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Abstract

Undoped and cerium (Ce) doped nanocrystalline copper ferrite (CuFe,O4) materials were synthesized via the molten-salt (M-S)
method. Effects of Ce doping on the structural, morphological and gas sensing properties of the CuFe,0O, ferrite have been investigated.
X-ray diffraction (XRD) analysis revealed the formation of spinel CuFe,O,4. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) investigations showed that the synthesized ferrite is made up of very fine spherical nanoparticles. Moreover,
the gas sensing properties of sintered samples were studied towards different reducing gases such as liquefied petroleum gas (LPG),
acetone, ethanol and ammonia. The sample with 4% cerium doped CuFe,0,4 (Ce4) showed the maximum gas sensitivity (86%) towards

LPG with fast response time of 5s and good recovery time of 68 s.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The need of high performance solid state gas sensors has
motivated several researchers in searching the new materi-
als and investigating their gas sensing properties. Nowa-
days, semiconductor metal oxide sensors are extensively
studied for their gas response property. Among these
materials, the spinel type oxide semiconductors with
formula AB,Oy like NiFe,O,4, CdFe,0,4 and ZnFe,O4 have
been reported to be sensitive materials to both reducing
and oxidizing gases [1-3]. CuFe,O,4 is one of the most
important ferrites and has a cubic close-packed arrange-
ment of oxygen ions with Cu?’*and Fe’' ions at two
different crystallographic sites [4]. It has been extensively
studied for its magnetic properties for the last few decades
[5-7]. However, information on the gas-response proper-
ties of nanocrystalline CuFe,04 to reducing gases is still
limited. Therefore, it is interesting to investigate the gas-
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response properties of CuFe,O,4. Chen et al. [8] reported
CuFe,0,4 sensor with excellent sensitivity towards acety-
lene. Tao et al. [9] observed that nanocrystalline CuFe,0y,
by co-precipitation method, shows good response towards
alcohol at operating temperature of 290 °C.

It is well known that, the gas-sensing efficiency of the
material strongly depends on its microstructure, which in
turn depends upon the method of preparation. The later
part plays a vital role in view of the chemical and
structural properties of the spinel ferrite. Also the response
of the gas sensing material depends on various factors such
as dopants, grain size, surface states, amount of adsorbed
oxygen and its activation energy.

A variety of chemical methods have been reported for
synthesis of ferrites which include ball-milling [5,6], com-
bustion synthesis [7], co-precipitation [8,9], sol-gel [9],
r.f. sputtering [10], solid state reaction [11] and molten-
salt method [12,13]. Out of these methods, the molten-salt
method is a convenient, environment friendly and inex-
pensive method for the preparation of ferrites at low
processing temperature in short duration [13].
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The present research work deals with the preparation of
nanocrystalline CuFe,_,Ce, O4 (x=0, 0.04 and 0.08) and
the effects of Ce doping on the structural, morphological
and gas response properties have been investigated. To the
best of our knowledge, this is the first attempt to synthesize
Ce doped nanocrystalline CuFe,O4 materials by simple
M-S method.

2. Experimental

Nanocrystalline undoped and Ce doped CuFe,O4 pow-
ders were prepared using the M-S synthesis route using
sd-fine chemicals and analytical grade Cu(SO,)-5H,O0,
Fe(NO3); - 9H,0, NaOH, NaCl and Ce(NOs),-6H,0 as
precursor materials. The precursor materials were mixed in
a molar ratio of 1:2:8:10 and ground together with an
appropriate quantity of Ce(NO3), - 6H,0 (0, 4 and 8 wt%)
in agate mortar for nearly 30 min. The reaction between
salts starts during the mixing process, accompanied by
release of heat due to the exothermic reaction between the
salts. As the reaction proceeded, the mixture became
mushy and underwent a gradual change in color from
greenish-red to brown. The resulting product was washed
with deionized water several times to remove the unwanted
salts formed during the reaction. The powder was dried
under IR lamp for about 2 h and then calcined at 400 °C
for 1h to obtain nanocrystalline and homogeneously
cation distributed particles. The reaction mechanism of
formation of CuFe,O,4 under the reaction conditions can
be shown as follows [13-16]:

Cu(SO4)- SH,0+2NaOHSS CuO+Na»SO4+6H,0 (1)

2Fe(NO3);-9H,0 + 6NaOH > Fe, 05
+6NaNO; + 12H,0 )

CuO+Fe;O3 —» CuFe,04 (3)

