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rth element doping on the ethanol
gas-sensing performance of three-dimensionally
ordered macroporous In2O3†

Dongmei Han, Junjun Yang, Fubo Gu and Zhihua Wang*

Rare earth (Tm, Er, La, Yb and Ce)-doped In2O3 nanostructures with three-dimensionally ordered

macroporous structures (3DOM) were prepared by a colloidal crystal templating method, and their

ethanol sensing properties were investigated. Rare earth doping improved the gas response and lowered

the optimum operating temperature. Tm-doped 3DOM In2O3 had the best gas-sensing performance,

and the gas sensitivity for 100 ppm ethanol was seven times higher than that of pure 3DOM In2O3. The

reason for the different sensitivities generated by the five doping elements and the underlying

mechanism of the enhanced gas response for the samples were studied.
1. Introduction

In2O3, as an important n-type semiconductor with a wide band
gap of about 3.5–3.8 eV,1,2 has been used in gas sensors for the
detection of various gases, such as NH3,3 NO2,4 H2S,5 ethanol6

and formaldehyde.7 Recently, some methods have focused on
further enhancing the sensitivity of In2O3 gas sensors. The
recent application of doping has sparked intense research
interest in this material due to its effective improvement of
electrical conductivity. Doping with metal elements such as Zn,8

Sn,9 Li,10 Cr,11 and Cu12 has been exploited to tailor the gas
response properties of In2O3 by increasing the free carrier
concentration. For example, Li et al.13 reported Zn-doped In2O3

hollow spheres with obviously improved response to Cl2. Hu
et al.12 synthesized an excellent NO2 sensor based on Cu-doped
In2O3 hierarchical owers.

Rare earth (RE) elements have attracted considerable atten-
tion due to their particular characteristics.14–17 The high surface
basicity, fast oxygen ion mobility and excellent catalytic prop-
erties of RE oxides are the important features for chemical
sensing.18 More importantly, RE ions can be easily introduced
into the body of In2O3 at In3+ sites due to their similar ionic
radii. The substitution of REx+ ions in the In2O3 lattice causes
lattice distortion, which results in increased lattice strain.19,20

Han et al. reported that Ce-doped In2O3 porous nanospheres
can enhance methanol gas-sensing performance.21 Anand et al.
fabricated Tb-doped In2O3 nanoparticles, and the results
demonstrated that Tb doping enhanced the response of In2O3

towards ethanol.19 In addition, Er-doped In2O3 nanoribbons,22
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La-doped In2O3 nanocrystallites,23 and Eu-doped In2O3 nano-
belts24 have been investigated as gas sensors. However, the
effects of doping with different RE elements on themorphology,
crystal structure, crystal defect and gas-sensing properties in the
gas-sensing process are not well-understood.

In this investigation, we chose ve typical RE elements, Tm, Er,
La, Yb and Ce, as dopants to study their effects on the crystal
morphology, crystal structure, surface states and gas-sensing
response and selectivity. A facile colloidal crystal templating
method was used for the fabrication of RE-doped 3DOM In2O3

with polymethyl-methacrylate (PMMA) microspheres as
a template. The colloidal crystal templating method is a simple
and efficient synthetic route for preparing 3DOM materials with
well-interconnected pore and wall structures and has attracted
considerable attention in recent reports.25–27 3DOM structures can
affect the gas response by improving the diffusion and adsorption
of gas molecules and accelerating electron exchange between the
nanostructure and the target gas. Herein, we found that the
sensors based on RE-doped 3DOM In2O3 exhibited good sensitivity
and selectivity as well as fast response at relatively low temperature
for ethanol detection. The gas-sensing mechanism of In2O3

nanomaterials and the reason of the widely different enhancement
in gas response by the ve doping RE elements were discussed.
2. Experimental
2.1. Synthesis of 3DOM In2O3 and RE-doped 3DOM In2O3

