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Abstract

New and various approaches to the sol-gel synthesis of advanced gas-sensing materials based on nanosized Fe,03;-In,03 (9:1 mol) mixed
oxides, which differ in phase composition and grain size, have been considered in this paper. The correlation between the structural features of
the composites and their gas-sensing behavior has been established. It was found that multi-phase Fe,O;—In, O3 composites containing metastable
v-Fe, O3 structure are characterized by the greatest sensitivity to both reducing (C;HsOH) and oxidizing (NO,) gases tested in this paper. The
influence of synthesis conditions on the structural peculiarities of the Fe,O;—In,O; composites was studied in detail and the possibility to adjust

fine structure of the materials was demonstrated.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Composites based on iron and indium oxides are widely used
as active layers of semiconducting gas sensors. The gas-sensing
behavior of Fe,O3-In;O3-based sensors is essentially deter-
mined by the phase composition of the oxides, their dispersity
and the Fe> O3 concentration [1-5].

A substantial literature on this topic has been published;
Fe>03-Iny03 films containing y-Fe, O3 modification of iron
oxide are reported to be more sensitive to Oz than a-Fe,O3-
based films [6]. Fe;O3-In, O3 films with a-Fe;O3 as a main
phase exhibit an enhanced response to Co,HsOH vapors as com-
pared to InyO3 films slightly doped with Fe,O3 [1]. Chibirova
and Gutman showed that the functional (in particular, gas-
sensing) features of Fe,O3-based oxides strongly depend on
their pre-history, i.e. on the preparation procedure and mode
of thermal treatment [7].

Nevertheless, a detailed structural distinction between the
Fe;03-Iny03 films in relation to their dissimilar gas-sensing
behavior has not been considered before.

* Corresponding author. Tel.: +375 172008106; fax: +375 172264696.
E-mail addresses: ivanovskaya@bsu.by (M.I. Ivanovskaya),
pietro.siciliano@le.imm.cnr.it (P. Siciliano).

0925-4005/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.snb.2006.12.011

In this paper, the structural peculiarities of Fe;O3-In,0O3
nanosized composites have been studied depending on the syn-
thesis conditions and annealing temperature in order to assess the
deposition parameters, which allow to obtain different structural
modifications of Fe,O3 with different gas-sensing features.

The samples were obtained by inorganic modification of the
sol—gel technology, which is based on the use of inorganic metal
salts as precursors, as opposed to the classical modification using
organic metal derivatives. The inorganic approach gives the pos-
sibility to prepare oxide composites in a nanosized state and to
attain considerable mutual solubility of the components. It is
worth noting that the used technology allows also to widely
vary the phase composition and fine structure of the samples
and therefore to control their gas-sensing characteristics.

2. Experimental

Fe,03-Iny 03 samples with a Fe:In=9:1 molar ratio and var-
ious phase composition were studied along with individual iron
and indium oxides. The 9:1 molar ratio was found to be the most
promising for gas-sensing applications [1].

The samples were synthesized as stabilized sols of the corre-
sponding metal hydroxides. The synthesis procedures consisted
of the following steps: (i) forced hydrolysis of an inorganic metal
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salt solution (0.5 mol1~!) with a base agent (water solution of
NH3, >99.99% purity, 0.5 mol171); (ii) precipitation of a metal
hydroxide and its separation from the liquid phase; (iii) forma-
tion of a sol by peptization of the deposit with peptizing agent
(HNO3) or as a result of self-peptization.

Fe(NOs3)3-9H,0, FeSO4 and In(NO3)3-4.5H, O salts, all with
stated purities >99.9%, were used as inorganic precursors for
iron and indium oxides, respectively, both in simple and com-
posite systems.

Single In;03 and a-Fe; O3 samples were synthesized by
hydrolysis of In(Ill) and Fe(Ill) salts, respectively. The sols
were obtained as a result of self-peptization of the corresponding
metal hydroxides.

Single y-Fe; 03 sol was obtained by oxidation of Fe304 sol
at 100°C for 5h by an intense flow of air. The sol of Fe304
was prepared by combined hydrolysis of Fe(IIT) and Fe(II) salts
(Fe(II):Fe(II) = 2: 1 mol) with subsequent peptization.

The formation of Fe; O3—In; O3 sample based on a-Fe, O3 (ae-
Fe;03-Iny 03 sample) was achieved by combined hydrolysis of
Fe(III) and In(III) salts.

