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ABSTRACT

Fine powders of ultrafine y-Fe,O, particles have been prepared by the com-
bustion synthesis method of the succinate precursor, with an aim to employ
it as sensor material. Gas sensor studies have been undertaken on the as
prepared y-Fe,O, and its surface functionalized sample by incorporating
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fine particles of Palladium, Pd (Pd dispersed y-Fe,O,, hereafter called asPdG
sample). The enhancement in the gas sensing behavior of the PAG sample
towardstest gaseslike EtOH (ethanol), LPG (Liquefied petroleumgas), CH,
(methane) and H, (hydrogen) is reported. The possible reason for the im-
proved sensing behavior of the PdG sample when compared with the asfine
v-Fe,0; is explained based on the catalytic activity of Pd and also on the
affinity for the test gases towards Pd. The sensitivity towards H2 for the
PdG sample shows intensity results. The morphology and spectral charac-

teristics of -Fe,O; and PdG sample are also compared.
© 2009 Trade Sciencelnc. - INDIA

INTRODUCTION

Ferritesand other metal oxidesdemonstrateanew
method of selectivity control and sensitivity enhance-
ment, and their surfacefunctionalizationissupposed to
enhancetheactivity of thesematerid sfor gassensing™2.
Recently astudy of they-Fe,O,-PPy compositeisre-
ported as humidity sensors?. Theeffect of sizeof the
particlesin sensor materialshasbeen provedto play a
sgnificant rolein enhancing thesengtivity of thesema-
terial stowardsthetest gases™. Further synthesisof y-
Fe,O, animportant inverse spinel ferritein finely di-
videdformisbeing actively pursued>for severd other
Applications(viz., solid adsorbentsin pureand surface
functiondized forms). Thesemi conducting oxide ma-

teridsand more specificaly ferrite based sensorswork
ontheprincipleof abstraction of € ectronsfromthebulk
by adsorbed oxygen to form surface oxygenions, re-
sulting in the formation of surface states. However,
changing afew of the Fe-O linkagesby grafting Pd-O
linkages can cause adrastic changein the concentra-
tion of the adsorbed oxygen species. Theseresultssug-
gest that theferrite surfacesmodified withaninert metal
catalyst can dramatically improvethe sensitivity and
selectivity to hydrogen and other gases*-%3, Liquefied
petroleum gas (LPG) widely used asafuel for indus-
trial and domestic purposes, has often proved to be
hazardous because of explosons caused by lesks. Simi-
larly, detection of acohol in monitoring thetraffic, de-
tection of toxicandinflammablegaseslikeCH,, C.H,,
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H,,i-C,H, etc., inindustrial and environmental moni-
toring arethe areas of research in gas sensorsfor the
present day need™, All these only make the devel op-
ment of gassensorsfor the detection of toxicand in-
flammable gasesamandatory scientific effort. Thefield
of materid schemistry hasbeen contributingimmensdy
in understanding chemistry of gasadsorption and for
selecting suitablematerid asgas sensorg™-2, Attempts
have been madein the past to use different materials
viz., ZnO/Sn0O, as hydrocarbon sensors, modified with
noble metal additives*>'¢l, some perovskites',
spinel§*8, Increasing the sensitivity towards detection
of alcohol when Pt isdispersed on aferrite matrix (y-
Fe,0,) matrix hasbeen reported in one of our earlier
studies. The effects of appropriate sensor materia
and the particle size have an added advantage in the
sensing property, when the sensor materia isin the
ultrafine range, and with proper morphol ogy, an en-
hanced sensitivity and sdlectivity isexpected?>?l. The
study of ultrafast dynamicsof photo-excited electrons
iny-Fe,O, and y-Fe,O, is needed to understand the
mechanism and band structure, which isessential for
modifying themateria to be suitablefor sensor appli-
cationg?. In this paper we report on the synthesis of
nanosized y-Fe,0, and its advantages asagas sensor
material towardsthetest gaseslike EtOH, LPG CH,
and H,. The advantages of Pd dispersed y-Fe,O, are
also envisioned for the detection of these test gases.
The presentinvestigation isa so aimed at understand-
ing the chemistry of selectivity of y-Fe,0, and the Pd
dispersed y-Fe, 0, as sensor material.

2.EXPERIMENTAL

Preparation of y-Fe,O, from ferrous succinate
tetrahydrateprecursor

The precursor ferrous succinate tetrahydrate was
prepared asreported el sewhere”. y-Fe,O, is synthe-
sized through aself-propagati ng combustion reaction
of thisprecursor. Thisinvolvesmixingtheprecursor with
polyethyleneglycol intheweight ratio of 1:5 and there-
after heating in order to initiate the self-propagating
combustion reaction. Theresultant solidisplacedina
crucibleand heatedinair. It isobserved that polyethyl-
eneglycol first melts, then frothsandfinally ignitesto
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convert the precursor into y-Fe,O,. No traces of car-
bon impurities are observed in thefinal residue of y-
Fe,O,. Thisreactionthat occurswiththeevolution of a
lot of gasesignitesautomatically andiscaled astrong
self-propagating combustion reaction’®7,

Prepar ation of Pd incor por ated y-Fe,O, (PdG)

0.2 g of the as prepared y-Fe,O, is mixed with
0.0033 g of PdCl, in a beaker containing 20 ml of
deionised water and the mixtureisvigoroudly stirred
and dried on ahot plate. Further the powder is sub-
jectedto calcinationsat 300°C for 3hoursinair, which
forms Pd dispersed y-Fe,O, (1 wt % Pd). Thesample
ishenceforth called asPdG sample.