All chemical regents were analytical grade and used without
further purication. The well-arrayed hard-template PMMA
microspheres were synthesized according to procedures
described elsewhere.28 3DOM In2O3 and RE (Tm, Er, La, Yb, Ce)-
doped 3DOM In2O3 nanostructures were prepared by a colloidal
crystal templating method. In(NO)3$4.5H2O (10 mmol) and 0.5
mmol RE(NO3)x$yH2O (all with purity 99%, RE¼ Tm, Er, La, Yb,
RSC Adv., 2016, 6, 45085–45092 | 45085
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Ce) were dispersed into 5 mL of methanol with strong stirring
for 1 h. Citric acid (2 g) was added into the mixed solutions
under magnetic stirring at room temperature for 1 h. PMMA
(1.5 g) was quickly added into the clear solutions and wetted for
4 h. Aer ltration and drying, the precursors were transferred
into a ceramic boat and thermally treated under N2 ow in
a tubular furnace with a ow rate of 50 mL min�1; the
temperature was increased from RT to 300 �C at a rate of at
a rate of 1 �Cmin�1. The samples were naturally cooled to 50 �C.
Aer changing the atmosphere to air (ow rate ¼ 100 mL
min�1), the temperature was increased 300 �C for 3 h and then
to 600 �C for 3 h (rate ¼ 1 �C min�1).

Tm, Er, La, Yb and Ce-doped 3DOM In2O3 are denoted as
3DOM In2O3–Tm, 3DOM In2O3–Er, 3DOM In2O3–La, 3DOM
In2O3–Yb and 3DOM In2O3–Ce, respectively.
2.2. Characterization

The morphologies, sizes and microstructures of the samples
were studied using scanning electron microscopy (SEM, S-4700)
and transmission electron microscopy TEM (H-800). Powder X-
ray diffraction (XRD; Bruker/AXS D8 Advance) with Cu Ka
radiation (l ¼ 0.15406 nm) and a nickel lter was used to
measure the crystal structures of the samples at a scan rate of
10� min�1 with a scope of 5–90�. The crystal phases were
identied by the JCPDS Database. The chemical characteristics
and elemental compositions of the samples were examined by
energy dispersive spectroscopy (EDS; S-4700). X-ray photoelec-
tron spectroscopy (XPS, VG Scientic ESCALAB 250X) with Al Ka
excitation was used to characterize the RE and indium species
and surface properties.
2.3. Gas sensing measurements

A CGS-8TP (Beijing Elite Tech. Co., Ltd, China) gas-sensing
intelligent system was used to test the sensing properties of
the sensors. The relative humidity range of the testing envi-
ronment was 25 � 5%. The obtained samples were mixed with
ethanol to form a homogeneous paste, which was coated on an
alumina ceramic tube with a pair of Au electrodes and four Pt
Fig. 1 Schematic illustration of the experimental procedure for the prep

45086 | RSC Adv., 2016, 6, 45085–45092
wires on both ends of the tube, and aged at 300 �C for 24 h in air
in a muffle furnace. The ceramic tube was then welded on
a substrate, and a Ni–Cr wire coil throughout the tube served as
the heater to control the working temperature by varying the
heating current. The sensor's sensitivity to gas was dened as
Ra/Rg, where Rg is the resistance of the sensor in the target gas,
and Ra is the resistance in air. The response time of the sensor is
dened as the time taken by the sensor to reach 90% of its
maximum value aer exposure to test gas, and the recovery time
is the time taken for the sensor to reach 10% of its original
resistance value once the desorption begins. A schematic
illustration of the experimental procedure is shown in Fig. 1.

3. Results and discussion
3.1. Characterization of pure and RE-doped 3DOM In2O3

The SEM images of PMMA microspheres with an average
diameter 300 nm are shown in Fig. S1.† The inuence of
calcination temperature on the morphology of 3DOM In2O3 is
shown in Fig. S2.† The PMMA templates were not completely
degraded, and the channel structure was not obvious for 3DOM
In2O3 annealed at 550 �C (Fig. S2a and b†). For 3DOM In2O3

annealed at 600 �C (Fig. S2c and d†), the walls of the 3DOM
regular arrays were complete, and the channel structure was
obvious. However, at an annealing temperature of 650 �C
(Fig. 2e and f), the channel structure and the walls of the 3DOM
structure were slightly damaged. Therefore, the 3DOM In2O3

samples were prepared at 600 �C for further study.
The 3DOM In2O3 materials had ordered macroporous hier-

