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In this paper, the pure and rare earth (RE=Er, Tm and Ho) doped In,O3 materials have been
synthesized with facile solvothermal method. The obtained powder samples were coated as sensing
film on ceramic tube for fabricating methanol sensor. The gas-sensing performance of gas sensors
were investigated in detail. The gas response was enhanced and the optimum operating temperature
was decreased for RE doped In203 materials. Among them, the Er/InoO3 sample shown the better gas
sensing properties, and the gas sensitivity has reached two times higher than that of the pure In2Os for
50 ppm methanol. The enhanced sensor response of the fabricated sensor has been ascribed to the
increased surface basicity and lattice defects. Moreover, Er-doped In203 sensor has exhibited super fast
response time(2 s), good repeatability and selectivity. The enhancement of gas sensing performances
could be attributed to a combination of the increased surface basicity and lattice defects.
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1. INTRODUCTION

As a typical clean liquid fuel and organic solvent, methanol is extensively used in industrial
field. However, the methanol can attack on the human nervous system, which causes headaches,
giddiness, blindness and even death. Oncethe people are exposed to 200 ppm methanol, the
obvious damage will occur [1, 2]. Therefore, the accurate detection for methanol has become a
significant topic. It is urgent to design a convenient and stable sensor for monitoring methanol in the
atmosphere. In recent years, some different methods have been used to detect methanol, such as
spectrophotometry, chromatography and electrochemical analysis[3]. Among them, the
spectrophotometry and chromatography have high-accuracy but they have larger volume, higher price
and complex analysis process, which limit the development of them in practical. While the chemical
gas sensors based on the metal oxide semiconductor(MOS) have excellent performance with higher
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sensitivity, strong operability and lower power, due to their significant intrinsic performance(lager
specific surface area and higher surface adsorption) [4].

The metal-oxide semiconductors, including indium oxide (In203), tin oxide (SnOy), ferric oxide
(Fe203), zinc oxide (ZnO), titanium dioxide (TiO.),etc. have been extensively applied to resistive-type
gas sensors[5, 6]. For example, Sinha et al.[7] have demonstrated that the ZnO microrods show
significant gas sensing performance with the ultra-high sensitivity of 4.41x10* % for 100 ppm
methanol at 300 °Cl[gas sensitivity,Sg = (Ig-1a)/1ax100%]. The ultra-fast response (200 ms) and recovery
(120 ms) times have been obtained at 300 °C, respectively. Qian et al.[8] design the methanol gas
sensors based on silver-doped LaFeOs molecularly. The sensor response also is measured for 5 ppm
methanol at 195 °C and 215 °C. Chen et al.[9] investigate the methanol sensing performances of the
5wt% La doped SnO. nanomaterials, the response for 75 ppm methanol reaches 29.5 at the optimal
working temperature of 220 °C[sensor response, S=Ra/Rg]. Although some methanol sensors have
been reported, but the development of the low detection limit and higher sensitivity methanol sensor
still is the major research direction.

