2p for S1, S2 and S3. The
peaks were located in 74.15 eV, 74.35 evand 74.52 eV, respectively.
Compared with the peak at 74.6 eV of pure Al, 03, all of the peaks
shifted to the low binding energies which indicated that Al was
doped into In,03 [27,28]. The In/Al mole ratio of S1, S2 and S3 was
about 19.7:1, 12.9:1 and 6.9:1, respectively. As S1, S2 and S3 are
surface resistance-type sensing materials, the capacity of adsorbing
oxygen onto the surface of the semiconductor oxides materials has
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Table 1
XPS analysis results of S1, S2 and S3.
Sample In3ds), In3ds), Al2p Op Oc¢
Peak (eV) Peak (eV) Peak (eV) Peak (eV) Relative Percentage (%) Peak (eV) Relative Percentage (%)
S1 444,71 452.25 74.15 530.12 82.32 531.87 18.68
S2 44479 452.34 74.35 530.31 73.47 532.05 26.53
S3 44481 452.35 74.52 530.34 81.05 532.17 18.95

Intensity (a.u.)

Energy (keV)

Fig. 4. SEM and EDX images of 5 at% Al-doped In,0s.

a great influence on the gas sensing ability by changing the thick-
ness of the depletion layer. Therefore the O 1 s XPS spectrums were
measured and exhibited in Fig. 3. In order to verify the status of
oxygen species, the tested curves of S1, S2 and S3 could be decom-
posed into two fitted peaks, which indicated that the samples had
two kinds of significant oxygen species [29]. Lattice oxygen species
and chemisorbed oxygen species were expressed with Op and Oc,
respectively. Table 1 listed the center positions of all elements and
the relative percentages of each oxygen species. It could be found
that the relative percentage of the O¢c component of S2 had an obvi-
ous promotion comparing with that of S1 and S3, which meant the
surface oxygen chemisorbed ability of S2 was higher than that of
S1 and S3. The increase of Oc component meant that more surface
chemisorbed oxygen species could participate in the redox reaction
occurring on the surface of the sensing materials and thus cause
a larger change in sensor resistance. According to XRD and XPS
spectrum, it was reasonable to conclude that In3* ions in the In;03
lattice were substituted by AI3* ions.

Fig. 4 showed the elemental map and spectra of the S2. Fig. 4(a)
was SEM image of S2. Fig. 4(b-d) showed the element distribution
and proved the existence of the In, O and Al elements. From the
elemental map, it could be known that the distribution of the In, O
and Al elements was uniform. The spectra shown in Fig. 4(e) con-
firmed the existence of the elements Si, O, Al and In. As-prepared
powder was pasted on the silicon wafer. It caused the Si element
signal was observed in the spectrum.

To get a deeper understanding of the size and morphology, SEM
and TEM images were introduced. Fig. 5(a-d) showed the low-
magnification images of as-synthesized powder at different atomic
rate of In:Al. From the SEM images, it could be observed that as-
synthesized microcubes surface was smooth and size become lager
with the increasing of Al ratio. Fig. 6(a—-d) showed SEM images of the
pure, 2.5 at%, 5 at%, 10 at% Al-doped In,0s3. The typical SEM images

of resulting products revealed that calcination did not change mor-
phology and size. Smooth surface turned into crannied and coarse
surface after calcination. At high calcination temperature, In(OH)3
turned to In, O3 by evaporation of water molecules. As the thermal
stability of In(OH); was lower than In,03, the In-OH bond broke
down at high calcination temperature. Fig. 7 showed SEM and TEM
images of S2. As shown in Fig. 7(a,b), the microcube was crannied
and hollow. Therefore, gas molecules could pass through the mate-
rials and react in the materials. HRTEM result was displayed in
Fig. 7(c). The lattice fringes could be clearly observed and the lattice
spacing was 0.292 nm, corresponding to the (222) planes of In,03.

The specific surface area of pure and Al-doped In,0O3 was
evaluated by nitrogen adsorption-desorption measurements. The
representative nitrogen adsorption-desorption isotherm and the
corresponding BJH pore size distribution plot were given in Fig. 8
and the inset. The adsorption-desorption isotherm exhibited an
obvious hysteresis loop and could be indexed as type-IV isotherm
according to the International Union of Pure and Applied Chem-
istry (IUPAC) classification. The BET surface area of pure and 5 at%
Al-doped In, 03 were calculated tobe 9.39m? g~! and 19.91 m2 g1
respectively, and the BJH pore size distribution was mainly con-
centrated in the 2-20nm range. The material reacted with its
surrounding mainly via its surface. Therefore, the higher specific
surface area of S2 could adsorb more molecules and lead to the
improved performances.