Prepar ation of sensor element and the measur e-
ment procedure

Theas prepared fine powder of y-Fe,0, areground
to afine paste with asolvent. The paste is then uni-
formly coated on the surface of the ceramic cylinder
provided with two electrodesfor the el ectrical mea-
surements. Thisprocedureisaso followed for PAG
sample separately. Schemati ¢ representation of the sen-
sor assembly hasbeen described in one of our earlier
report™® For gas sensing measurementsthe sensor €-
ement was provided with ahegter fixed insdethea u-
minatube, coated with the sensor materid (y-Fe,0./
PdG). Thedectrica res stanceof thedlementindry air
iIsmeasured by meansof conventiona circuitryinwhich
theeement isconnected to an external resstor in series
and the voltage drop acrossthe external resistor at a
circuit voltageof 10V isusedto calculatethedectrica
resistance of theelement. Thevaluesof thedevicere-
sistance areobtaned by
S=AR/Ra=(|Ra-Rg|)/Ra )
monitoring the output voltage acrosstheload resstor.
Thedectrica resistance of the e ement was measured
inthe presence and absence of thetest gas. Thesens-
tivity, Sisdefined astheratio AR, i.e., changeinresis-
tanceof thesensor (Rg) inair, tothevaueof theresis-
tanceinthepresenceof thegas(Ra), normdizedtothe
valueof sensor resistanceinair asgiveninequation 1.

Characterization of y-Fe,0, and PdG samples

Theas synthesized y-Fe,O, and the PdG samples
arethen characterized for their structure by x-ray dif-
fractionand IR spectroscopy and morphol ogy by SEM
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techniques. The XRD patternswere obtained with a
Siemens X-ray diffractometer (Japan), and thetarget
was CuK o(A1.54A). The generator was operated as
30kV andwith a20 mA current. The scanning range
(6) was selected. A scanning speed of 1° min and a
chart speed of 20 mm/min were used for the precise
determination of thelattice parameters. High-purity sili-
con powder wasused asaninternd standard. Theco-
herently diffracting crystallographicdomainsize(d, .,
of they-Fe,O, nanoparticleswas cal cul ated from X-
ray diffraction (XRD) linebroadening after subtracting
the contribution from the CuK o component (Rachinger
correction) and correcting for theinstrumental width.
Theintegral linewidth was used inthe Scherrer for-
mula® to calculated, ., of the (311) plane. The scan-
ning e ectron micrograph (SEM) imagesof thesamples
were obtained with a JSM-840A scanning electron
microscope. The scanning el ectron microscope was
operated at 12 kV. Theinfrared (IR) spectra of the
sampleswererecorded on aPerkin-Elmer FT-IR Spec-
trum ONE intherange 4000-400 cm* at aresolution
of 4cmt.

RESULT AND DISCUSSIONS

X-ray diffraction

Figure 1(a) showsthe XRD pattern of the synthe-
sizedy-Fe,O,. Thestructure was confirmed on com-
parison with JCPDSfileNo0.04-755. Theparticlesize
wasfound to be 16.4 nm from the line broadening of
the 100% peak ((311) peak) using the Scherrer for-
mula?3. Figure 1(b) showsthe X -ray diffraction pat-
tern of PdG sample. Thisfigureshowsthehighly crys-
talline nature of the sample and resemblestheearlier
pattern of purey-Fe,O, (figure 1(a)). Therewereno
specific peaksfor Pd inthe XRD pattern possibly due
toitsvery low concentration (1%o).

Fourier transformation infrar ed spectr oscopy

The IR spectrafor y-Fe,O, and PdG are similar.
Hencearepresentative spectrumisdiscussed here. Fig-
ure 2 showstheinfrared spectrum of the PAG sample.
The peaks observed at 548 and 458 cm are assigned
to Fe-Ovibrational modesfor theinverse spinel com-
pound?¥. The peak observed at 2344 cmr*may be as-
signed to some overtonevibrational mode®9. ThelR
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Figure2: IR Spectrum of PdG sample

spectrum showsthe purity of the PdG samplewith no
other peaksexcept the cited ones. The possible obser-
vation frequency of Pd-O has been possibly masked
by theferrite peaks.