The In203 is an n-type semiconductor with high conductivity and a broad band gap between
3.55 and 3.75 eV, that has become a potential contender material in the practice of gas sensor[10, 11].
The different morphologies’ InoO3 materials, such as nanofilms[12], nanotubes[13], nanofibers[14],
nanospheres[15], have been prepared through physical and chemical methods. It is well known that the
surface active sites, surface-to-volume ratio, band structure, the gas penetration and diffusion are all
affected by the morphology of sensing materials, that is a key component for improving gas sensor
property[16, 17]. Chavan et al. [12] have explored the synthesis of nano-Ag/In.0O3 and pure In203 thick
films through standard screen-printing technique and found that the Ag addition could contribute to
increase the ethanol sensing properties. Ma et al.[18] have obtained n-ZnO/n-In.O3 heterojunction for
methanol detection and the fast response/recovery time of 100 ppm methanol is about 6/7 s,
respectively. Sun et al. [19] have synthesized porous single-crystal In,Os nanosheet as NOx gas
sensors, which present a ppb levels detection limit and high response(89.48) to 97 ppm NOXx. Besides,
the doping with unique elements is another useful approach to increase the gas sensing behavior.
Recently, the RE elements as dopant ions have attracted great attention because of their peculiar
resister, magnetic, electrochemical and optical properties. Anand et al.[20] have reported that the 10%
Dy-doped In203 sensor showed the highest response for 50 ppm ethanol at 300 °C and 50 ppm of
acetone at 350 °C. Mohanapriya et al. [21] have synthesized 6 mol% Ce-doped SnO2 hollow
nanofibers, the materials exhibit the response of 265 toward 50 ppm ethanol at 250 °C. Kasirajan et al.
[22] report that the ZnO:RE (Gd, Nd, and Sm) thin film can enhance the sensing behavior for ammonia
at room temperature. Zahmouli et al. [23] have fabricated 3 at.% Gd-doped y-Fe.O3 sensors. The
response to 20 ppm acetone reaches 31.2 at 200 °C. From the above reports, the codoping RE ions
should enhance the gas sensing response of the metal oxide semiconductor materials. To the best of
our knowledge, the research about methanol gas sensors based on RE doped In203 has scarcely been
mentioned.

In this paper, the pure In2O3 and RE doped In2Os materials have been prepared with facile
solvothermal process. The structural and morphological characteristics of materials have been
characterized. The sensing performance and response mechanism of the sensors also have been
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discussed for detecting the methanol gas. Herein, we found that Er-doped In,Os material exhibited
higher response and selectivity, and faster response/recover time for methanol measurement. The basic
mechanism of gas sensing for RE/In,Oz materials was deliberated. The results proved that the Er-In,O3
would be a suitable option for the methanol detector.

2. EXPERIMENTAL

2.1. Preparation of the pure and RE codoping 1n203

Micrometer powders of In,Os doped with Er¥*, Tm** and Ho®* were prepared by the typical
solvothermal method. In(NOs)s-4.5H20, Er(NOs)3:5H20, Tm(NOz)3-5H20 and Ho(NOs)s-5H20 were
used as the starting materials. All of the chemical compounds were all analytical reagent grade. Firstly,
0.14 g of In(NO3)3'4.5H,0, 0.14 g of sodium dodecyl sulfate (SDS) and 1.00 g of urea were dissolved
in a mixture of 10 mL anhydrous ethanol and 30 mL deionized water with vigorous magnetically.
Secondly, the mixture was moved to a Teflon-lined autoclave (50 mL), locked tightly, and retained at
120 °C for 11 h. Thirdly, the autoclave was gradually cooled in surrounding air, the resultant
precipitate were fully washed with deionizer water and ethanol for two times under centrifugation, and
dried for 10 h. Finally, the as-obtained white powder was calcined at 500 °C for 2 h in muffle furnace
at a broiling rate of 2 °C/min to produce In,Oz material. Similarly, three InoOs materials individually
doped with Er, Tm, and Ho were prepared by adding 1.0 mol% of each Er(NOs)3'5H20,
Tm(NOs3)3-5H20 and Ho(NOz3)3-5H20 separately to the solution of In(NOz)3-4.5H,0. The same process
is used as the above description for preparing pure In,Os materials.

2.2. Characterization and Sensor measurement

The crystal structures of all samples were employed by X-ray diffraction (XRD, RIGAkU
Ultima IV) with Cu Kal radiation (A = 0.15406 nm). The morphology of sample was observed by
using FE-SEM(Quanta 450). Transmission electron microscopy (TEM) images were recorded on FEI
Tecnai G2 F20 microscope operated at 200 kV. The inductively coupled plasma optical emission
spectrometer(ICP-OES, Agilent 725) was used to evaluate the concentration of the Er, Tm and Ho ion
in the In2O3 samples.

