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Abstract

The influence of structure, phase composition, system dispersity and particle morpholog®ef &ed InOs-based thin film layers

on the electrical parameters of the corresponding gas sensors was studied in this paper. High selectivity and sensitivity of heterostructural
v-Fe&03/In203 thin film sensors in the detection of alcohols has been here established. As it was found, the above mentioned sensors are

almost insensitive to N@ Oz, CO and CH at the operating temperature which is optimal for alcohol detectioni@R0rhe peculiarities

of sensor behaviour are discussed taking into account the activity,@sHayers in the reductive-oxidative and acid—base processes
accompanying the adsorption of @BH and GHsOH molecules at the oxide surface.

© 2003 Published by Elsevier B.V.
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1. Introduction extremely selective regarding etharfs] and may serve as 4o
reference point when detection of alcohol is considered. 4t
Iron oxides are known to be widely used materials as is known that the doping of SnCand In,O3 with y-Fe03 42
active element of ceramic and thick film gas sensors, but increases their sensitivity to oxidising gases,(80) [6]. 43
there are only few items of information concerning the ap- But there are only little references regardipgre,O3 using 44
plication of iron oxide as thin film sensing layers. This pa- as thin film sensors towards reducing gases. And the data
per is mainly aimed at the determination of the influence available are not sufficient in order to realize full picture ofe
of some structural features of F&@&;—In,O3 films on their iron-containing material application in gas sensor industryz
gas-sensitive properties. Great attention was paid to hetero-
junction structure Fg3—In2O3/In203, which is found to be

advanced material for reducing gas detection. 2. Experimental 8
From the available references, it follows that the sensi-
tivity of ceramic sensors based onzEB towards reducing Gas-sensitive properties of thin film sensors containing

gases is rather lofl—-3]. However, doping of F£s with one oxide layer (F£s, In,03) and bi-layers (Fg03/In,03,  s0
quadrivalent metal ions (Sn, Ti, Zr), as well as modifying Fe,03-In,03/In,03) have been investigated here. Sensat
of a sensitive material with S~ ions, can significantly response values to GBH, CHsOH (100-500 ppm), Ch{ 52
enhance the gas-sensitive properties of the correspondingcO (50 ppm) were estimated. 53
sensors regarding ethanol and hydrocarj8hsaddition of The sensitive elements were formed from the stabilised
Fe03 to SnG leads to an improved response of thick films = sols of the corresponding metal hydroxides that were obs
towards ethandW]. There are also some items of literature tgjned by sol-gel technique. The procedure of sol prepata-
concerning the effect of &3 additives on the properties of  tion used in this study consisted in the following steps: (&
In203 based sensors. M@ESnG sensors are known to be  forced hydrolysis of inorganic metal salt solution (F&Cl ss
Fe(NGs)3, IN(NO3)3) with base agent (N§J; (i) precipita- 59

mﬂed at Eurosensors XV1 Prague, 2002 tion_of metal hydroxide follqwe_d by its separatiqn; (_iii) for-e0
* Corresponding author. Tely 375-17-2208106: r_nz_sltlon of sol through peptization of th(_e de_posn with peps1
fax: +375-17-2264696. tizing agent or as a result of self-peptization. Methods e
E-mail address: ivanovskaya@bsu.by (M. Ivanovskaya). Fe03-nH20 sol synthesis providing the formation of bothss

0925-4005/$ — see front matter © 2003 Published by Elsevier B.V.
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v-Fe O3 anda-Fe03 oxides under heating were used; be-
sides, two types of-FeOs3 layers (prepared via Fe(OH)
as an intermediate §-FexO3) and via Fg0y (II-y-FeO3)

sols) were here studied. The composites were prepared by

both combined Fe(OH)and In(OH} hydroxide precipita-
tion followed by their oxidation with oxygen (a flow of air
was passed through the suspension during 5-6 h &CB0
and by mixing of individual sols of F®s and In(OH} in
required proportions.

