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1. INTRODUCTION

As it was shown earlier, the modification of the sol-gel

technology based on inorganic precursors is a promising

approach to obtain advanced metaloxide materials for gas

sensors[1,2]. This variation of the sol-gel technology allows

the preparation of nanomaterials in forms of sol, powder,

film and ceramics. It is based on the precipitation of

metal hydroxides and consecutive transformation of the

precipitate into sol, gel, xerogel and crystalline oxide[3].

The sol-gel derived metaloxide materials are typically

characterized by the following structural peculiarities[2,4]:

• Nanosized dimension and nanostructuredness, highly

developed surface.

• High concentration of structural point defects: oxygen

vacancies(VO); electrons, stabilized in oxygen vacan-

cies(VO
− or F-center); metal cations in lower than the

main oxidation state (M(n−1)+).

• Reversibility of [M(n1)+
−VO]↔[Mn+–VO] transition in

cycling red/ox gas ambient that provides preserving

high activity of the samples during long-term opera-

tions.

• Formation and stabilization of metastable phases,

which are active in catalysis and adsorption due to

high dispersity, poor crystallinity and loose structure.

• High thermal stability of structure due to charge trans-

fer between the components.

• Stabilization of noble metal particles(Pd, Pt, Au, Ru

etc.) in nanosized and partially oxidized state within

oxide matrixes.

The mentioned structural peculiarities cause unique

functional features of the sol-gel derived materials, in par-

ticular, their advanced gas-sensing properties. The sol-gel

approach also provides wide possibilities to modify the

nanostructure and phase composition of metaloxide materi-

als, and, consequently, to control their gas-sensing behav-

ior. This is caused by the formation of the oxide structure

at the stages of a sol and xerogel preparation at low tem-

peratures[4].

In this paper, the possibilities to control the sensitivity

and selectivity of In2O3−Fe2O3 based nanocomposites by

varying their microstructure, phase composition, grain size

and surface state were considered. This was achieved by

theoretically grounded selection of both chemical composi-

tion and conditions of synthesis of the materials. Their

catalytic and adsorption properties are also considered.

The choice of In2O3 and Fe2O3 oxides is caused by their

structural and electrophysical features, which allow to

expect promising gas-sensing behavior of the In2O3−Fe2O3

composites. Iron oxide can be prepared in a number of

structural modifications with different catalytic, adsorption

and electrophysical properties[5-7]. Along with main α-

Fe2O3 phase, thermodynamically metastable iron oxide

modifications like cubic C-γ-Fe2O3, tetragonal Q-γ-Fe2O3

and Fe3O4 can be kinetically stable under typical working

temperatures of semiconducting sensors. Metastable hexag-

onal indium oxide(H-In2O3) can be obtained in the pres-

ence of Fe2O3 along with thermodynamically stable cubic

phase(C-In2O3)
[8].

In our previous work it was shown that oxide materials

can be effective gas-sensing materials for thick-film and

ceramic sensors[9,10]. The inorganic modification of the sol-

gel process allowed us to develop single-electrode ceramic

micro-sensors with hollow structure[11,12]. This type of sen-

sors was found to be characterized by low power con-

sumption and fast dynamics.
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In this study the gas-sensing properties of the synthe-

sized materials were estimated using thin-film sensors.

2. EXPERIMENTAL DETAILS

2.1 Composition of sensing layers

As it was shown earlier, the doping of In2O3 with Fe2O3

(Fe:In = 1:9 molar ratio) evokes decreasing the compos-

ite layer conductivity and sensitivity to most of gases[13].

Therefore, the compositions with greater content of iron

(Fe:In = 1:1 and 9:1) were selected for this study. The

formation of complex structures of the In2O3−Fe2O3 com-

posites based on different Fe2O3 phase modifications as a

function of the synthesis conditions were expected.

2.2 Synthesis of oxide composites

Two series of the In2O3−Fe2O3 composites were pre-

pared. Series I was prepared by combined hydrolysis of

iron and indium salts with a base agent(ammonia), and

further transformation of the precipitates into sol state.

Series II was prepared by separate hydrolysis of indium or

iron salts, and stabilization of individual indium or iron

hydroxides/oxides in sol state; then the individual sols

were mixed together in the required proportions.