For investigating the gas sensing performances of all samples, the resistance sensor was
fabricated and the structure was shown in Fig.1(a)(b). The ceramic tube with a Ni-Cr wire coil was
applied to prepare gas sensor, and it was welded on substrate. First, the about 2 mg as-synthesized
samples were hybridized with a proper ratio of deionized water to form a size. Then, the size was
subsequently coated with fine brush onto an tube (0.8 mm in internal diameter, 1.2 mm in external
diameter, 4 mm in length equipped with a pair of Au electrodes) to construct a sensing film of
thickness around 40 pm. At last the obtaining sensing devices were calcined at 400 °C for 2 hours after
drying in the air for 20 minutes. A CGS-8 system (Beijing Elite Tech Co. Ltd., China) was utilized to
provide current for the sensor and listed the data in every moment. For a common n-type
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semiconductor In2Ogz, the sensor response (y) to oxidizing and reducing gas were defined as y=Rgas/Rair
and y=Rair/Rgas, Where Rair denotes the resistance of sensor in the air and Rgas denotes the resistance of
sensor in the test gas. Besides that, the response (trs) and recovery time (trec) Were calculated using the
time it took to achieve a 90 % overall resistance value change.

(a) Alumina tube Avidlsetiode

e

-

Ni<Cr coil / Sensing film

Pt wire

Figurel. Schematic illustrations:(a) the structure diagram of gas sensor configuration,(b) the prepared
gas sensor

3. RESULTS AND DISCUSSION

3.1. Structural and morphological characteristics
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Figure 2(a) X-ray diffraction patterns of pure In.O3 and In20s:Er, In203:Tm, In203:Ho particles, (b)
Comparison of (440) and (622) peaks laction from X-ray diffraction patterns for pure In,O3
and In20z:Er, In203:Tm, In203:Ho samples.

To explore the crystal phases of RE (Er, Tm and Ho) doped In2Ozand pure In,Os samples, the
XRD patterns of the samples are measured. As shown in Fig. 1(a), the diffraction peaks of all the
samples are in good agreement with the cubic phase of In.O3 (JCPDS card No.71-2194). Owing to the
lower RE ions corporations, the additional peaks matching to dopants have not been detected in Fig.
1(a). The valence and coordination number of Er®*, Tm®*" and Ho®* ions are similar to that of In®* ions
in RE® doped In203 system. So the location of In®" ions can be occupied by Er®*, Tm®* and Ho®" ions.
For the further research of the effects of rare earth (Er®*, Tm®*" and Ho®*") on the phase, the (440) and
(622) diffraction peaks were amplified to analyze the difference between them (shown in Fig. 2(b)).
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Through comparing the peaks of Er¥*, Tm3* and Ho®*"-doped In,Os3 to that of pure In,Os, the (440) and
(622) diffraction peaks of RE doped samples have small angle shift to higher 26 values for RE doped
In203 (Fig. 4(b)), demonstrating that the crystal structure deformation of In,O3 caused by rare earth
dopants. The difference of ionic radius generates the change of crystal lattice of In,Os. Because the
radius of RE(Er®* (0.88 A), Tm® (0.87A), Ho®" (0.901 A))are larger than that of In®*(0.80 A), the
incorporation of the RE®* ions will bring about a increase of the lattice parameter, and eventually
result in the large lattice deformation. Based on Debye—Scherrer formula, the lattice constant will
increase when In®" sites are substituted by the RE ions. Based on the XRD analysis, it demonstrates
that RE®* ions uniformly replace In®" sites [24, 25].