I-y-Fe;03-In;03 sample was prepared by simultaneous
hydrolysis of In(IIT), Fe(Ill) and Fe(Il) salts, and subsequent
oxidation of the product.

An alternative way to obtain the Fe;O3-Inp,O3z sys-
tem containing y-Fe,O3 phase was attained by mixing the
preliminary prepared individual In;O3 and y-Fe;O3 sols (II-
v-Fe;03-Iny O3 sample).

Table 1 summarizes the synthesis conditions under which the
above-mentioned oxides were obtained.

The structure of the samples was characterized by means
of X-ray diffraction (XRD) analysis, high-resolution transmis-
sion electron microscopy (TEM), electron diffraction (ED),
Mossbauer spectroscopy, and differential thermal analysis and
thermogravimetry (DTA/TG). XRD analysis was carried out on
a HZG-4A diffractometer by using Co Ka radiation. TEM/ED
examinations were performed with a LEO 906E and a JEOL
4000 EX high-resolution transmission electron microscopes.
The resonance spectra were recorded in air at 298 K and pro-
cessed by using a commercial SM2201 Mdéssbauer spectrometer

Table 1
Synthesis conditions of the samples studied in the paper

Sample designation Synthesis conditions

In, 03 Introduction of NHj3 solution into In(NO3)3
solution

v-Fe;03 Introduction of Fe(NO3)3-FeSO4 (2:1 mol)
solution into NH3 solution and oxidation of
the suspension with air (5h, 100 °C)

a-Fe; 03 Introduction of NH3 solution into Fe(NO3)3

solution

Introduction of NH3 solution into
Fe(NO3)3-In(NO3)3 (9:1 mol) solution
Introduction of Fe(NO3)3—FeSO4—In(NO3)3
(9:4.5:0.75 mol) solution into NH3 solution
and oxidation of the suspension with air (5h,
100°C)

Mixing of y-Fe; O3 and In2 O3 (9:1 mol) sols

a-Fe;03-Iny 03 (9:1)

I-'y-Fe203—In203 (9:1)

II-‘Y-Fez 03—1112 03 (9: 1)

equipped with a 15mCi °’Co (Rh) source. Simultaneous DTA
and TG analyses were carried out on an OD-102 instrument in
air with a 5°C min~! heating rate.

In order to obtain thin-film sensors, the sols were deposited
by spin-coating onto special polycrystalline Al,O3 substrates
(3mm x 3mm x 0.25 mm) supplied with Pt interdigitated elec-
trode structure on the front side and a Pt-heater on the rear side.
The thickness of the thin films was estimated to be about 200 nm.
The sensor elements were successively annealed at 300400 °C
for 96 hin air. A further thermal treatment up to 500-800 °C was
performed in order to characterize the crystallization process of
the Fe,O3-Iny O3 composites. The gas-sensing responses of the
films to CoH50H and NO, gases were studied and correlated
with the structural properties of the active materials. Contact
electric potential was applied to the interdigitated electrode
structure and current through a sensing layer in air and in air—gas
mixtures was measured. The response (S) of the sensors was cal-
culated as Ly/lgas and Igas/Inir when detecting oxidizing (NO2)
and reducing (C,H5O0H) gases, respectively. The measurements
were performed in a flow chamber (0.21) at 0.3 1 min~' flow rate,
20 °C temperature and 30% relative humidity.

3. Results and discussion
3.1. System a-Fe;03—-Iny03

The o-Fe;03-InO3 composite, obtained by combined
hydrolysis of Fe(NOs3)3 and In(NO3)3 salts and subsequent
co-precipitation of the resulting Fe(Ill) and In(IIl) hydrox-
ides, remains X-ray amorphous after its thermal treatment at
150-300°C (Fig. 1). After annealing the composite at 500 °C,
broadened reflections of the a-FeyO3 phase (ref. JCPDS 33-
0664) appear in the XRD pattern.

