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Ethanol sensing performances of modified CoFe,0y
nanocrystals prepared by polymerizable complex route

G.N. CHAUDHARI, M. J. PAWAR"
Nanotechnology Research Laboratory, Shri Shivaji Science College, Amravati M.S., India

Spinel compound, CoFe;04; an n-type semiconducting metal oxide has been synthesized by polymerizable complex route
and characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM). The sensitivity of CoFe»O4 thick
films was measured at different operating temperatures. Ethanol detection results of sample GIl show peak sensitivity at
150°C. The variation of sensitivity and ethanol concentration has shown an increase in sensor response and get saturated
at 600 ppm. Sample GII impregnated with 1 wt.% palladium was able to detect 100 ppm of ethanol at 100°C. A low
temperature ethanol sensitivity of CoFe,O4 is attributed due to polymerizable complex method employed for material

preparation and impregnation of noble metal.
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1. Introduction

In the present era, environmental security has become
more important globally. A lot of attention has been paid
to the development of solid-state devices for detection of
toxic gases in air. Semiconductor gas sensors can be used
for this response since they can detect various toxic gases
by changing its conductivity due to the adsorption and/or
desorption of the metal oxide surface. The majority of the
works done on the gas sensitive nanocrystalline
semiconductor oxides aim to improve the functional
parameters; selectivity and response. Although a large
number of different oxides have been investigated for their
gas sensing properties in the form of thick film, thin film
and pellets. Fine metal oxide powders for sensing
applications have been produced by several methods,
including sol-gel processing [1], spray pyrolysis [2],
pulsed laser ablation [3], chemical vapor deposition [4],
sputtering [5] and thermal decomposition [6,7].

In a previous paper we reported on the sensing
properties of perovskite Bi(Fe,Mn)O; ferrite toward liquid
petroleum gas detection [8].

In solid-state sciences, the oxides with spinel structure
(e.g. NiFe,O,, ZnFe,0,, etc) are some of the most studied
compounds due to their wide range of applications. The
structure of spinel oxide is responsible for a variety of
interesting properties [9-13]. CoFe,O, is expected to have
sufficient thermodynamic stability and perfect sensing
properties. CoO and Fe,O; have been used in development
of gas sensors from decades due to their high sensitivity.
Nanocrystalline CoFe,0, system offers a great potential as
magnetic materials [14-16] and also as catalysts [17].

The goal of this investigation is to present an
alternative method to produce fine CoFe,O4 nanocrystals
with controlled electrical properties for subsequent
C,H;sOH sensor applications.

2.Experimental
2.1 Synthesis of CoFe,04nanocrystals

CoFe,O4 compounds were obtained by a
polymerizable complex method. In the aqueous solution of
citric acid (CA), cobalt nitrate and ferrous nitrates were
added in stoichiometric ratio. The mixture was kept on a
magnetic stirrer at 70°C for 4 hr in order to get stable
metal-CA complex. The resultant solution was then added
with an appropriate amount of ethylene glycol (EG) and
was stirred continuously for 7 hr at 90°C for removal of
extra water. While stirring, a resin like mass is formed by
polyesterification between CA and EG. Heating in the
range of temperature from 350-400°C decomposed the
polymeric resin. The decomposed resin was treated in a
mantle heater at 400-450°C over 3 hr in order to evaporate
highly combustible species and induce charring. So
formed ash was slightly ground in to powder and calcined
at 500°C (Sample GI), 600°C (Sample GII) and 700°C
(Sample GIII) each for 6 hr.

2.2 Palladium incorporation over CoFe,0,
compound

Palladium was impregnated in the CoFe,Oy4
nanomaterials by a chemical wet impregnation route.
Appropriate quantities of PdCl, and samples were
dissolved in deionized water followed by the vigorous
stirring and slow drying in a water bath. The dried
compound was ground to a fine powder and calcined at
300°C for 2 hr for decomposition of chlorides.
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2.3 Sensing measurements

Thick-film gas sensors were prepared by conventional
hand coating of a paste; the nano CoFe,O4 powders were
mixed with a a-terpineol based solvent, over the 0.2 mm
gap of gold electrodes on a 78 mm AlL,O; substrate.
Subsequently, these substrates were sintered at 700 °C for
1 hr in air. Platinum wires were attached to the pads of the
heater and sensing electrodes by using an Au-paste and
heat treatment. Sensors to be tested were placed in a
measuring chamber of about 0.5 dm® in volume. Optimum
detection temperatures were determined and thick-film
sensors maintained at this fixed temperature. Were
exposed to reducing gases like C,HsOH, CO, CH,; and
LPG using a gas flow controller unit with an air flow rate
of 0.5 dm’/min. Response, S to gas is defined as

S = Riain- Rigas) /Rigas)

where, R and R, are the resistance of sensor in clean
air and in the test gas respectively.

3. Result and discussion
3.1 Characterization

The materials were characterized by XRD using a
Siemens D5000 diffractometer and Cu Ko radiations
(1.5406A0). The X-ray diffraction confirmed that all the
samples are monophasic. Fig.1 shows the XRD pattern at
room temperature for the CoFe,O4 compounds calcined in
the range of 600 °C (sample GII). All the diffraction peaks
corresponds to cubic spinel structure. The broadening of
different peaks indicates that the particles are of nanometer
scale and the average particle size was found to be
60-40 nm.
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Fig.1. XRD pattern of CoFe,0,.

The microstructure of the sample can be visualized
from scanning electron micrograph (SEM) of the
synthesized materials as in Fig. 2. The presence of macro

agglomerations containing very fine particles (under 4 zm)
can be observed. The particle shapes are not well defined.
Many large and small pores are present in the whole
material. It was assumed that the pores mainly

intergranular because such pores are not observed on the
SEM photograph.