Figure 3 FESEM micrographs of (a) pure In20s3, (b) 1.0 mol% Er-doped In,Os. TEM micrographs of
(c) pure In203, (d) 1.0 mol% Er-doped In203

The SEM images of pure In203 and 1.0 mol%Er:In,O3 samples are provided in Fig.3 (a-b), the
micron scales aggregates are present in all of the samples, which are composed by some nanoparticles.
There is no remarkable change of morphology for two samples, which may result from two reasons: 1)
These elements(Er®*, Tm®*, Ho®", In®") possess comparable ionic radius, so the In®* is replaced with
RE®" ions and the crystal structure of In,O3 is not changed. 2) The low concentration of rare earth
dopants may not remarkable change the morphology of In.Oz. In addition, the aggregate phenomenon
should be induced by the second calcination at 500 °C in muffle furnace. The microstructure of pure
In203 and 1.0 mol%Er:In,O3 samples are shown with TEM images in Fig.3(c) and (d). One irregular
nanocrystal particles are obviously observed with the length of about 300 nm and the breadth of about
150 nm for pure In20s. With the incorporation of Er** ions, the morphology of nanoparticles is broken
a little, and scale of the particle decreases with the length of about 200 nm and the breadth of about
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120 nm for 1.0 mol%Er:In,0s. It is very important to discuss the influence of the Er®* doping on the
gas sensing performance.

The doping concentration of the Er, Ho and Tm is analyzed by ICP-OES, and the results were
shown in Table 1. It is obvious that the observed concentration of the Er¥*, Ho** and Tm3®" ion has
nearly the same quantity about 0.55 mol%. So it is suitable for the further studies. In addition, to
describe consistency in the paper, the origin concentration(1 mol%) still is used in the following
paragraphs.

Table 1. The RE ion additional concentrations in In.O3 host

Doping Er¥* Ho%* Tm3*
element
Concentration 0.58 mol% 0.62 mol%  0.53 mol%

3.2. Gas-sensing properties

For gas sensors, the optimal operating temperature is a critical functional characteristic. The
optimal operating temperature of pure In,Os and RE®*'-In,Os materials are measured to 50 ppm
methanol. The relationship for both working temperatures and gas sensor responses are shown in Fig.
4. Among them, the maximum responses of Er** and Ho3*-doped In,03 methanol sensors are obtained
at the functioning temperature of 320 °C, while Tm3*-doped In.O3 and pure In,03 sensors exhibit their
maximum response at 300 and 340 °C, respectively. For Er¥*-doped In,Os materials, the maximum
response reaches 15.67 at the optimal operating temperature 320 °C, which is higher than that of
others. In addition, the responses of Er**, Ho®*" and Tm?®" doped In,Os; materials all are increased in
comparison with the pure In,Os. Especially, the gas response of the Er¥*-doped In,Os; sample is
significantly enhanced. The gas response mechanism of the RE/In,O3z materials will be discussed based
on the grain size, oxygen adsorption and lattice distortion.

184 —o—In,0,
—o— 1.0 % Ho-In,0,
154 1.0 % Er-In,04

—4— 1.0 % Tm-In,0,

T T T T T T
260 280 300 320 340 360

Response(y)

Temperature / 'C

Figure 4 Response of sensors based on pur In203, IN203:1 mol%Er, In203:1 mol%Ho and In203:1
mol%Tm for 50 ppm methanol at different operating temperatures.
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Figure 5. Typical response-recovery time of (a) In2O0s , (b)In203:1 Mol%Er, (c)In203: 1 mol%Tm,
(d)In203: 1 mol%Ho samples to 50 ppm methanol vapor at the optimal operating temperature.

The best sensitivity of Er3*/In,O3 owes to its larger lattice distortion and higher surface activity,
which bring about largest interaction between methanol molecules and adsorbed oxygen. According
the previous report, the basicity nature of the Ho, Er and Tm elements follows the
sequence(Er>Ho>Tm)[26]. Based on this point of view, the different gas-sensing performance of Er-
doped In203 material and that of Ho-doped In203, Tm-doped In203, as well as pure In.Os material may
also link to their different basicity. So the Er-doped In.Oz sensor shows the strongest response to
methanol.