The increase of the experimental lattice parameters compared
to the reference data for a-Fe; O3 phase, as well as the absence of
reflexes deriving from indium-oxide phases, can be explained by
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Fig. 1. XRD patterns of the a-Fe; O3-In; O3 sample annealed at different tem-
peratures: (a) 300 °C; (b) 500 °C; (c) 800 °C.
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Table 2
Comparison between the experimental interplanar spacings derived from the ED
pattern in Fig. 2c and the theoretical values of the a-Fe,O3 phase

Line number

dmeasured (A) a-Fe,03 (JCPDS 33-0664)

dca.lculated (A) 1 (%) hkl

1 3.71 3.68 30 012
2 2.70 2.70 100 104
3 2.52 2.52 70 110
4 222 221 20 113
5 1.85 1.84 40 024
6 1.70 1.69 45 116
7 1.60 1.60 10 018
8 1.50 1.48 30 214
9 1.46 1.45 30 300

the formation of an a-Fe;_,In, O3 solid solution, incorporating
the total amount of indium within the a-Fe;O3 lattice. A high
mutual solubility of a-Fe;O3 and InpO3 oxides at 600 °C has
been reported in a previous work [5]. A noticeable destruction
of the a-Fe,_,In, O3 solid solution and isolation of individual
C-InpO3 phase (ref. JCPDS 39-1346) start at 800 °C since its
main diffraction reflection (marked with an arrow) can be dis-
tinguished in the corresponding XRD pattern. The shift of the
reflection toward greater angle values (i.e. decrease of lattice
parameters) is the evidence of substitution of indium ions by
smaller iron ions in the InpO3 crystal lattice. A more detailed
analysis of the fine structure of the a-Fe;O3-Iny O3 composite
annealed at 300 °C (not allowed by the XRD) was obtained by
TEM/ED characterization. As shown by the images in Fig. 2a
and b, the X-ray amorphous a-Fe;O3-In;O3 composite con-
sists of small (d < 10 nm) near spherical grains. The ED pattern
of this composite is reported in Fig. 2c.

The ED data presented in Table 2 demonstrate that a-Fe, O3
with hexagonal structure forms at the annealing temperature of
300°C.

The Mossbauer spectrum of such a sample, reported in
Fig. 3a, shows a paramagnetic doublet. The lack of a magnetic
order (B=0) in the sample arises from its high dispersity. The
occurrence of In3* ions within the a-Fe; O3 crystalline lattice is
likely to produce a distortion of the Fe** coordination environ-
ment symmetry and leads to an increased quadrupole splitting
parameter (A), as compared to the value typical of the individual
a-Fe, O3 oxide (Table 3) [8].

135

a-Fe,0,

Fig. 2. TEM images (a and b) and ED pattern (c) of the a-Fe; O3-In, O3 sample
annealed at 300 °C.

3.2. System y-Fey03-Iny03
The formation of the y-Fe;O3-Iny O3 composite is related

to the synthesis of the thermodynamically metastable y-Fe,O3
phase. One of the approaches assumes the formation of y-Fe; O3

Table 3
Parameters of the > Fe Mossbauer spectra recorded form the Fe;O3-In; O3 composites and individual iron oxides annealed at 300 °C
Sample § (£0.03; mm/s) A (£0.03; mm/s) B (£0.5;T) W (£5; %) Phase
a-Fe;03-Iny03 (9:1) (Fe>*/In** co-precipitation) 0.30 0.78 0 100 a-Fey_,In, 03
I-y-Fe; 03-Iny03 (9:1) (Fe**/Fe?*/In>* co-precipitation) 0.38 0.08 50.5 75 Q-v-Fe,03
0.53 0 0 15 C-vy-Fe; 03
0.22 0.69 0 10 a-Fep_,In, O3
II-y-Fe;03-Inz03 (9:1) (y-Fe,03/In; O3 mixing) 0.33 0.02 48.5 100 v-Fe, 03
v-Fe; 03 0.34 —0.03 49.0 100 v-Fe; 03
a-Fe;03 0.39 0.09 50.7 100 a-Fe; 03
v-Fe; O3 (reference) [9] 0.34 —0.05 49.8 100 v-Fe, 03
a-Fe, O3 (reference) [9] 0.38 0.12 51.5 100 a-Fe, O3




136 M.I. Ivanovskaya et al. / Sensors and Actuators B 124 (2007) 133—142

st /.WW

@ e
& |

Absorption, r.u.

-10 -5 0 5 10
V, mm/s

Fig. 3. >"Fe Mossbauer spectra recorded from the samples annealed at 300 °C:
(a) a-Fe;03-In203 (9:1); (b) I-y-Fe; 03-In 03 (9:1); (c) II-y-Fe; 03-In O3
(9:1); (d) a-Fe, O3 (reference).

via magnetite (Fe304) intermediate. Magnetite has a structure,
which is close to the structure of cubic y-Fe; O3, differing from
it in the absence of vacancies in the cationic sub-lattice. Thus,
v-Fe»O3 phase can be obtained by oxidation of FezO4 under
controlled conditions [9,10].