To form thin film layers, sols were deposited onto poly-
crystalline AbO3 substrates (3 mm 3 mmx 0.25 mm) sup-
plied with Pt interdigital electrode structure on the front
side and Pt meander heater on the backside. A®49n
sub-layer was preliminary deposited onto the substrate in
order to knowingly form heterojunction structure and pro-
vide suitable sensor electroconductivity. For comparison,
single-layer sensors, consisting of onlg@y or F&O3 have
also been studied. The samples were dried aC2wllowed
by annealing at 300C in air. The sensor response was cal-
culated asS = AG/Ggjr, whereG and G, is the conduc-
tivity of sensitive layer in alcohol-synthetic air mixture and
in synthetic air consequently (RH 30%).

The structure of the simple oxides @&, Ino,O3) and
nanocomposites (E®s—In,03) has been characterised by
means of X-ray diffraction (HZG-4A diffractometer, CaK
radiation, Ni-filter, angle range 20-70

3. Results and discussion

The variation of electrical conductivity, system dispersity
and oxide particle sintering of both simple oxides {Bg,
In,03) and FeOs—InpO3 composites as a function of the
synthesis conditions, components ratio and operating tem-
perature was analysed in the paper.

Fig. 1 clearly illustrates the fact that the sensors based
on single FeO3 and InO3 layers have practically the same
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Fig. 1. Temperature-dependent response @Dgnand FeOjs thin film
sensors to eHsOH (100 ppm, RH 30%).
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Fig. 2. Temperature-dependent response ¢OFe O3 bi-layer thin
film sensors to gHsOH (100 ppm, RH 30%).

response values to ethanol, but they slightly differ regards
ing the optimal operating temperature. The sensors baseceon
v-Fe03/In,03 heterostructure (bi-layer sensors) are chave
acterised by significantly higher sensitivity to ethanol thaon
the single-layery-FeOs, In03) ones. In this case, #03 102
sub-layer not only provides the sufficientFe,0s/In,O3 103
film conductivity, but it has a clear influence on the sensos
sensitivity. We suppose that the important point influencing
strongly the activity of sensor is the presence of phase s
terface in such a sample. Note, that bothQg and FeO3 107
layers demonstrates typical semiconducting behayiojur 10s
The addition of 1ROz (10mol%) to y-FeOs layer 109
leads to decreasing of thg-FeOs/In,O3 sensor re- 110
sponse to ethanolF{g. 2). According to the XRD data,111
-y-F&03-1n,03 (9:1) composite has the structure ofin 112
in y-FeO3 lattice solid solution Fig. 3); certain amount 113
of C-InpO3 phase is also presented. On the contrary, furs
ther increasing of 503 content withiny-Fe,O3 layer of 115
v-Fe03/In,03 structure up to 50 mol% causes abrupt risings
of its sensitivity, which even overwhelms the sensitivity af7
v-F&03/Ino,03 sample. In comparison with-Fe,03—InpO3 118
(9:1) sample,;y-Fe0O3—-In,03 (1:1) one probably consistsiie
of two highly dispersive phases (séig. 3) with great phase 120
interface. From the XRD data of the sample it is difficult te:1
determine exactly phase composition of the sample because
of the similarity of y-Fe,03 and C-IpOs3 crystal lattices. 123
The growth ofy-Fe,03—In,03 (1:1) dense layer is due to thez24
formation of humerous bonds between the oxide particles
within this composite. Both developed surface of contactirg
oxides and their specific morphology results in significant
improvement ofy-Fe03—-InpO3 sensitive species. 128
Moreover, FeO3—Iny0O3/In203 sensor sensitivity hardlyi29
depends on the crystal structure of the active layers, in pas-
ticular, FeOs phase. There are two possible,Bg phases, 131
suitable under operating temperatures uselde,O3 and 132
a-Fe0s. In the case of the pure-FeOs, the responseiss
achieves its maximum value at lower temperatures (Z50 134
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+ Table 1
* Y'Fezoz The response of thin film sensors of various compositions to ethanol and
+ C-In,0, co
. Sensor G&/GCO T dG/GEIOH T
(50ppm) (°C) (100ppm) (°C)
1 + * In203 0.45 350 15 350
a-Fe03-1n03 (9:1)/I, O3 0.9 300 45 300
I-y-Fe&03/In203 1.25 350 65 300
I-y-F&03—In,03 (9:1)/I, O3 0.9 250 25 250
" I-y-F&03-1ny O3 (1:1)/IO3 0.8 250 125 300
+ II-y-F&03-In03 (1:1)/InyO3 0.1 350 200 300
W X v I-y-F&y03 -0.9 150 12 250
II-y-F&03 0.1 250 17 300