archical structures with an average pore diameter of �200 nm
and wall thickness of �25 nm (Fig. 2a and b), corresponding to
a shrinkage of 30% compared to the initial size (ca.�300 nm) of
the PMMA microspheres. The samples annealed at 600 �C
presented hexagonal structures with regular lamination.29,30 The
structures of all the RE-doped 3DOM In2O3 were similar to the
structure of 3DOM In2O3, and the RE doping did not destroy the
regular structure. The average pore diameters of the RE-doped
3DOM In2O3 were all approximately 200 nm, and the wall
thicknesses were 25 nm. In order to further observe the
aration of 3DOM In2O3 materials.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 SEM images of 3DOM In2O3 (a, b); 3DOM In2O3–Tm (c, d);
3DOM In2O3–Er (e, f); 3DOM In2O3–La (g, h); 3DOM In2O3–Yb (i, j);
and 3DOM In2O3–Ce (k, l).

Fig. 4 XRD patterns of (a) the pure and RE-doped 3DOM In2O3

samples and (b) high magnification of the (222) XRD peaks.
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microscopic structures of the 3DOM materials, TEM was
applied to analyze the RE-doped 3DOM In2O3 materials. Fig. 3
shows the complete skeleton structure at higher magnication
to reveal more details. All 3DOM structures retained ordered
macroporous structures, and the skeletons were assembled out
of In2O3 nanoparticles to form a wall thickness of 18–25 nm. No
remarkable change in surface morphology was observed among
these samples, which may be attributed to the two following
reasons. First, these RE elements possess comparable ionic
radii [In3+ (0.80 �A), La3+ (1.06 �A), Ce3+ (1.03 �A), Er3+ (0.88 �A),
Tm3+ (0.87�A), Yb3+ (0.86�A)], and In3+ is substituted by RE ions
without a change in the crystal structure of In2O3.31,32 Second,
the relatively low concentration of RE dopants33 in this work
may not signicantly change the morphology of the as fabri-
cated sample.

Fig. 4a shows the XRD patterns of the pure and RE-doped
3DOM In2O3 samples. The samples were identical to the cubic
crystal In2O3 samples with lattice parameter a ¼ 10.12�A (JCPDS
PDF# 06-0416; Fig. S3†). The main peaks at 30.5�, 35.4�, 51.0�
Fig. 3 TEM images of (a) 3DOM In2O3; (b) 3DOM In2O3–Tm; (c) 3DOM
In2O3–Er; (d) 3DOM In2O3–La; (e) 3DOM In2O3–Yb; (f) 3DOM In2O3–
Ce.

This journal is © The Royal Society of Chemistry 2016
and 60.7� correspond to the (222), (400), (440) and (622) lattice
planes, respectively, indicating that samples with well-dened
crystallites were are obtained.34,35 For the RE-doped 3DOM
In2O3, no diffraction peaks of RE were observed. The (222)
diffraction peaks of RE-doped samples were shied slightly
towards lower 2q values compared with pure In2O3 (Fig. 4b),
suggesting that structural defects in In2O3 were caused by the
RE dopants.36,37 The difference in ionic radius leads to the
deformation of the In2O3 crystal lattice. Because the radii of
REx+ are larger than that of In3+, doping with the REx+ will lead
to the lattice distortion of In2O3, restrain the crystal grain
growth, and eventually cause signicant lattice deformation.
The diameters of six kinds of crystals were determined by the
Debye–Scherrer formula, and the lattice constants were calcu-
lated from the XRD peaks. The calculated values are listed in
Table 1. The results indicate that the lattice constant increased
when the RE ions were substituted at In3+ sites. Basis on the
above XRD analysis, it can be concluded that RE3+ ions
uniformly substitute at In3+ sites.38,39

The elemental composition can be determined precisely
using EDS. The RE-doped samples consisted of elemental In, O
and doped RE element (Tm or Er, La, Yb, Ce; Fig. 5a–f).
According to the EDS analysis, the actual ratio of RE to In was
about 0.041–0.055, which is close to the proposed doping
concentration. The maximum value of the In peak was 11.31 K
at 3.3 keV. The In peak values of 3DOM In2O3 doped with Tm,
Er, La, Yb, and Ce were 6.74 K, 7.43 K, 7.60 K and 6.92 K and 6.26
K, respectively, which are distinctly lower than those of pure
3DOM In2O3.