The previous considerations allow to assume that the
Fe;03-In;O3 composite based on vy-Fe,O3 phase can be
obtained by simultaneous hydrolysis of In(III), Fe(IIT) and Fe(II)
salts, and subsequent oxidation of the product. However, com-
petitive processes, such as formation of a-Fe;Os and InyOs3
phases, are possible under the indicated conditions. Moreover,
the rates of hydrolysis of Fe(IlI) and Fe(II) salts are known to

Table 4
Comparison between the experimental interplanar spacings derived from the ED
pattern in Fig. 5d and the theoretical values of the a-Fe;O3 phase

Line number dimeasured (A) a-Fe,O3 (JCPDS 33-0664)

dcalculaled (A) 1 (%) hkl
1 2.71-2.53 2.70 100 104
2.52 70 110
2 2.46-2.16 2.20 20 113
3 1.58-1.50 1.60 5 122
1.60 10 018
1.48 30 214
4 1.29-1.18 1.31 10 1010
1.19 5 128

differ substantially [11,12]. Therefore, products of complicated
phase composition can be expected [13].

The experimental X-ray data showed that the I-y-
Fe;03-In 03 composite obtained under the above indicated
synthesis conditions is amorphous for an annealing tempera-
ture of 150 °C. A crystalline structure appears after annealing at
300°C, as visible in the relevant diffraction pattern reported
in Fig. 4. It shows inhomogeneously broadened asymmetric
reflections, which can be ascribed mainly to hexagonal a-Fe; O3
phase, as well as, in minor measure, to both cubic (C-y-Fe,03)
(ref. JCPDS 39-1346) and tetragonal (Q-y-Fe,O3) (ref. JICPDS
25-1402, 13-0458) modifications of y-Fe;O3.

This could be better evidenced by TEM and ED investiga-
tions, which confirmed the presence of anisotropic particles of
Q-v-Fe; 03 in the considered I-y-Fe; O3-In; O3 sample (Fig. 5).
In particular, the sample is composed of two types of particles,
which differ substantially in size and morphology. Fig. 5Sb shows
highly dispersive (d ~ 5 nm) spherical grains whose ED pattern
is typical of a-Fe, O3 phase (Table 4). The second type of grains
has a plate-like shape and a size of about 10nm x 30 nm. The
analysis of the ED pattern obtained from such grains (Fig. 5Se)
reveals the presence of y-Fe,O3 phase (Table 5); as the lat-
tice parameters of C-y-Fe;O3 (a=0.8340 nm; symmetry group
Fdm) and Q-y-Fe; 03 (a=0.8338 nm, ¢/3 =0.8322 nm; symme-
try group P4132) are very similar, it is not possible to distinguish
precisely between cubic and tetragonal modifications; neverthe-
less, the presence of both is expected, with a prevalence of the
tetragonal one (ref. JCPD 25-1402), since the formation of the
tetragonal y-Fe,O3 phase is considered as perfecting the crys-
talline structure of C-y-Fe;O3, during the annealing and crystal
growth [10,14-16]. In particular, the degree of ordering of the
cation vacancies increases, leading to the formation of a super-
structure, peculiar to the tetragonal y-Fe,;O3 lattice cell but not
to the cubic one (Fig. 6), where cation vacancies are distributed
statistically between the octahedral interstices.

The electron diffraction gives also indications about the
anisotropy of the Q-y-Fe,Os3 particles, as only high order
l-index reflections appear (206,119,209,316,0012,21 12,
2015,3315,2224). These results are in agreement with the
XRD data and confirm the anisotropic growth of the Q-y-Fe>O3
crystals along the [00 1] orientation, which coincides with the
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Fig. 4. XRD pattern of the I-y-Fe;03-In;03 (9:1) composite annealed at 300 °C and stroke patterns of the reference phases.

vector of light magnetization in y-Fe,O3 structure. The mag-
netic crystallographic anisotropy of y-Fe;O3 favors both the
anisotropic crystal growth and the formation of the tetragonal
structure of y-Fe,Os3 lattice. No reflections due to any indium
oxide phases were detected in the considered ED pattern.
The absence of separate indium oxide phases in this sample
was also confirmed by Mdssbauer examination as described
below.