The layers having-FeOs crystal structure show differ-149
ent particle sizes; it depends on the method of sol synthee-
. sis. y-Fe O3 films prepared by oxidation of Fe(Ofiwith 151

4+ 26\’) molecular oxygen (method I) are highly dispersivés(nm), 152
N ! L 0 while II-y-Fe,O3 sample synthesised by oxidation of:Eg 153
+ 43 41 39 37 35 sol with oxygen is consisted of spherical particles of greater
Fig. 3. XRD patterns of 1503, y-F&03 andy-Fe&03-In,03 composites dimension €20 nm) and of less developed phase interfaaes
annealed at 300C (1h): (1) InOs; (2) y-FeOs; (3) y-Fe03—-In03 As a result, sensor based on simphe-Fe,O3 demonstratesise
(9:1); (4) ¥-In205-Fe03 (1:1). higher response than #-Fe,O3 one (sedFig. 1). But in the 157
case ofy-Fe03—In,03 composites, prepared byFeO3 158
than in the case ofi-Fe,O3 (300°C). Higher activity of and In(OH} sol mixing this regularity has reverse directiorsg
v-F& O3 phase is associated with specificity of its structure: (seeFig. 2). The explanation follows from the comparisomso
the presence of metal cation vacancies within crystalline lat- of the two simple oxide dispersity: the less grain size ofi
tice and the readiness of ¥e < Fe3t transformation un-  an oxide the more homogeneous system one can get uneer
der the exposure of gas media. Besides, partial reversiblesol mixing followed by the obtained powder thermal treaiss
reduction ofy-FeOs3 layer to forma-FeO3 is possible. ment. Thus, greater dimension of4#e,O3 phase parti- 164
The product of reduction is highly dispersive and strongly cles favours the formation of less homogeneous and, conse-
reactive and resembles the behaviourgihase of FgO3. quently, more active layers than in case of-Fe0Os. 166
When methanol detection is considered, one can observe the Both y-Fe,03/In,03 andy-Fe,03—Inp,03/InoO3 sensors 167
same regularities inherited to ethanol, excepting the lower were found to be selective regarding alcohol vapours. These
responseKig. 4). sensors are practically insensitive to CO, MO, and 169

The conditions ofy-FeOs sol preparation influence also O3 at the temperature which is optimal for ethanol detege

the y-FeO3 phase microstructure and the sensor activity tion (300°C). Table 2shows that bothy-Fe;O3/In,03 and 17,

+*

(Table 1. v-Fe&03—1n203 (1:1)/InpO3 thin film sensors are essentially;,
more sensitive than SEOMoO; samples which demon-;,5

. . . strate high sensitivity to ethanol. 174

75 —D—VFEO '“0(9 1)"”0 1 Dynamical parameters of the studied sensors are foypd

—=—y-Fe,0.- In,0,(9:1)/In,

—y-Fe0/In0 to be suitable for thin film layers. Both response and recqys
60 —.—yFeZOS/mZOS * ] ery times lay in the range of 50-60s at optimal operatipg
—2—In,0, . temperatures (100 ppmy8s50H, 300-350C, RH 30%). 475
O 4o . '“O As it was noted earlier, the systems consisting of twg
(2] B T .
S |-o—o——chon contacting phases, 403 and y-FeO3 are extremely sen-;g,
5 e cHoH ° sitive to ethanol. In the case gfFe03—-In;03 (1:1) com- 44,
o 30 E
Table 2
A
oy ‘:ﬁ i The response of thin film sensors based on various oxides to ethanol
(500 ppm) comparison
0.
of *—’—’ \——' - Sensor &/G T(0)
200 250 300 350 400 IOz 15 350
T [°C] y-F&03/In203 165 300
) . L. _ SnG 30 400
Fig. 4. Comparison of 03 and FeOs3 based thin film sensor behaviour SNO-M0Os 80 300