Scanning electr on micr oscopy

Figure 3(a) and (b) arethe scanning el ectron mi-
croscopy (SEM) images of they-Fe,O, sample under
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Figure3
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magnification; (c) SEM imagesof PdG sampleunder low magnification; (d) SEM imagesof PAG sampleunder high

magnification
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Figure5: (a) Sengtivity of y-Fe,0, sampletowar dsthetest
gasesviz., EtOH, LPG,CH,and H,; (b) Sensitivity of PG
sampletowar dsthetest gasesviz., EtOH, LPG,CH, and H,

high and low magnificationsrespectively. Theimages
show ultrafine particleswith spherica shapeand vary-
ing Sizes. Some agglomerates of sub micron sizesare
also observed. Figure 3(c) and (d) arethe SEM micro-
graphsof the PAG sampleat |ow and high magnifica-

tionsrespectively. Thefiguresshow ultrafineparticles
of Pd agglomerated on the surface of y -Fe,O, par-
ticles, inturny-Fe,O, particlesare closely packed to
provideinteractionwith Pd particleson the surface.

Transmission electron micrograph (TEM)

The nanocrystalline nature of the as prepared y-
Fe,O, isfurther confirmed by transmission electron
micrograph (TEM) images showninfigure4. TEM
photograph providestheinformation onthe microstruc-
ture and the particle size and the distribution in the
sample. Thebright field TEM photograph showsthe
tabular shaped particleswith someaggregated particles
with average particlesize of lessthan 40 nm, theindi-
vidual tabular shaped particlesare20x60 nmin size.
Theseresultsindicate the formation of nanosized di-
mension of they-Fe,0, and a'so possibility of agglom-
erates of theseand a so possibility of agglomerates of
these nanoparticles.

Gas sensing characteristics of y-Fe, O, and PdG
samples

Thedifferent test gases (EtOH, LPG CH4 and H2)
with fixed volumeof 2-5 cc areinjected into the speci-
men chamber through aninlet port. To calculatethe
sengitivity, theelectrica resistance of theelement was
measured in the presence and absence of thetest gases
takenin concentrationsof 500 ppmindry air. Thede-
tails of the procedure are given in our earlier works
(1819 Fgure5(a) showsthesensitivity Vstemperature
plot for y-Fe,O, for thetest gases (a) EtOH, (b) LPG,
(c) CH, and (d) H,. Itisobserved from thisfigurethat
the sensitivitiesfor al the gases are quite low up to
250°C, indicating that the nature of gas sensingissimi-
lar for these gases for y-Fe,O, up to 250°C. Above
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thistemperature noticeabledifferencesareobservedin
the sensitivities of these gases. It may be concluded
that the sampleexhibitsavery high degree of selectivity
towards L PG and EtOH while comparatively lower
degree of selectivity towards CH, and H, at atem-
peratureof 320°C. It isunderstood that the sengitivities
for gasesgenerally increases around phasetransition
temperature. We have observed from therma studies
(not showninthepresent investigation) that they-Fe,0,
transition for our sasmple showsaround 300°C, un-
der static air atmosphere. In order to compare the
changesin sensitivity and selectivity of thetest gases
along with operating temperature, the sensor studies
employing thesametest gaseshaved so been performed
on PdG sample. Figure 5(b) showsthe sensitivity ver-
susoperating temperature plot for the PdG sample. It
isseen that the sengitivity reachesvery highfor dl the
test gases except for methane at around 260°C. The
response of the sensor to al thetest gasesindicates
that the sengitivity for all thegaseshasincreased when
compared with the response of the sensor without pal -
ladium (pure y-Fe,O, sample, shownin figure 5(a))
andwith alowering ontemperature of around 50°C. In
particul ar the response to hydrogen is higher. In the
present case palladium actsas acatalysti* and isre-
sponsible for thelowering of the operating tempera-
ture, which can bevisudized fromtheaboveplot. The
sengitivity of the sensor to hydrogen gashasincreased
from about 0.3t0 0.98 a ong with adecrease by about
50°C of the operating temperature. This significant
change could beattributed to thefollowing reasons. Pd
isknown to havean affinity for hydrogeni*+*3, Thisaf-
finity could beresponsiblefor theincreased senstivity.
Itisasointeresting to notethat from the above obser-
vationtha thesensor materids(y-Fe,0, and PdG) have
virtually no effect on CH, gas, thereby indicating that
thesemateria smay beinsensitivetowardstest for CH,
gas. Thepossible reason for this observation may be
based ontheinert nature of CH, (dipole moment =0),
making it nonpol arizabletowardsthe sensor materials.
Because of thisnon-polarization, adsorption of CH,
molecules on the surfaces of y-Fe,0,/PdG samplesis
very low and hencethelow valueof sensitivity towards
thisgas. However, understanding the detallsregarding
thechemidiry and physicsof adsorptionwill hdpincom-
ing to adefinite conclusion onthisobservation.
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5.CONCLUSIONS

From thisstudy thefollowing conclusionscan be
inferred:

1. Thepaper reportson the successful preparation of
y-Fe,0, from ferrous succinate tetrahydrate pre-
CUrsor.

2. Pd incorporation into the y-Fe,O, was accom-
plished by impregnation method.

3. Fromthisstudy it can be seenthat incorporation of
Pd hasincreased the sensitivity and decreased the
operating temperature of the sampletowardsthe
test gases. Thisisespecidly truewith referenceto
H, gaswhich showed 98% S at atemperature of
270°C.

4. Morphology of the parent ferriteand the Pd dis-
persed ferritea so acts asacontributing factor in
their sengitivity towardsthetest gases.
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