The XRD and EDS results indicate that REx+ ions were
successfully doped into the crystal lattice of the In2O3 matrix
without forming RE oxides or any other impurities.

XPS analysis was conducted to conrm the change in the
amount of defects at the surface of In2O3 caused by RE doping.
The survey XPS spectra of the samples are shown in Fig. S4(a–
f†). C, In and O elements were present in all the spectra. For the
pure 3DOM In2O3, the peaks centered at 703.0, 665.7, 450.96
and 443.91 eV are assigned to In 3p1/2, In 2p3/2, 3d3/2 and In 3d5/2,
respectively, suggesting that In only existed in the trivalent
oxidation state in the samples.40 No signicant changes were
observed in the full-range survey XPS spectra of the RE-doped
3DOM In2O3 due to the low content of doped RE ions.

Furthermore, compared with pure 3DOM In2O3, the binding
energies of the In 3d XPS peaks of the RE-doped 3DOM In2O3
RSC Adv., 2016, 6, 45085–45092 | 45087
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Table 1 Crystal size, lattice parameters and doping ratio of pure and RE-doped 3DOM In2O3

Samples Crystal sizea (nm) Lattice parametersa a ¼ b ¼ c (�A) RE/Inb (mol%)

3DOM In2O3 22.2448 10.1200 —
3DOM In2O3–Tm 21.9386 10.1326 4.8
3DOM In2O3–Er 22.1375 10.1294 4.5
3DOM In2O3–La 18.3579 10.1373 4.1
3DOM In2O3–Yb 21.6361 10.1210 5.4
3DOM In2O3–Ce 18.8294 10.1685 5.4

a Determined by XRD. b Determined by EDS.

Fig. 5 EDS patterns of the (a) 3DOM In2O3; (b) 3DOM In2O3–Tm; (c)
3DOM In2O3–Er; (d) 3DOM In2O3–La; (e) 3DOM In2O3–Yb; and (f)
3DOM In2O3–Ce samples.

Fig. 6 In 3d XPS spectra of pure and RE-doped 3DOM In2O3.
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shied to higher values, as shown in Fig. 6. This phenomenon
indicates that an electronic interaction existed between In2O3

and the dopants. In Fig. 3(b–f), the peaks located at 176.44,
168.74, 838.52, 184.77 and 884.85 eV belong to the Tm 4d, Er 4d,
La 3d5/2, Yb 4d and Ce 3d5/2 peaks, respectively; these peaks
45088 | RSC Adv., 2016, 6, 45085–45092
were found at higher energies than those of the pure RE oxide,
further verifying that the RE elements were successfully doped
into the In2O3 lattice.20
3.2. Gas sensing properties and sensing mechanism

The gas-sensing properties of 3DOM In2O3 with different
doping ratios of RE elements were measured in our experi-
ments, and trends were observed among the different elements.
Taking Tm as an example, the gas-sensing properties of 3DOM
In2O3 with 2%, 5%, and 8% doping ratios are shown in Fig. S5.†
The experimental results indicated that the optimum perfor-
mance can be achieved with a Tm doping ratio of 5%.

The gas response usually depends on the working tempera-
ture of the sensor. Fig. 7a shows the gas responses to 100 ppm
ethanol measured at different operating temperatures for pure
and RE-doped 3DOM In2O3. The optimumworking temperature
of 3DOM In2O3 decreased from 230 �C to 175 �C by doping with
RE elements. The responses of all the RE-doped 3DOM In2O3

were dramatically higher than that of 3DOM In2O3 at 175 �C.
The 3DOM In2O3–Tm had the best gas-sensing property fol-
lowed by 3DOM In2O3–Er, 3DOM In2O3–La, 3DOM In2O3–Yb,
3DOM In2O3–Ce and pure 3DOM In2O3. The results indicated
that RE doping is an efficient way to improve the gas response of
semiconductor-based gas sensors. It is worth noting that the gas
sensitivity of the 3DOM In2O3–Tm was seven times higher than
that of pure In2O3.