in CoHsOH and CHOH media (100 ppm, RH 30%).
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posite, grain size is less and surface of phase interface isTable 3 o _
greater (and, consequently, response values are greater) thaH'® meta—oxygen binding energy for some oxides

those, typical fory-Fe0s/Ino,O3 heterocontact. The pres-  Metal oxide Em—o (kcal/g per atom) Electronegativity
ence of two phases within composite favours to the effec- 00s o1 30.55
tive course of multi-step process of both reductive—oxidative gnq, 70 17.64
and acid—base interactions. Thus, alcohol detection is con-rFe,0; 56 13.72
sidered as a process involving the two interactions betweeninz0s - 12.46

the detected molecules and the particles of the oxide ele-
ment[2]. The obtained results concerningPs—In,O3 and
SnG-Mo0O3 based sensor were here interpreted assumingBUt in the general case, reductive—oxidative and acid—bzse
a different activity of the above systems in both processes. properties of oxide surface may not correlate. 234
The possibility of intermediate further oxidation, the second ~ Thus, detection of ethanol using oxide materials, whess
phase take part in, is considerably increases sensor respong@etal is greatly electronegative (Mgds not accompanying2ss
values to ethanol. by complete oxidation of intermediates, but is characterised
Two ways of alcohol (for example, ethanol) molecule con- by striking selectivity. In the range of considerable M—@s

version are possible at oxide surface, dehydrogenation (1)bonding energy values, donor—acceptor interaction betwe®n
and dehydration (2)8—10] alcohol molecules and Mt O?~ species become clearly apz4o

parent. Oxides, containing Mo(VI) cations, which are strong
CH3CH,OH — CH3CHO+ 3H;  (dehydrogenation (1) Lewis acids, are very active. In fact, the low bonding energpe
and strongly basic properties of an oxide promote furthes
oxidation of intermediates of alcohol molecule transformae
tion (Fig. 5, thereby, increasing the corresponding sensgy

most, oxidation of H atoms) is possible at oxide surface; it rei_%onse _\éalues.h_ h h terised by th .b.l?“G
should result in sensor response growth. Thus, the process e oxides, which are characterised by the possibiliy

(1) most often proceeds through the oxidising dehydrogena—c?]c metal ion rodiCiem With_O_Ut oxide phase stgt_e_modiﬁcgg
tion mechanism tion, have the greatest ability to promote oxidising dehygy

drogenation processes. For instance, such oxides agMgg3

0%~ ,0” In,O3 and FeOs are inclined to facile the changing of metgk;
CHsCH,OH™ = CH3CHO + H20 ion oxidising state: MoVI) < Mo(V), In(lil) < In(ll), aiz
(oxidising dehydrogenation (3) Fe(lll) < Fe(ll), while oxide phase remains original. g3
) ) ] o The sensors based on heterojunction oxide show congig-
As we established earligi 1], in the indicated process  graple response to alcohol (ethanol, methanol) vapours. Jhe
lattice oxygen is only participating at high operating temper- peterojunction between an oxide and solid solution phasgs
atures (300-400C). The role of adsorbed oxygen consists appears to be very active in both adsorption and oxidatign
in regenerating of partially reduced oxide surface.The oXi- of 51cohol. The presence of two types of centres possessiag
dising dehydrogenation of alcohol (3) is heterolytic catalytic yitferent reductive—oxidative and acid—base properties, agg
rez_iction. The process invqlves both reductive—oxidative and participating in the processes of the alcohol molecule tragg:
acid-base stefj42]. In particular, alcohol molecule adsorp-  formation is essential requirement to achieve high sensor,g-
tion at metal cation, which plays role of Lewis centre, iS sponse when alcohol detection is considered. The centregof
related to acid-base reaction.The relative measure of oxidege type can suitably participate in adsorption—desorptigg
activity in the oxidation reactions can be oxygen-oxide sur- processes of alcohol molecules, whereas complete oxidaign

face bonding energy. In fact, the less the energy of oxygen ot intermediates is effectively going at the centres of anothgy
atom isolation from an oxide surface the higher the oxide type.