3.2. Growth mechanism

A reasonable growth mechanism of In, 03 microcubes could be
illustrated by Fig. 9. In the reaction process, In(NOs3)3'4.5H,0 and
NaOH served as the sources of In3* and OH~ ions, respectively.
When PVP was added into the system, the reaction pairs of In3* and
02~ in PVP units occupied the empty mental orbits in the solution,
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Fig. 6. SEM images of (a) pure In,03, (b) 2.5 at% Al-doped In,03, (c) 5 at% Al-doped In,03, (d) 10 at% Al-doped In,03.

Fig. 7. (a) SEM image of S2, (b) TEM image of S2, (b) HRTEM image taken from (b).
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function of the operating temperature.

to form coordinate bonds between In3* and PVP [30,31]. Under the
hydrothermal conditions, In3* would gradually be converted into
In(OH)3 crystal nucleus [32]. To decrease the free energy, the crystal
nuclei of In(OH)3 gradually grew into large cubes through Ostwald
ripening process [33,34]. Then In, O3 microcubes was obtained by
calcination of In(OH); precursor. When Al3*ions were added into
the solution, some of In3* ions in In(OH); were substituted by AI3*
ions and finally Al-doped In,03 microcubes was obtained.

3.3. Gas sensing properties

In the gas-sensing research, the operating temperature played
an important role in determining the gas-sensing properties due
to its impact on surface state of sensing materials and interac-
tion between the absorbed oxygen and sensing materials [35]. So
we investigated the relationships between the operating temper-
atures and gas responses to 100 ppm ethyl acetate of pure and
Al-doped In;03, which was shown in Fig. 10. At low temperature

60
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Fig. 11. The dynamic response of SO, S1, S2 and S3 to 5-100 ppm ethyl acetate.

ethyl acetate molecules did not have enough energy to overcome
activation energy barrier to react with the surface adsorbed oxygen
species. If the temperature was too high, the surface had difficulty
in gas adsorption [36-38]. So it could be observed that the response
of the tested sensor increased first until the response topped and
then decreased with the temperature increasing. For pure Iny03,
the maximum response was 24.1, while in the 5 at% Al-doped In; 03
composite case, the maximum response was 56.3, which was about
2.34 times higher than pure In,03. Accordingly, 184 °C was selected
as optimum operating temperature for the four gas sensors and
applied in all investigations thereinafter.

Fig. 11 displayed the response of sensors based on pure and
Al-doped In, 03 to ethyl acetate with various concentrations from
5 to 100 ppm at operating temperature. All sensors exhibited an
increase of response with increasing ethyl acetate concentration
and it was worth noting that gas sensors were all improved after Al-
doping. When S2 was exposed to 5 ppm ethyl acetate, the response
value was 2.64 indicating the detectable ethyl acetate minimum
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limit was 5 ppm. For SO, S1 and S3 sensors, their detectable min-
imum limit was 10ppm. Fig. 12 presented the relation curves
between responses and concentration of ethyl acetate at oper-
ating temperature. Ethyl acetate concentration ranged from 5 to
2000 ppm. The response increased rapidly with increasing of ethyl
acetate concentration and then gradually tended to saturation
when gas concentration reached 1000 ppm. From the curves, it
could be clearly seen that S2 exhibited the highest response to
5-2000 ppm ethyl acetate compared with S0, S1 and S3.

Since selectivity was an important aspect of sensing properties,
pure, 2.5, 5 and 10 at% Al-doped In,03 to 100 ppm of various test
gases were investigated at operating temperature and the results
were shown in Fig. 13. Evidently, four gas sensor devices exhibited
much higher response to ethyl acetate than other test gases, prov-
ing the good selectivity for ethyl acetate. In addition, it was worth
indicating that S2 exhibited highest response to all gases and the
largest increase could be observed for ethyl acetate. So it was con-
cluded that 5 at% Al-doping caused a remarkable enhancement and
excellent selectivity in sensing properties.