The gas responses and response/recovery times of the pure
and RE-doped 3DOM In2O3 are shown in Fig. S6 and S7.† RE-
doped 3DOM In2O3 exhibited a fast response time (�9 s), fast
recovery time (�13 s) and high gas response for 100 ppm
ethanol. The dynamic response curves for various concentra-
tions of ethanol for all samples are shown in Fig. 7b. The gas
responses were gradually enhanced with increasing ethanol
concentration. The linear relationship between gas response
and ethanol concentration was good (in the range of 20–100
ppm) for all samples (Fig. 7c). Upon further increases in the
concentration of ethanol, the increasing rate of gas response
reduces, as shown in Fig. S8.†

Good selectivity is required for practical applications of gas
sensors. Therefore, the responses of the pure and RE-doped
3DOM In2O3 to 100 ppm methanol (CH3OH), acetone (C3H6O),
ammonia (NH3) and cyclohexane (C6H12) were measured at 175
�C, as shown in Fig. 8a. The responses of all samples for other
This journal is © The Royal Society of Chemistry 2016
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Fig. 7 (a) Gas responses of pure and RE-doped 3DOM In2O3 to 100
ppm ethanol at different operating temperatures. (b) Dynamic
response curves and (c) linear relationship responses of pure and RE-
doped 3DOM In2O3 to different concentrations of ethanol.

Fig. 8 (a) Selectivity of pure and RE-doped 3DOM In2O3 to 100 ppmof
different gases under the optimum working temperature. (b) Sensing
stability to 100 ppm of ethanol for nearly two months.

Table 2 Comparison of the responses of In2O3 nanostructures to
ethanol

Sample structure T/�C
Concentration/
ppm Response Reference

3DOM In2O3–Tm 175 100 122 Present work
3DOM In2O3–Er 175 100 112 Present work
3DOM In2O3–La 175 100 78.9 Present work
Ga2O3–In2O3

nanocomposite
300 300 69.1 41

Cr2O3 decorated In2O3 200 500 15.03 42
CuO/In2O3 core–shell
nanorods

300 200 7.26 43

Bi2O3 decorated In2O3 200 200 17.74 44
Tb doped In2O3

nanoparticles
300 50 40 19
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gases were very low, indicating that the RE-doped 3DOM In2O3

samples in this work had very good selectivities for ethanol.
In practice, the stability is also a critical factor for sensors.

Stability tests were carried out for the sensors in air for 10 days,
30 days and 60 days, as shown in Fig. 8b. Even aer 60 days, the
samples still had good responses, and no obvious changes were
observed in their gas-sensing properties. A comparison of
different In2O3-based sensors for ethanol detection is given in
Table 2. The Tm-, Er- and La-doped 3DOM In2O3 samples
exhibited higher gas responses and lower optimum working
temperatures than other materials reported in the literature.

The surface structure is an important factor that inuences
the gas-sensing properties. XPS analysis was carried out to
explore the differences in gas-sensing properties among the
samples. The Gauss tting curves of the 1s XPS spectra of the
pure and RE-doped 3DOM In2O3 samples are shown in Fig. 9.
Three peaks centered at 529.50 eV (OI), 531.04 eV (OII) and
532.29 eV (OIII) are assigned to OI, OII and OIII species,
respectively.45–47 The OI species belongs to lattice oxygen, the OII
species is attributed to adsorbed oxygen (O2

�, O� and O2� ions)
species, and the OIII species is assigned to hydroxyl oxygen.
This journal is © The Royal Society of Chemistry 2016
The adsorbed oxygen contents are important for the gas-
sensing properties. OII species are advantageous for the
ethanol decomposition reaction on the sensor surface, which is
benecial to the gas response. The relative amounts of oxygen
species calculated from the O 1s XPS spectra are listed in
Table 3. 3DOM In2O3–Tm clearly had the highest relative
amount of OII followed by 3DOM In2O3–Er, 3DOM In2O3–La,
3DOM In2O3–Yb, 3DOM In2O3–Ce and pure 3DOM In2O3. Based
on the gas-sensing performances and O 1s XPS results, we can
conclude that OII is the main factor affecting the gas response,
and the sensor performance can be improved by increasing the
amount of adsorbed oxygen. The 3DOM In2O3–Tm with the
largest relative amount of adsorbed oxygen exhibited the high-
est gas sensitivity, and the amount of adsorbed oxygen of RE-
RSC Adv., 2016, 6, 45085–45092 | 45089
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Fig. 9 O 1s XPS spectra of pure and RE-doped 3DOM In2O3.