In other words, Cu(OH), and Fe(OH); nanoparticles
were first obtained from metallic salts and sodium hydro-
xides. Because of their smaller size and higher reaction
activity, the freshly produced Cu(OH), and Fe(OH);
decomposed immediately to produce CuO and Fe,O3
nanoparticles with a strong heat of reaction at room
temperature (RT), thus CuFe,O4 was easily formed when
the final powder was calcined even at temperature as low
as 400 °C. The calcined CuFe,O4 powder was pelletized
with manual hydraulic press machine using polyvinyl
alcohol as a binder and at a pressure of 1.5t cm ™ 2. These
disc shaped samples were sintered at 700 °C for 2 h at a
heating rate of 2 °C min~' in air to form ferrite through
chemical reaction and then cooled down to RT at the same
rate as that of heating. These sintered undoped (0%) and
cerium doped (4% and 8%) samples are denoted as CeO0,
Ce4 and Ce8, respectively. Conducting silver paste con-
tacts (1 mm) were used to form ohmic contacts on the
pellet sample. The gas sensing properties of the sintered
pellets were measured using commercially developed gas

sensing setup using bulk type sensor fabricated similar to
that reported earlier [16,17]. The sensors were subjected to
measurement of their electrical resistance in dry air or a
test gas at various operating temperatures. The responses
of the sensor were studied in a sealed test chamber (1 L
capacity) with a gas inlet and an outlet. The test gas was
injected into the test chamber through the inlet port and
the resistance was measured as a function of time till a
constant value was attained.

The temperature of the system was controlled from RT
to 450 °C and two-probe dc measurement technique was
used to measure the resistance of the sample in presence of
air and with relevant test gases (LPG, acetone, ethanol and
ammonia). The gas response is defined as

S(%) = (R“R;R") x 100 @)

where R, is the resistance in air and R, is the resistance in
sample gas.

The structural studies of the sintered samples were
characterized by using a Philips PW-3710 powder X-ray
diffractometer with Cu K, radiation with wavelength
A=0.154056 nm. The crystallite size was calculated using
Scherrer’s formula (D=0.94/f cos 6), where D is the
average crystallite size, 4 is the wavelength of X-ray used,
p is the full width at half maximum (FWHM) of the most
intense diffraction peak and 0 is the peak position. The
morphology of sintered samples was studied by scanning
electron microscopy (SEM) with JEOL-JSM 6360, Japan
model. The particle sizes of the sintered samples were
observed using transmission electron microscopy (TEM)
with PHILIPS CM-200 model.

3. Results and discussion
3.1. Structural studies

The structural changes and the identification of phases
were investigated with the help of X-ray diffraction (XRD)
technique. Fig. 1(a)—(c) shows the XRD patterns recorded
over 20-90° for Ce0, Ce4 and Ce8 samples. XRD patterns
reveal the formation of spinel-type CuFe,O4 with some
additional peaks corresponding to Ce,O3 (JCPDS card no.
84-0310). Fig. 1(a) shows most of the observed peaks
related to CuFe,0,4. For Ce4 sample an intense (222) peak
corresponding to the Ce,O3 phase appeared at 38° after
cerium incorporation. However the (222) peak intensity
is decreased for the Ce8 sample as compared to the Ce4
sample.

The average crystallite size was calculated according to
Scherrer’s formula and is shown in Table 1. We observed
systematic reduction in the crystallite size of CuFe,O4 with
Ce incorporation. The calculated crystallite sizes were
found to be 38 nm, 26 nm and 11 nm for Ce0, Ce4 and
Ce8 samples, respectively. It is observed that the crystallite
size decreases with increasing Ce concentration, which is
due to the formation of secondary phases, which hinders
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Fig. 1. X-ray diffraction patterns of (a) Ce0, (b) Ce4 and (c) Ce8 samples.

Table 1
The calculated crystallite size D (nm) and lattice parameter a (A) of the
Ce0, Ce4 and Ce8 samples.

Sample Materials Crystallite size (nm) L attice parameter (A)

Ce0 CuFe,04 38 8.400
Ce4 CuCeO_O4Fe] .9604 26 8.413
Ce8 Cu Ceg gsFe; 9204 11 8.426

the grain growth of the primary particles [18,19]. Also the
observed lattice parameters after Ce doping are given in
Table 1. This lattice parameters variation is due to their
difference in the ionic radii.