For the application of the gas sensor, the response/recovery times are also important
parameters. Fig. 5 presents the transient relative response of pure In,O3 and RE (Er, Tm and Ho) doped
In203 sensors with methanol concentration 50 ppm at their own operating temperature. All the samples
show the super fast response time. The response times of the four samples are 2, 2, 4 and 4 s,
respectively. The recovery times of pure In2O3(28 s) and Er/In,O3(45 s) are faster than that of
Tm/In203(139 s) and Ho/In,O3(270 s) samples. Obviously, the Er doping In203 materials show the best
gas response and faster response/recovery times for methanol detection. So the methanol sensing
performances of Er/InoOs sample are further investigated in detail.

The dynamic response curves of In,0s:1 mol%Er3* sensor for different concentration methanol
are presented in Fig.6(a). The gas responses are increased with the enhancement of the methanol
concentration. Specifically, the sensor responses are approximately 3.57, 11.91, 15.67, 19.68, and
22.40 toward 10, 30, 50, 70, and 100 ppm methanol, respectively.
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Figure 6. (a)Dynamic response curves of 1.0 mol% Er doped In203 sensor to different concentrations
of methanol at 320 °C; (b) Repeatability curve of the sensor towards 50 ppm methanol at 320
°C.

Notably, the linear relationship between response value (y) and methanol concentration (C)
ranging from 10 to 100 ppm can be described as y= 0.205C + 4.34 with a coefficient of R?= 0.9266
(shown in the inset of Fig. 6a). Additionally, the stability of the methanol gas sensor is also confirmed.
Four reversible cycles of the dynamic response curve (Fig. 6b) keep its initial response value without
clear floating, demonstrating its good reproducibility and stability of the 1 mol% Er-doped In203
sensor.

Another important parameter for gas sensor is the selectivity, which is the ability of a sensor to
identify potentially disturbing gases. Therefore, the responses of Er-doped In,Os and pure In.O3
sensors toward 50 ppm xylene, SOz, NO2, ammonia, and toluene are measured at 320 °C. From Fig.7,
the response of the Er/In2O3 sensor to 50 ppm methanol is about 15.2, which is at least two times more
than other test gases.
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Figure 7. Response of pure and 1.0 mol% Er-doped 1n203 to 50 ppm of various test gases at 320 °C.
A comparison of reported methanol sensors is illustrated in Table 2. It can be found that the Er

doped In20s materials shown the faster response/recovery time and higher methanol response than
those reported materials.
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Table 2. Sensing performance of different materials to methanol gas

Optimal Response

Sensing materials temperatu concentration Sensitivity value/recovery Ref.
re °C time (s)

Honeycomb-like SnO» 320 50 ppm Ra/Rg=7.7 10/9 [27]
Au-decorated ZnO 300 50 ppm Ra/Rg =7 -/- [28]
Znofsnd: hierarchical 309 100ppm  RJRy=96  ~10  [29]
Al-doped ZnO thin films 270 500 ppm  (Rg-Ra)/Ra=0.12 ~/380  [30]
a-Fe>Osz polyhedral crystals 340 50 ppm Ra/Rg =2.5 -/- [31]
ZnO hollow microsphere 400 200 ppm Ra/Rq =9.6 -/- [32]
WO3 particles 260 100 ppm Ra/Rg =24 19/8 [33]
Fe203 discoid crystal 250 100 ppm Ra/Rq =6.4 -/- [34]
PdosPd304-load ZnO 260 50 ppm Ra/Rg =10.5 1/5 [35]
Er-doped In,O3 material 320 50 ppm Ra/Rq =15.67 2145 ;2;?(