Fig. 2. SEM micrograph of sample GII.

3.2 Gas sensing characteristics of CoFe,0,

Fig. 3 shows the gas sensitivity for all the samples in
the presence of the ethanol vapors, at various
temperatures. The gas sensitivity usually depends on the
sensor operating temperature, particle size and addition. It
is evident that the sensitivities vary with the increase and
decrease of particle size of sensor. As seen in Fig. 3,
sample GII show high sensitivity to ethanol at 150°C. The
sensitivity of the samples decreases in the order sample
GII >sample GI >sample GIII for ethanol vapors. The
sensitivity of sample GII for other reducing gases such as
CHy, LPG and CO was also investigated at different
operating temperatures. As one can be seen from Fig. 4,
the sensitivity of this is remarkably higher for ethanol than
for other gases. To secure a good reproducibility of the
sensitivity-temperature characteristics, the resistance was
measured during cooling the sample after being heated
sufficiently at high temperature. It is clear that this
material is the most sensitive to ethanol gas and less
sensitive to other test gases. The resistance of all the
samples was decreased in the presence of reducing gases
indicating its n-type semiconductor nature. An n-type
behavior of CoFe,0O, is due to the presence of Fe?" and
conductivity was predominantly due to hopping of
electrons from Fe?' to Fe’* [18]. D.Y.Lee et. al reported
that the main conduction mechanism in iron excess ferrite
was electron hopping from Fe*" to Fe*" ion, and the main
conduction mechanism in Co’" excess ferrite whole
hopping from Co** to Co®* [19].
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Fig. 3. Sensor responses of samples GI, GII and GIII as a
function of temperature (°C)

3.3 Gas sensing characteristics of Pd impregnated
COF6204

The impregnation of noble metals like Pd, Ag and Au
may create additional active sites for the adsorption of the
gas or some time may destroy some of the existing active
sites depending upon the concentration of additives. With
the intention of increasing the surface area, the material
being synthesized in the form of nanocrystals and the Pd
sensitization is being done to increase its sensitivity. Since
the sample G-II showed better characteristics among all
other materials further studies were carried on this material
by impregnation of 0.5, 1 and 1.5 wt. % Pd over it. After
impregnation with Pd, the surface structure has changed
quite a bit, introducing more sort of porosity perhaps
giving more active sites for the adsorption of gas resulting
in better sensitivity.
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Fig. 4 Sensor response of sample GII to CO, CH; and
LPG gases as a function of temperature (°C)

Fig. 3 shows sensor response of Pd impregnated
sample GII. The sample GII:1 wt.% Pd has excellent
sensitivity to ethanol at the reduced temperature of 100°C.
It can be seen that, the sensitivity of sample with 0.5 and
1.5 wt.% Pd is less than 50%. The Pd as an additive has
shown to effectively influence the semiconductive
properties of sensor material. The increased sensitivity of
sample GII by incorporation of 1 wt.% Pd may be due to
creation of more active sites on the surface of sample GII.
Two types of interactions between additives and
semiconductor may be distinguished. The first is a
chemical interaction by which additives assist the redox
the redox process of semiconductor oxides. The second
interaction is an electronic one in which additives interacts
electronically with a semiconductor as a sort of electron
donor or acceptor. It is known that the contact of certain
metals with semiconductor surfaces produces a Schottky
barrier. An electronic interaction in  between
semiconductor and additives cause a change in surface
conductivity of the sensor and hence the conductivity.
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Fig. 5 Sensor response of sample GII impregnated with
0.5, 1 and 1.5 wt.% Pd for ethanol as a function of
temperature ("C)
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Fig. 6 Sensor response vs. concentration of ethanol in air at
100°C for the sample GII:1 wt.% Pd
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Fig. 4 Shows the sensor response of sample GII:1
wt.% Pd sensor as a function of ethanol in air at 100°C.
The sensor response increases with increase in ethanol
concentration and shows saturation at around 600 ppm. At
100°C, the sensor element is able to detect ethanol even up
to 100 ppm with the sensitivity of 0.22.

3.4 Ethanol sensing mechanism

When a sensor thick film is exposed to air,
physisorbed oxygen molecules receive electrons from the
conduction band of the film and change to Ogds)” Oxads)”
and O(ads)z' species. Desorption these species results in
decrease or increase of the conductance of the sensor
element depending on the nature of gas. The reaction
kinematics will proceed as follows:

Osgasy <> Onats)

Osadsy T € > Oagags)

Ozads) T € = 204s)

Sensor conductivity increases when the incoming gas is of
reducing type. The reaction between ethanol and ionic
species takes place by two different ways:

C2H5OH(gas) +0 © CH3CHO + HzO +e

C2HSOH(gas) A g CZHSO(surface) +H

C2HSO(surface) <~ H+ CH3CHO

CH3CHO + O(bulk) g CH}COOH + O(vacancies)

4. Conclusions

Nanocrystalline CoFe,04 powders were successfully
synthesized by polymerizable complex route and their gas
sensing properties were investigated. From the results,
some conclusions can be drawn as follows-

a) XRD and SEM results showed that polymerizable
complex route adopted for material synthesis affected the
grain size, grain shape and degree of agglomeration to a
large extent.

b) Among the samples GI, GII and GIII, sample GII
showed large response to ethanol with relatively good
sensitivity at 150°C.

¢) Sample GII impregnated with 1 wt% Pd
exhibited higher sensitivity for ethanol at 100°C.
Impregnation of Pd to sample GII results in drop of
temperature from 150 to 100°C.

A probable ethanol sensing mechanism is suggested
based upon the present investigation and reported work.
Sample GII:1 wt.% Pd looks to be more promising and
efficient ethanol sensor.
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