Hydrolysis of Fe3+ inorganic salts leads to the forma-

tion of amorphous iron hydroxide, which crystallizes into

highly dispersed α-Fe2O3 phase under heating of the dried

material at 300 oC. Hydrolysis of Fe2+ inorganic salts

results in Fe(OH)2, which transforms into metastable γ-

Fe2O3 with grain size of 4045 nm under oxidation of the

suspension with air at 100 oC and heating at 300 oC. The

formation of cubic γ-Fe2O3 also proceeds through Fe3O4

intermediate under combined hydrolysis of Fe3+ and Fe2+

salts with subsequent oxidation and thermal treatment.

This way allows to generate smaller γ-Fe2O3 particles

(~10 nm) with high content of OH-groups in the oxide

structure.

Adsorption and catalytic properties of the nanosized γ-

Fe2O3 samples obtained by our approach at low tempera-

tures differ drastically from the high-temperature phases

with highly ordered crystalline structure. Specific proper-

ties of the sol-gel derived In2O3−Fe2O3 composites are

also caused by certain structural features, which are typi-

cal of iron oxide formed in the presence of indium

hydroxide at low temperatures. Mutual influence of

indium and iron on the hydrolysis, and on the structure of

the product takes place in the process of combined precip-

itation of iron and indium hydroxides. There is literature

reporting high mutual solubility of In2O3 and α-Fe2O3

phases[14] and lack of solubility of In2O3 in spinel-type γ-

Fe2O3 structure[15].

The prepared colloidal solutions(sols) of the composites

of both series were deposited onto sensor substrates to

form thin-film sensors. The samples in powder form used

for some structural studies were prepared by drying the

corresponding sols.

2.3 Structural characterization

Phase composition of the samples was characterized by

means of X-ray diffraction(XRD) analysis. Fine structural

features of the Fe2O3−In2O3 composites, which are typi-

cally nanosized and poorly crystallized, were revealed by

high-resolution transmission electron microscopy(TEM),

electron diffraction(ED), Mössbauer spectroscopy, infrared

spectroscopy(IR), and electron paramagnetic resonance

(EPR). XRD analysis was carried out on a HZG-4A dif-

fractometer by using CoKα radiation. TEM/ED examina-

tions 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 proc-

essed by using a commercial SM 2201 Mössbauer spec-

trometer equipped with a 15 mCi 57Co(Rh) source. EPR

spectra were recorded on a VARIAN E112 spectrometer

with a frequency of 9.35 GHz at 77 K. IR characteriza-

tion was carried out on an AVATAR FTIR-330 spectrome-

ter supplied with smart diffuse reflectance accessory.

2.4 Fabrication and testing of sensors

In order to obtain thin-film sensors, the sols were

deposited by spin-coating onto polycrystalline Al2O3

substrates(3×3×0.25 mm3) supplied with Pt interdigitated

electrode structure on front side and Pt-heater on rear

side. The thickness of the thin films was estimated to be

about 200 nm. The sensor elements were successively

annealed at 300-400 oC for 96 h in air. The gas-sensing

responses of the films to C2H5OH, NO2 and O3 gases

were studied and correlated with the structural properties

of the active materials. Contact electric potential was

applied to the interdigitated electrode structure and cur-

rent through a sensing layer in air and in air-gas mixtures
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was measured. The response(S) of the sensors was calcu-

lated as Iair/Igas and Igas/Iair when detecting oxidizing(NO2,

O3) and reducing(C2H5OH) gases, respectively. The meas-

urements were carried out in a flow chamber(0.2 l) at 0.3

l·min−1 flow rate, 20 oC temperature and 30 % relative

humidity.

3. RESULTS AND DISCUSSIONS

3.1 Structural characterization of the composites

Phase composition and grain size of the studied Fe2O3−

In2O3 samples as a function of the synthesis conditions

are summarized in Table 1. There is a clear mutual influ-

ence of the components on the formation of the binary

composite structure under thermal treatment of the sols

and xerogels. Inhibition of crystallization processes of

oxide phases is typical of the composites as compared to

individual iron and indium oxides.