3.2. Morphological studies

Fig. 2 shows SEM images for Ce0, Ce4 and Ce8
samples. SEM image for Ce0 sample (Fig. 2(a)) shows
the formation of clusters i.e. aggregation of particles. It is
seen that on addition of cerium the morphology varied
systematically. Interestingly, for Ce4 sample the morphol-
ogy changes markedly (Fig. 2(b)). It shows separated
clusters of particles with voids and appears like cauli-
flowers grain growth. For Ce8 sample the grain size is still
reduced, however it becomes more compact with overall
less porosity (Fig. 2(c)). These results agree well with the
Rezlescu et al. [20] observations, wherein they have shown
2 wt% Ce doped material exhibits well developed grains
and their grain size was found to decrease with the
increasing concentration of CeO, which hinders the grain
growth. We observed that the lower grain size for Ce
doped samples, which will be useful for gas sensing
applications.

The typical TEM images for Ce0 and Ce8 samples are
shown in Fig. 3 (a) and (b) respectively. The observed
particle size for nanoparticles are varied between 30 and
60 nm (Fig. 3(a)). A significant reduction in particle size is
also found from the TEM of Ce4 sample. It is clearly seen

from the TEM image (Fig. 3(b)) that each particle size is
less than 10 nm, which clearly remains isolated even after
sintering at 700 °C. The structure also shows porosity with
pores less than 5 nm size. The observed particle size from
the TEM findings for these samples are well matched with
the calculated average crystallite size from XRD. Such a
low porosity and well distributed 8—10 nm sized particles
are highly suitable for gas sensing application.

3.3. Gas-sensing properties

Fig. 4 shows the gas response for Ce0 sensor as a
function of operating temperature. The Ce0 sensor showed
a maximum response of 74% towards LPG at an operating
temperature of 350 °C at 2000 ppm while it exhibited
response of 58%, 34% and 22% towards acetone, ethanol
and ammonia, respectively. The response time for Ce0
sensor is found to be 10s and recovery time 2 min. The
high response of CuFe,0O,4 towards LPG may be due to the
formation of Cu'" ions during the oxidation of reducing
gas. In the inverse spinel CuFe,O, Cu’" ions prefer
octahedral sites and Fe*™ ions are distributed on both
octahedral (B) and tetrahedral (A) sites. The occurrence of
the Cu®* ion on the octahedral sites can provide greater
number of hopping (Fe’t - Fe’™, Cu't - Cu?*") on B
sites and thus the gas response gets enhanced. Fig. 5 shows
the variation in response with the test gas concentration
for Ce0 sensor. It is found that the response increases with
concentration from 100 ppm to 2000 ppm and it remains
almost constant above 2000 ppm.

The gas response for Ce4 sensor is shown in Fig. 6.
It shows maximum response of 86% towards LPG, while
it shows 74% for acetone at 375 °C. It also exhibits gas
response of 68% and 58% for ethanol and ammonia at
350 °C, respectively. The response time for the sensor is 5's
and recovery time 68 s. For Ce4 sensor, the increased gas
response is attributed to the lower bulk density in compar-
ison to Ce0 sensor. The variation in response with test gas
concentration for Ce4 sensor is shown in Fig. 7. It is
observed that the response increases with the concentra-
tion from 100 ppm to 2000 ppm and above 2000 ppm the
response remains unaltered, indicating saturation level of
test gases.

Fig. 8 depicts gas sensing characteristics for Ce8 sensor.
It exhibits response of 69%, 61%, 55% and 51% towards
LPG, acetone, ethanol and ammonia at operating tem-
peratures of 325°C, 375°C, 375°C and 425 °C, respec-
tively. It is found that the response decreases towards test
gases for Ce8 sensor as compared to Ce4 sensor. As
observed from the SEM image (Fig. 3(c)) shows the
agglomeration of the nanoparticles observed for CeS8
sample. It prevents diffusion of oxygen into the bulk
material which is responsible for the reduction in sensor
response. This fact is also supported with the high density
in comparison to the Ce4 sensor. The response time and
the recovery time of the sensor are found to be 2 s and 58 s.
Fig. 9 exhibits the variation of response with concentration
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Fig. 3. TEM images of the (a) Ce0 and (b) Ce4 samples.

of test gas for Ce8 sensor. It is clear that the response is
found to increase with concentration from 100 ppm to
2000 ppm and above 2000 ppm it remains almost constant,
showing its saturation level. All the sensors discussed here
exhibited short response and recovery time, within the
range of 2-10s and 1-2min, respectively. In case of
semiconducting metal oxide, sensing is a surface controlled
process that is responsible for the sensitivity [21].