3.3. Gas response mechanism

The possible gas response process of RE doped In.Oz materials may be clarified with the
surface-resistance-controlled model. It is well known, the In,Os belongs to n-type semiconductor in
which free electrons are prime carriers. The general response mechanism contributes to the interaction
between target gas and adsorbed oxygen (O.~,0> and O") on sensing material surfaces, resulting in the
electrical conductance change of the In,O3 sensor[36]. As shown in Fig. 8, once the In2Oz is placed to
air, it will produce the formation of an electron depletion layer and an increased resistance. The
possible reactions can be clarified as follows:

07 (gas) — OZ(ads)

O2(ads)t € — O2~

O, +e - 20

O +e — 0¥

Upon exposing the sensing materials to methanol, the chemisorbed oxygen generates reaction
with methanol molecules and the accepted electrons will return to the In2Os, which brings about the
decreasing for both the thickness of the electron depletion layer and the sensor resistance[37].

CH3OH(vap0r)—>CH3OH(ads)

2CH30H vapor) + 607 —2 CO2(gas)+4H20gas)+126™

CH30H vapor)+30™—CO2(gas)+2H20 gas)+3e ™~

CH30Hwaporyt O2—CO2(gas)+2H20gas)t €~

As a result, the response(y=Rair/Rgas) Will increase in reducing gas(such as methanol, toluene,
NHs and xylene).The unusual gas sensing performance of Er-In.Os sensor may attributed to the
following reasons. Firstly, the In®* and Er** have a comparable ionic radius, In®* sites will be
substituted by Er®* ions after Er** doping into In,Os, which generates the lattice defects of In,0s.The
increase of the lattice defects will contribute to the enhancement of the gas adsorption on the material
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surface[38, 39]. As a result, the gas sensing performance can be greatly improved. Secondly, the basic
characteristic of RE oxide benefits sensing reaction because of the surface basicity of Er**-doped In203
thereby enhances sensor response.

In addition, when the In2Oz materials are exposed to oxidizing gas(such as NO, and SO,), the
oxidizing gas molecules will capture electrons from the conductance band and react with the absorbed
oxygen species, resulting in the concentration decrease of the free charge carries. As a result, the
resistance of the sensors will increase, and the response(y=Rgas/Rair) Will increase in oxidizing gas(such
as SOz and NOy).

Oyads)+ae—0, ,0* .0 Capture ¢ R CH;0H +20% — CO,+H,0+4¢~ Release ¢ Rl
A * s —— S

air |

i O O
\J Y

Depletion layer A

y
Conducting channel \‘ N . )
- 4 ® a3
02
e, w;

Pure In,0; . (‘0* o e

’ : 2

Figure 8. The schematic diagram of possible gas sensing mechanism for pure and Er-doped In,O3
samples.

4. CONCLUSION

In conclusion, the pure In,O3 and RE (Er, Tm and Ho) doped In2Osz particles have been
successfully synthesized via facile solvothermal method. The crystal structures of as-prepared powders
are employed by XRD, and all the samples are in good agreement with the cubic phase of In20s. The
gas sensing performances of all the samples are investigated in detail. The experimental results
indicate that the responses of Er®*, Ho®* and Tm®" doped In,Os; materials all are increased in
comparison with the pure In,O3. The 1 mol% Er-doped In2Os sensor exhibits the highest gas sensing
performance than Tm3* and Ho®*" doped In,O3 sensor toward 50 ppm methanol gas at 320 °C, and the
sensitivity is 15.67. In addition, all the samples show the super fast response time. The response times
of the four samples are 2, 2, 4 and 4 s, respectively. The recovery times of pure In203(28 s) and
Er/In,0O3(45 s) are faster than that of Tm/In.O3(139 s) and Ho/In203(270 s) samples. So the Er doped
In2Oz materials have shown the faster response/recovery time and higher methanol response. The
excellent sensing properties of Er/InoOsz materials could be attributed to a combination of the increased
surface basicity and lattice defects. Consequently, it can prove that the codoping RE ions will be a
prospective strategy for increasing the gas sensing properties of semiconductor.
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