oxidising ability. The reactivity of oxides in acid—base reac-
tions depends on the electronegativity of cations™

CH3CH>0H — CoHg + H20O  (dehydration (2)

Besides, further oxidation of the formed products (fore-

266

HOCH CHO———
X = xo(2n+1) (4) M1n+3_ 02/ M, - 0z W 2[\/|1("-1)‘r [ /M- oz —>»
2
where xo is the Pauling’s electronegativity amdthe ion

charge. The electronegativity can be used as the measure of

o o g CH,0 o
Lewis acid site activity. The adsorption of alcohol molecules M, -9+ [ ]- /M, - 0% - C; _ZH > MO IM T
at Lewis sites is going with great output. Complete oxidation 2z
of intermediate products is possible at the surface of the ox-
ide, which is characterised by small values of M—O binding M OD* — ]/ M0 — [ ] +0, M = O /M - O

energy and electronegativity. According to the electroneg-

ativity (x) increasing the studied oxides can be placed as Fig. 5. The scheme of alcohol oxidation process at oxide phase interface
follows: 1203 < F&,03 < SNG, < MoOg (Table 3 [13]. by the example of methanol (GABH) molecule oxidation.
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The experimental data regarding both catalytic and 4. Conclusions 312
gas-sensitive properties of most of semiconducting oxides
are not in accord with prevailing conception, asserting that F&0O3-In,O3 based thin films are found to be selectivas
the alcohol detection is predominantly realised as dehydra-and highly sensitive to alcohol vapour at moderate (300 314
tion process (2), when oxide with acidic properties are used, operating temperature. It was found that the composites, cos-
and as dehydrogenation (1) at base oxide sufi@cerhus, sisted of two contacting phases{@®s and FeOs) with large 316
MoOsz possesses strong acidic behaviour. At the same time,phase interface are preferable materials for gas sensingain
it is one of the most efficient catalysts of methanol conver- particular,y-FeOs—In,O3 (1:1)/IO3 sensor has the high-s1s
sion into formaldehyde (reaction of dehydrogenatifi)]. est dispersity and the most developed phase interface ansang
By reason of Mo@ high catalytic activity, it being added the FeOs-In,O3 composites and it is characterised by theo
to SnG species evokes the increasing the correspondingbest functional parameters. The most sensitive materials can-
sensor sensitivity towards alcohdis0]. However, in this sist of two layers. In this case, the specific hetero-junctiorsis
case, after-oxidation of formaldehyde, generated during forming providing the differentiation between receptor aneb
dehydrogenation step, to form G@nd HO is impossible transducer functions, that improves sensor performancesz4

because of great Mo—O bond strength within MoOsing It has also been established that the detection of alcolzeds
this fact one can explain lesser response of SMDHO;3 by using active layers based on investigated oxides is mainty
sensors to ethanol in comparison with,®g—In,O3 ones. going on the way of oxidising dehydrogenation. 327

The analysis of the literature available regarding catalytic
alcohol decomposition allows us to conclude that the pre-
vailing in gas sensor industry oxides are more active in de-
hydrogenation reactions rather than in dehydration. Relying
on numerous experimental data[12] have been calculated
the values of catalytic reactivity (K) for different oxides
in both dehydrogenation and dehydration of isopropyl alco-
hol at the same conditions of catalysi@ble 4represents
the values of catalytic reactivity for the oxides used in this
paper. References 333

It is important to note, the regularities obtained for iso-

propyl alcohol are proper for ethanol as well. However, there |1}y Nakatani, M. Matsuoka, Effect of sulphate ion on gas sensa4
are no valid experimental data in the literature, allowing us tive properties ofa-Fe,O3 ceramics, Jpn. J. Appl. Chem. (1982335
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