As it is seen from Table 1, hydrolysis of inorganic Fe3+

salts always results in α-Fe2O3 structure at 300 oC(samples

1, 11, 12). This phase is nanosized and X-ray amorphous.

Within the Fe2O3−In2O3 composite, mutual doping of α-

Fe2O3 and C-In2O3 takes place resulting in substitutional solid

solutions in a wide range of concentrations[14].

At Fe:In = 1:1 molar ratio the main phase occurred in

the Fe2O3In2O3 composites is cubic indium oxide(C-In2O3)

with the unit cell parameter a decreased comparing to the

reference data(samples 2, 4, 6, 8, 10, 12). The formation

of hexagonal indium oxide(H-In2O3) was not revealed.

Combined hydrolysis of Fe2+ and In3+ salts does not

lead to the stabilization of γ-Fe2O3 structure. This phase

can be obtained by heating mixtures of Fe(OH)2+In(OH)3

or Fe3O4·nH2O+In(OH)3 sols(samples 7-10). The γ-Fe2O3

is the predominant phase in the samples with Fe:In = 1:1

ratio. The solubility of In3+ ions with the formation of

solid solution is lower in spinel-type γ-Fe2O3 as com-

pared to α-Fe2O3 phase.

Sample 5 obtained by simultaneous hydrolysis of Fe3+,

Fe2+ and In3+ salts is characterized by complex structure

and morphology. According to the TEM and ED data, the

composite consists of three phases: anisotropic particles

with tetragonal structure(Q-γ-Fe2O3), spherical particles

with cubic structure(C-γ-Fe2O3), and spherical particles of

hexagonal α-Fe2O3 phase doped with In3+ ions. Möss-

bauer spectra of the composite confirm the presence of

the indicated phases in 75:15:10 molar ratio[16]. IR spec-

tra also indicate the shift of ν(Fe−O) vibration in the sam-

ple 5 comparing to the samples 7 and 9, which contain C-

γ-Fe2O3 phase.

3.2 Gas-sensing properties

All studied Fe2O3−In2O3 thin-film sensors demonstrate

lack of sensitivity to CH4 and CO. This allows the fabri-

cation of the sensors selective to other gases, in particu-

lar, to C2H5OH, NO2 and O3.

High sensitivity of several developed sensors was found

to O3 and NO2 at low operating temperature(70-130 oC).

Fig. 1 depicts the difference in the sensitivity of samples

5 and 9 having different phase composition, to the men-

tioned interfering gases. Thus, sample 9 is predominantly

sensitive to O3 at 100 oC. In contrast, sample 5 demon-

Table 1. Structural peculiarities of the Fe2O3In2O3 composites.

Annealing temperature is 300 oC

No Precursors Fe:In mol. Phases* Grain size, nm

Series I(combined hydrolysis)

1
Fe3+, In3+

9:1 α-Fe2O3 2-4

2 1:1 C-In2O3 5-8

3

Fe2+, In3+

9:1 α-Fe2O3 3-6

4 1:1
C-In2O3

α-Fe2O3

5-8

5-6

5

Fe2+, Fe3+, In3+

9:1

Q-γ-Fe2O3

C-γ-Fe2O3

α-Fe2O3

10×30

2-4

2-4

6 1:1
C-In2O3

α-Fe2O3

5-8

Series II(mixing separately prepared sols)

7

In(OH)3, Fe3O4

9:1
C-γ-Fe2O3

C-In2O3

4-5

5-8

8 1:1
C-In2O3

C-γ-Fe2O3

7-8

5-6

9
In(OH)3, 

Fe(OH)2

9:1
C-γ-Fe2O3

C-In2O3

8-10

5-6

10 1:1
C-In2O3

C-γ-Fe2O3

7-8

11
In(OH)3, 

Fe(OH)3

9:1 α-Fe2O3 3-8

12 1:1
C-In2O3

α-Fe2O3

5-8

3-6

*Phases denoted here as α-Fe2O3 and C-In2O3 are actually

substitutional solid solutions α-Fe2xInxO3 and C-In2xFexO3,

respectively.
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strates high response to NO2 and no response to O3 at

70 oC. The described phenomena can be explained by both

distinctions in microstructure of the sensing layers and dif-

ferent mechanisms of NO2 and O3 detection at low-tem-

perature region[17]. One can indicate high sensitivity to

NO2 of samples 8 and 10, consisting of C-In2O3 and C-γ-

Fe2O3 phases. However, these layers are characterized by

lower selectivity as compared to sample 5.