An intricate Mossbauer spectrum of the I-y-Fe;O3-In; O3
sample (see Fig. 3b) reflects the complex phase composition of
the oxide system obtained as a result of simultaneous hydrolysis
of In(IIT), Fe(IIT) and Fe(II) salts. The results of the spectrum
splitting (8, A, B parameters) and phase compositions are listed

Table 5

in Table 3 and allow to infer the following conclusions: most of
the Fe3* ions (~75%) have symmetry of coordination environ-
ment slightly different from cubic. This is typical of Q-y-Fe,O3
structure. About 15% of the Fe>* ions have parameters very close
to those of C-y-Fe,O3. Coordination symmetry of a minor part
of the Fe* ions (~10%) differs substantially from cubic and
can be the result of substitutional a-Fe;_ . In,O3 solid solution
formation. The lack of magnetic ordering in the last two phases
— C-y-Fe> 03 and a-Fe; _In, O3 — is caused by the small size of
the grains. No Fe?* ions, which were initially introduced into
the reaction media, were detected in the target product. These
conclusions are in good agreement with the structural results of
the TEM analysis.

Comparison between the experimental interplanar spacings derived from the ED pattern in Fig. Se and the theoretical values of the C-y-Fe, O3 and Q-y-Fe, O3 phases

Line number dineasured (A) C-y-Fe, 03 (JCPDS 39-1346)

Q-y-Fe, 03 (JCPDS 25-1402)

dcalculated (A) 1 (%) hkl dcalculaled (A) I(%) hkl
1 2.99 2.95 35 220 2.95 30 206
2 2.46 2.52 100 311 2.51 100 119
12 2.33 2.32 1 320 2.32 2 209
28 2.24 2.23 1 321 2.23 2 316
3 2.12-2.05 2.09 16 400 2.09 15 0012
4 1.83-1.79 1.82 2 421 1.82 3 2112
32 1.56 1.55 1 520 1.55 2 2015
5 1.51 1.48 34 440 1.52 3 2115
48 1.40 1.39 1 442 - - -
6 1.28 - - - 1.27 8 3315
52 1.23 1.23 1 631 - - -
6" 1.15 1.14 1 721 - - -
7 1.09 1.09 7 731 1.09 10 2121
8 1.05 1.04 3 800 1.04 7 0024
78 0.97 b b b 0.98 5 2224
9 0.90 b b b b b b
10 0.83 b b b b b b
11 0.81 b b b b b b

4 Spot reflection.
b The data are absent.
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C-y-Fe,0,+ Q—y-#e,o,
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Fig. 5. TEM images (a—c) and ED patterns (d and e) of the I-y-Fe;03-In,03
(9:1) sample annealed at 300 °C.

A TEM image of the II-y-Fe;03-In, O3 sample, obtained
by mixing the preliminary prepared individual In;O3 and y-
Fe;O3 sols and annealed at 300°C, is given in Fig. 7. The
sample consists of spherical grains with a diameter of 4—-8 nm.
XRD examination of the composite annealed at 150 °C shows
the presence of the C-y-Fe, O3 crystalline phase (Fig. §). One
weak (2 0 0)-reflection of INOOH phase is also present in the pat-
tern. The increase of the annealing temperature to 300400 °C
causes the formation of the C-y-Fe;O3 and C-Iny O3 crystalline
phases, whose experimental lattice parameters are in very good
agreement with the reference data. According to DTA data, the
thermo-stimulated y-Fe; O3 — a-Fe;O3 transformation occurs
in the considered II-y-Fe;03-In; 03 composite at 455 °C that
slightly exceeds the temperature of the same transformation in
the individual y-Fe; O3 oxide (435 °C).

The obtained results give evidence that mixing individual sols
of InpO3-nH,0 and y-Fe;03-nH; 0 prevents oxide phases from
mutual doping at the stage of their crystallization. The observed
phenomenon can be connected with the specificity of the +y-
Fe,O3-nH, 0 sol synthesis. It includes a stage of long-term (5 h)
oxidation of Fe3O4-nH;O sol at rather high temperature (100 °C)
that promotes both crystallization processes and particle growth.
The lack of mutual doping in the considered composite was also
confirmed by Mdssbauer spectroscopy examination. Therefore,
the spectrum parameters of the sample annealed at 300 °C are
close to the parameters of the highly dispersed individual vy-
Fe, 03 sample (see Fig. 3; Table 3). However, the presence of
indium in the II-y-Fe;O3-InyO3 composite influences grain
size of the C-y-Fe;O3 phase since the InpO3 grains seem to
hamper the C-y-Fe,O3 grain growth during the crystallization
process.