Table 3 Data from the O 1s Gauss fittings of pure and RE-doped
3DOM In2O3

Samples OI (%) OII (%) OIII (%)

3DOM In2O3 58.97 23.81 17.22
3DOM In2O3–Tm 51.50 42.34 6.16
3DOM In2O3–Er 51.66 39.61 8.73
3DOM In2O3–La 48.15 38.10 13.75
3DOM In2O3–Yb 57.37 30.34 12.29
3DOM In2O3–Ce 58.61 24.54 16.85
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doped 3DOM In2O3 is larger than that of the pure 3DOM In2O3.
Therefore, the XPS analysis provided a satisfactory explanation
for the difference in gas-sensing properties obtained using the
3DOM In2O3 samples doped with different elements.

The gas-sensing mechanism of the In2O3 sensors can be
explained by a surface-depletion model. When the sensors are
exposed to air, the oxygen molecules will be adsorbed on the
Fig. 10 Schematic illustration of the gas-sensing mechanism (EV, valenc

45090 | RSC Adv., 2016, 6, 45085–45092
surface of In2O3 to capture electrons from the conduction band
and form adsorbed oxygen species (O2

�, O2� and O�),48–50 as
represented in eqn (1)–(4). At the same time, a thick space-
charge layer is formed on the surface of In2O3, increasing the
potential barrier with a higher resistance. As previously
mentioned, Tm-doped 3DOM In2O3 had the highest amount of
OII species, meaning that it can adsorb the most oxygen
molecules among all the RE-doped samples. This leads to the
most electrons being extracted on the surface and the widest
space-charge layers being formed (shown in Fig. 10). Conse-
quently, the initial resistance (Ra) will increase. Along with the
relative amount of OII species decreasing gradually from Er to
Ce, the width of the space-charge layer decreases in sequence.

O2(gas) / O2(ads) (1)

O2(ads) + e� / O2
�(ads) (2)

O2
�(ads) + e� / 2O�(ads) (3)

O�(ads) + e� / O2�(ads) (4)

CH3CH2OH(ads) + 6O�(ads) / 2CO2(g) + 3H2O(l) + 6e� (5)

CH3CH2OH(ads) + 6O2�(ads) / 2CO2(g) + 3H2O(l) + 12e� (6)

As shown in eqn (5) and (6), when the In2O3 sensors are
exposed to ethanol, the oxygen species will react with ethanol
and simultaneously release the trapped electrons back to the
conduction band, nally reducing the thickness of the electron
depletion layer. Accordingly, the resistance of In2O3 semi-
conductor materials will decrease. 3DOM In2O3–Tm, which has
the most adsorbed oxygen, has the strongest reaction with
e band edge; EC, conduction band edge; EF, Fermi energy).

This journal is © The Royal Society of Chemistry 2016
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ethanol and releases more electrons than other samples. 3DOM
In2O3–Tm has the best gas performance, with the most obvious
change of resistance followed by 3DOM In2O3–Er, 3DOM In2O3–

La, 3DOM In2O3–Yb, and 3DOM In2O3–Ce.

4. Conclusions

RE-doped 3DOM In2O3 samples were prepared by a colloidal
crystal templating method. The 3DOM framework provided
greater opportunity for the adsorption of reactants on the
surfaces of the sensors. Compared with pure 3DOM In2O3, the
optimum working temperature of the RE-doped 3DOM In2O3

samples were lower, and the gas responses were enhanced.
3DOM In2O3–Tm had the highest relative amount of OII species
and showed the highest gas response, which was seven times
higher than that of pure 3DOM In2O3. Moreover, RE-doped
3DOM In2O3 exhibited good stability and high selectivity for
ethanol. RE doping improved the oxygen absorption and
consequently broadened the electron depletion on the surface,
ultimately enhancing the gas-sensing performance. Therefore,
RE-doped 3DOM In2O3 macroporous materials are expected to
have promising applications in the eld of ethanol detection.
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