Effective detection of O3 proceeds at film layers based

on C-γ-Fe2O3 grains. Their advanced sensitivity to O3 is

caused by high adsorption ability of spinel-type γ-Fe2O3,

fast adsorption-desorption of O2
[18], and easiness and

reversibility of Fe3+ + e− ↔ Fe2+ transition[19]. C-γ-Fe2O3

phase predominates over C-In2O3 in sample 9 that causes

its advanced selectivity to O3. Note that thin film layers

based on C-In2O3 also possess high sensitivity to O3 and

NO2 at 100-150 oC[20,21]; however, they are characterized

by lack of selectivity.

As a rule, high response to NO2 is typical of the mate-

rials with small grain size and developed surface[18,22].

Adsorption mechanism of electrical conductivity change

was found to be dominating for metal oxides(In2O3) when

exposed to NO2 at low temperatures[17,19]. Our EPR data

given in Fig. 2 confirm molecular adsorption of NO2

vapors at the surface of Fe2O3−In2O3 sample 5 at 120 oC.

Exposure of the sample to NO2 leads to the broadening of

the band attributed to (FeO)x clusters and to the appear-

ance of weak triplet signal of adsorbed NO2 molecules(g

= 2,003, A = 5.9 mT). Complex phase composition and

high dispersity of sample 5 cause its high sensitivity to

NO2.

All studied Fe2O3−In2O3 composites are sensitive to

C2H5OH vapors(50 ppm) in air at 250-350 oC. Maximum

response is reached at 300 oC. However, the response var-

ies for different samples as a function of their composi-

tion and microstructure.

As it follows from Figs. 3 and 4, the composites with

equal C-γ-Fe2O3 and C-In2O3 content are the most sensi-

tive to ethanol vapors.

The mechanism of ethanol detection by complex meta-

loxide layers, in particular, by Fe2O3−In2O3, is discussed

in[23,24]. It is a multi-stage process including the stages of

reduction-oxidation and acid-base interactions of ethanol

molecules with oxide surface.

The materials containing several centers of adsorption

and catalysis with close characteristics are the most sensi-

tive to ethanol[25,26]. The occurrence of the centers of dif-

ferent nature in our composites provides multi-way pass

of ethanol molecule decomposition and complete oxida-

tion of intermediate products[23]. Partial reduction of metal

ions without changes in phase composition is possible for

some metal oxides. These oxides are effective promoters

of oxidative dehydration of alcohols. In particular, easily

reversible In3+ 
↔ In2+ and Fe3+ 

↔ Fe2+ equilibriums, which

do not evoke phase transformations, are typical of C-In2O3

and C-γ-Fe2O3 phases. Low energy of metal-oxygen bonds

in the mentioned oxides promotes oxidation of the interme-

diate products in the reaction of ethanol decomposition[27]

that leads to the growth of sensor response.

Basing on the obtained results, Fe2O3−In2O3 materials

Fig. 1. Response of the Fe2O3−In2O3 sensors to NO2 and O3 as a

function of the composite microstructure.

Fig. 2. EPR-spectra of sample 5, annealed at 400 oC: 1 – initial; 2

– after treatment with NO2 at 120 oC for 30 min.
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suitable to produce thin-film sensors selective to O3, NO2

and C2H5OH are proposed. Optimal composition of the

layers and detection conditions are given in Table 2.

4. CONCLUSIONS

Sol-gel approach based on inorganic metal precursors

was used to obtain Fe2O3−In2O3 nanocomposites with dif-

ferent microstructure and grain size. The synthesis condi-

tions, which result in the formation of metastable γ-Fe2O3

phase, were revealed. This phase stabilized in the Fe2O3−

In2O3 composites was found to be more active in adsorp-

tion and catalysis as compared to thermodynamically sta-

ble α-Fe2O3. The Fe2O3−In2O3 compositions suitable for

the selective detection of O3, NO2 and C2H5OH were pro-

posed.
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