Table 6 summarizes the results of various structural examina-
tions of the Fe;03-Inz 03 (9:1) samples obtained under various
synthesis conditions.

3.3. Gas-sensing features of the Fe;O03—Inz O3 thin-film
Sensors

The thin-film sensors based on the obtained individual oxides
(InyO3, a-Fey03, y-Fey03), as well as on the Fe,03-Iny 03
composites with different structure, were tested to Co,H;OH
vapors and NO,. Table 7 compares the maximum response
values and optimal operating temperatures of the sensors. The
corresponding signal profiles for the composites are given
in Figs. 9 and 10. The a-Fe,O3-based sensor and especially

Table 6

Phase composition and grain size of the Fe;03-Inz03 (9:1) samples studied in the paper

Composite Synthesis conditions Phase composition d (nm)

I-a-Fe;03-In 03 Co-precipitation, Fe>*/In>* a-Fep_,In, O3 3-10

I-y-Fe; 03-In, 03 Co-precipitation, Fe>*/Fe>*/In>* a-Fep_,In, O3 ~5
Q-v-Fe;03 10 x 30
C-’\/-FCQO:; —

II-y-Fe203—In203 MiXing, 'y-Fe203/In203 'y—Fe203 4-8
C-In203

Annealing temperature is 300 °C.
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Q-y-Fe,0, C-y-Fe O,

Fig. 6. Schematic representation of tetragonal (Q-) and cubic (C-) y-Fe, O3 lattices, [0 1 0]-view.

Table 7
Phase composition of various oxide systems and gas-sensing features of the corresponding thin-film sensors regarding C;HsOH vapors and NO»
Sensing layer Phase composition C,HsO0H (50 ppm) NO; (0.5 ppm)
S (ru.) t(°C) S (ru.) t(°C)
a-Fe203—In203 (9:1) ()L—Fez_xlnxo‘; 2 250 1.5 135
I-y-Fe;03-In, 03 (9:1) Q-y-Fe, O3 27 250 75 135
C-'Y-F6203
a—Fez,xlnxOg
II-y-Fe; 03-In; 03 (9:1) C-vy-Fe;03 25 350 65 135
C—In203
In, 03 C-In, 03 15 350 35 150
a-Fe; 03 a-Fe, 03 9 250 1.5 200

'y-Fe203 ’y—FezO3 15 300 5 200
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Fig. 7. TEM image of the II-y-Fe; O3-In;03 (9:1) sample annealed at 300 °C.

the a-Fe;03-Iny O3 sensor show the lowest response values
to both CoHs0H and NO,. This result is expected since
a-FeyO3 phase is the most stable modification of iron oxide;
therefore it should be less active in various electrophysical
processes that cause a semiconductor sensor response. The poor
performance of the a-Fe;O3-Iny03 layer, which is formed
of super fine particles of a single-phase a-Fe;_,In,O3 solid
solution, could be attributed both to its structural similarity to
the a-Fe>O3-based sensor and to its extremely high resistance,
which lower the sensitivity to the gas species [1].

(a)
(b)
(c)
(d)
(e) L/\
| | }J'-FEZO3
| ’ a-Fe O,
| ! S
| | C-In, O,
T — T . T T T }
60 55 50 45 40 35 30 25

Fig. 8. XRD pattern of the II-y-Fe;03-Iny 03 (9:1) composite annealed at
different temperatures: (a) 150 °C; (b) 300 °C; (c) 400 °C; (d) 500 °C; (e) 800 °C.
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Fig. 9. Response curves of different Fe; O3-In; O3 sensors to C;HsOH at opti-
mal operating temperatures.

Individual y-Fe; O3 thin film, which is composed of y-Fe, O3
phase, demonstrates higher response values to CoHsOH and
NO; as compared to a-Fe,O3-based layers. The higher activ-
ity of the y-Fe,O3 phase is associated with the specificity of its
structure, its metastability, the presence of metal cation vacan-
cies in crystalline lattice and the readiness of Fe** <> Fe3*
transformation upon exposure to gas media [4-7]. Besides,
partial reversible reduction of a y-Fe,Os-based material by
C2H50H to form a-Fe;O3 phase is possible. The product of
reduction is highly dispersive and strongly reactive and resem-
bles the behavior of y-Fe, O3 [1,7].