3.4. LPG sensing mechanism

The LPG sensing mechanism of the gas sensor is based on
the change in the electrical resistance of the CuFe,O4 pellets

resulting from the chemical reactions between LPG and
adsorbed oxygen at the ferrite surface [22,23]. Both factors
influence the kinetics of the chemisorption reaction between
the sensor material and the surrounding gas. Better response
would be expected if a larger amount of test gas is adsorbed
and subsequently the reaction between the adsorbed reducing
gas and the oxygen species is more favorable. The adsorption
and ionization of oxygen from air or air containing the test
gases can be expressed as [23-26]

0O gas <> O2ad (5)

Og+e — 02_ (6)
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Fig. 4. Gas sensing response of Ce0 sensor towards the LPG, acetone,
ethanol and ammonia gases.
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Fig. 5. Variation of gas sensitivity with concentration of test gas for
Ce0 sensor.

It is observed that undoped and doped CuFe,Oy4
synthesized by M-S route exhibits better sensing response
towards LPG. LPG is a mixture of hydrocarbon contain-
ing CHy, C3Hg and C4H |y wherein the reducing hydrogen
species are bound to carbon atoms. Therefore, during the
process of response at higher operating temperatures, LPG
dissociates into reactive reducing components on the
copper oxide surface. When such CuFe,O, is exposed to
LPG molecules, the hydrocarbons (C,Hj, , ») of adsorbed
LPG interacts with the pre-adsorbed oxygen. The reaction
is given as

CnH2n+2+02_ —>CnH2nO+H20+C_ (7)

From the reaction between LPG molecules and the
pre-adsorbed O, , the free electrons are released. These
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Fig. 6. Gas sensing response of Ce4 sensor towards the LPG, acetone,
ethanol and ammonia gases.
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Fig. 7. Variation of gas sensitivity with concentration of test gas for Ce4
sensor.

free electrons neutralize the holes from CuFe,Q,, result in
a decrease in the concentration of holes in CuFe,O,4, and
thus there is increase in resistance. The oxygen molecules
from air are adsorbed on the CuFe,O,4 surface while the
interaction with LPG continuously forms water molecules
to escape from the surface. When the flow of LPG was
stopped for recovery, the oxygen molecules in air adsorbed
on the surface of CuFe,04, and the capture of electrons
through the processes indicated in equations reduced the
sensor resistance towards the initial stable surface state of
CuFe,04 [23].

With Ce incorporation, O, molecules dissociates at
lower temperature and generates chemisorbed oxygen
species much rapidly due to the enhanced interaction
by Ce. Thus we achieved much higher response (86%)
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Fig. 8. Gas sensing response of Ce8 sensor towards the LPG, acetone,
ethanol and ammonia gases.
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Fig. 9. Variation of gas sensitivity with concentration of test gas for Ce8
Sensor.

observed from the cerium doped copper ferrite (Ced
sample) at 375 °C.

3.5. Response of the sensors towards 100 ppm concentration
of test gases

The gas response for Ce0, Ce4 and CeS8 sensors towards
the 100 ppm concentration of LPG, acetone, ethanol and
ammonia is shown in Fig. 10. It is seen that the Ce4 sensor
exhibits remarkable response towards lower concentra-
tions of LPG, acetone, ethanol and ammonia. Therefore
the Ce4 sensor is found to be highly selective towards LPG
at optimum temperature of 350 °C.
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Fig. 10. Comparative gas responses (%) of Ce0, Ce4 and Ce8 sensors
towards 100 ppm concentration of test gases at 350 °C.

4. Conclusions

Nanocrystalline undoped and Ce doped CuFe,O4 has been
successfully synthesized by simple molten-salt method and
effectively utilized as a reducing gas sensor element. Effects of
Ce doping on the structural, surface morphological and gas
sensing properties of copper ferrite were investigated. From
XRD analysis the spinel CuFe,O, ferrite structure was
confirmed. The formation of nanoparticles was established
from SEM and TEM investigations. The size of nanoparticles
was decreased for the Ce doped samples. Sample Ce0
exhibited the selective response of 74% towards LPG at
2000 ppm at operating temperature of 350 °C. However after
cerium incorporation, the sensitivity has been improved to
86% for Ced sample, while gas response decreased to 69%
for Ce8 sample. Thus the present study explored the
possibility of making use of cerium doped CuFe,O4 pellets
for LPG sensing.
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