3.4. Gas sensing mechanism

As typical n-type semiconductor oxides, the most accepted sens-
ing mechanism is surface controlled model. It is based on resistance
change which is caused by the adsorption and desorption pro-
cess under different gas surroundings [39-41]. When In;03 was
exposed to air, it could adsorb oxygen molecules on the surface
and O, would trap free electrons from the conduction band to form

negative oxygen ions (0,~, O~ and 02-) [42]. Then a thick elec-
tron depletion layer was formed on the surface area, resulting in a
decrease of carrier concentration and increase of sensor resistance.
The following equations could describe the reactions [43].

O2(gas) = O2(ads) (1)
O3(ads) +€~ — 027 (ads) (2)
027 (ads) + €~ = 207 (aqy) 3)
0™ (ags) +€ = 0% (aas) (4)

When In;03 based sensor was exposed to test gas, the adsorbed
oxygen species (O,~, O~ and 0%~) would react with test gas
molecules to form CO, and H,O. Then electrons, which trapped
in the ionized oxygen species, would be released back to the con-
duction band. It caused increase of charge carriers and decrease of
resistance. It could be explained by following reactions

C4H8O2(gas) A C4H802(ads) (5)
C4H802(ads) +100™ — 4C0O;, +4H;,0 + 10e™ (6)

It was clearly revealed that Al-doped In,03 sensors exhibited
much better sensing performances than pure In,0j3, indicating Al
doping contributed greatly to the improvement of sensing proper-
ties. The reason for the enhancement in gas sensing performance
of Al-doped In;03 gas sensor may be as follows. First, it can be
explained in terms of the transfer of electrons from ethyl acetate
gas molecule to the microcubes due to the chemical potential gra-
dient between In;03 and ethyl acetate. The existence of the native
defects such as metal interstitials and oxygen vacancies causes as-
grown In, 03 behaves as n-type semiconductor. Fig. 14 shows the
energy band diagram of pure In,03 and Al-doped In,03, where Ec,
Ey and Er correspond to the conduction band, the valence band
and the Fermi level of In;0s. In the energy band diagram, the
position of Eg is nearer to Ec for pure In,0s5. After Al doping, Eg
could be slightly shifted to Ey (Fig. 14(b)) (the Al-doped sensor
maintained a higher resistance than pure In,03) compared to pure
In, 03 energy band diagram (Fig. 14(a)). The chemical potential level
ea is drawn for ethyl acetate to represent the chemical potential
of the electrons present in the gas molecule that can participate
in the electron transfer process. The electron depletion region,
which is caused by adsorbed oxygen capturing electrons, exists
near the surface of microcubes. When ethyl acetate is adsorbed
onto the microcubes surface, electrons will start transferring from
the higher chemical potential to the material with the lower chem-
ical potential. It will stop, when the system reaches equilibrium.
The pure In, 03 possesses a smaller chemical potential gradient (the
absorbed ethyl acetate and the pure In;03) compared to Al-doped
In,05. It causes less electrons transfer and then lower sensitivity.
The second is that crannied and coarse surface provides a high sur-
face area and increases the amount of test gas absorbed onto the
surface. Synchronously, the gas diffusion toward the entire sensing
surface is not hampered. Thirdly, from the XRD patterns, it could be
observed that Al doping effectively controls the In, O3 grain growth.
It causes more sensitive sites on the grain boundaries exposing to
test gas, which is beneficial for sensitivity of gas sensing. Hence,
Al-doped In,03 exhibited much better sensing performances than
pure Iny03.

The gas-sensing properties of materials are closely related to
their structures. Al-doping can increase the active center sites of
surface, which makes the ethyl acetate adsorption easier [44-46].
So the increasement of Al dopant leads to the enhancement in
selectivity. Further augment of Al dopant does not result in better
selectivity. It may be caused by that too much Al dopant decreases
the adsorption of oxygen.
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Fig. 14. Energy band diagram of (a) pure In;0s3, (b) Al-doped In,03.

4. Conclusions

In summary, pure and Al-doped In, 03 were successfully synthe-
sized and their ethyl acetate sensing properties were investigated.
Compared with pure In, 03 gas sensor, it could be confirmed that 5
at% Al-doped In,0O3 gas sensor exhibited enhanced ethyl acetate
sensing properties, including higher response, lower detection
limit and better selectivity. The excellent gas sensing performance
of Al-doped In,03 gas sensor might be attributed to the larger
chemical potential gradient (the absorbed ethyl acetate and the
Al-doped In,03) caused more electrons transfer and grain size
decreased. The results confirmed that Al-doped In,O3 gas sensor
was a promising candidate for detecting ethyl acetate.
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