The II-y-Fe;03-In;03 thin-film sensor exceeds the sensi-
tivity of the sensors based on individual y-Fe,O3 oxide. This
is related to the presence in the II-y-Fe;O3-In;O3 composite
of two highly dispersed phases: y-Fe;O3 and In,O3. The het-
erojunction between these phases appears to be active in both
adsorption and chemical transformation of C;HsOH and NO,.
The presence of two types of adsorption centers, having different
reductive—oxidative and acid-base properties, and participat-
ing in the processes of the alcohol molecule transformation, is
an essential requirement to achieve high sensor response when
alcohol detection is considered. The centers of one type can suit-
ably participate in adsorption—desorption processes of alcohol
molecules, whereas complete oxidation effectively proceeds at

S
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Fig. 10. Response curves of different Fe;O3-In 03 sensors to NO, at optimal
operating temperatures.
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the centers of the other type [1,17-19]. The most essential dif-
ference in sensitivity of the y-Fe; O3 and II-y-Fe;03-In;03
layers could be noted under detection of NO,. In the case of
NO; detection, high defectiveness of oxide materials is the most
critical requirement to achieve great response values [20].

As can be seen form the Table 7 and Figs. 9 and 10, the
I-y-Fe;03-Iny 03 sensor demonstrates the greatest sensitivity
among the studied materials. As opposed to II-y-Fe;O3-In03,
this composite includes three phases: a-Fe;_,In,O3 solid
solution, cubic y-Fe,O3 and tetragonal y-Fe,O3 with a super-
structure of cationic vacancies. The developed interfacial areas
between the indicated nanosized phases result in better sensing
performance.

Both the I-y-Fe;O03-In;03 and II-y-Fe;O3-InyO3 thin
films excel substantially in sensitivity the sensors based on indi-
vidual InpO3 and vy-Fe;O3 oxides, as well as earlier sensors
based on In,O3-Mo0O3 [20], InpO3-NiO [21] and SnO>-Mo00O3
[22] composites. It is worth noting that in contrast to the indi-
vidual y-Fe; 03 layer, the II-y-Fe; O3-In; O3 thin-film sensors
appear to be more stable and selective to Co;HsOH vapors in the
presence of CO, CHy4, NO» and O3, as already demonstrated in
[1].

Thus, high performances of the considered y-Fe;03-In;03
gas-sensing layers were achieved by an optimal combination of
grain size, surface activity, nature and amount of adsorption and
catalytic centers. Moreover, the obtained results show that the
more complex the structure of the Fe,O3—Iny O3 composite the
greater its response to gases of various chemical nature-oxidants
(NO») and reductants (Co,HsOH). As a matter of fact, the pres-
ence of adsorption centers of different nature on the surface of the
complex Fe;O3-Iny O3 gas-sensing materials creates the neces-
sary prerequisites for multi-route activation of various reactions
during the detection process.

4. Conclusion

The influence of synthesis conditions on the structural and
gas-sensing properties of Fe,O3—InyO3 composites has been
carefully analyzed. It was found that co-precipitation of Fe(III)
and In(III) hydroxides leads to the formation of an a-Fe;_In, O3
single-phase solid solution, which is homogeneous and poorly
crystalline. The thermodynamic stability of this phase along
with high structural homogeneity of the sample causes its poor
sensitivity to both reducing and oxidizing gases.

The heterogeneous Fe,O3—Iny O3 composite based on cubic
InyO3 and metastable y-Fe,O3 phases was obtained by mixing
the individual sols of hydrated In;O3 and y-Fe,O3 oxides. It
demonstrates much greater response values due to high activity
of metastable y-Fe, O3 structure in adsorption and electrophys-
ical processes.

Simultaneous precipitation of Fe(IlI) and Fe(II) hydroxides
in the presence of In(IIl) salt results in a multi-phase prod-
uct consisting of a-Fe,_,In,O3 solid solution, cubic y-Fe;O3
and tetragonal y-Fe; O3 phase with a superstructure of cationic
vacancies. This structure provides substantial improvement of
gas sensor performances in comparison with the homogeneous
a-FeyO3-In;O3 composites. As general conclusion it can be

stated that the complexity of the oxide-based systems that
appears as a stabilization of new phases and formation of struc-
turally inhomogeneous nanosized heterojunction composites,
gives new possibilities in the development of advanced gas sen-
sors for detection of various gaseous species.
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