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Abstract

The influence of sol-gel auto combustion synthesis conditions on the phase purity and microstructure of ZnFe,O4 (ZnO - Fe,03)
nanopowders was studied. The phase composition was determined by X-ray diffraction and the particle size measured by scanning
electron microscopy. It was found that the external conditions of the auto-combustion reaction affect the phase purity of the synthesized
material. Combustion of a xerogel layer on a hot plate forms monophasic spinel zinc ferrite with a particle size ~20 nm. Practical use of
synthesized ZnFe,O4 nanopowders as gas sensors with reversible response-recovery behavior to ethanol is demonstrated.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Zinc ferrite; Sol-gel; Gas sensor

1. Introduction

Recently a considerable amount of research on nanostruc-
tured ferrites synthesized by sol-gel auto combustion methods
has been carried out [1,2]. This method is quite simple and
involves the formation of solution from raw materials,
followed by solution evaporation and drying to obtain
a xerogel, and finally auto-combustion initiated by heating
above 200 °C. Phase purity, grain size and agglomeration, as
well as the point defect concentration of the synthesized spinel
ferrites depends on the temperature, rate and duration of the
combustion reaction [3]. These parameters can be influenced
by the chemical nature of the raw materials (typically metal
nitrates as the cation source and citric acid, glycine or urea as
the complexant), the ratio between complexant and nitrates
[4], the pH value of the solution [5], chemical additives and
atmosphere [6,7]. Generally, to obtain small particles and soft
particle agglomerates, the combustion temperature should be
low and the reaction—fast [§]. In contrast, high temperature,
long reaction time and, most important, the presence of
oxygen are necessary for crystallization and phase purity [8§].
To obtain monophasic defect free materials, the reaction
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should be performed in an oxygen rich atmosphere. It is
essential to vary the reaction conditions so as to increase
oxygen transport in the reaction environment. From this
observation the idea was born to perform the combustion
reaction of thick xerogel layers in open-air atmosphere. The
present investigation shows three different examples of the
combustion process and its influence on particle size and
phase purity of the ZnFe,O, spinel ferrite. It was found that
the phase purity of the obtained spinel ferrite differs greatly
even if the combustion reaction is performed in environmental
air versus a muffle oven. Practical use of the obtained
nanopowders as gas sensors is demonstrated as well. Zinc
ferrite has already previously been reported as a promising
material for gas sensing [9]. The elaboration of easy to
produce materials with improved gas sensing characteristics
is a key challenge for science and industry.

2. Experimental details

The sol-gel auto combustion method has been used to
synthesize ZnFe,O,. The materials used were iron nitrate
(Fe(NO;); - H,0), zinc nitrate (Zn(NOs), - H>O) and citric acid
(CcHgO7 - H,O). The iron and zinc nitrates were dissolved in
distilled water in a stoichiometric ratio. Then the reductant
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Fig. 1. Three external conditions of heating for combustion reaction initiation: Method I—sxerogel in chamotte crucible and muffle oven;

Method 2—xerogel in chamotte crucible and open air; Method 3—xerogel in the form of a thick layer (I mm) in open air.

citric acid monohydrate (C¢HgO,- H,O) was added to the
nitrate solution. The molar ratio of nitrates to citric acid was
1:1. The pH of the solution was adjusted to 7 by adding
ammonium hydroxide (NH4OH). The obtained mixture was
evaporated continuously at 80 °C by stirring until a highly
viscous gel was formed. After evaporation, the gel was left in a
chamotte crucible (“Method 17 and “Method 2”) or trans-
ferred in the form of a 1 mm thick layer (“Method 3”) as
shown in Fig. 1.

The obtained powders were characterized with an
Ultima+ X-Ray diffractometer (Rigaku, Japan) with
CuKa radiation. The average crystallite size D was calcu-
lated using the Scherrer equation. The lattice constant a was
calculated from the position of the peaks using the Nelson-
Riley function. Microstructural features of the powder
samples were detected by SEM using a Field Emission
Gun SEM (Tescan Mira/Lmu, Czech Republic).

For practical applications the gas sensing properties of
ZnFe>0O4 nanopowders were studied by measuring the
change in DC resistivity during exposure to 100 ppm
ethanol vapor in ambient air. The gas response (S) for
the samples was calculated from the equation:
S=(R,—Ry)/R,, where R, is sample resistance in the
presence of ethanol vapor but R, is sample resistance in
air. The lab-made experimental set-up consisted of a gas
chamber—a plastic box with a hermetic lid. A custom
made air lock with a sample holder and necessary electrical
connections mounted into the lid was used for easy sample
replacement. The sensor element was made from a ceramic
alumina tube assembled with platinum wire electrodes for
electrical contacts, a heater fixed inside the tube and
a chromel-alumel thermocouple for temperature control.
The ferrite layer on the alumina tube was deposited by
a dip coating process, inserting the sensor tube into an
ethylene glycol dispersion with ZnFe,O, ferrite powder
(10 wt%) at a controlled speed of 200 mm/min.

3. Results and discussion

Fig. 2 shows X-ray diffraction patterns of the ZnFe,Oy4
powders obtained with the different heating methods. A zinc
oxide (ICDD 04-009-7657) impurity was identified if the
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Fig. 2. XRD patterns of the ZnFe,O4 nanopowders obtained under three
different auto-combustion heating conditions and the nanopowder
obtained by “Method 3” annealed at 300 °C.

combustion reaction was performed in a muffle furnace or
closed chamber (Method 1), as well as in a crucible in open air
(Method 2). “Method 2” provided powders with a smaller
content of impurities than “Method 1”. If combustion of the
xerogel layer on a hot plate was performed in open air
(Method 3) no impurity phases were found. To verify there
were no ZnO impurities in the amorphous form, powders
obtained from the xerogel layers were heated to 300 °C for 3 h.
As can be seen from Fig. 2, no additional peaks appear after
heating; thus, it can be concluded that well-crystallized
monophasic ZnFe,O4 spinel ferrite (ICDD 00-022-1012)
powders can be obtained after combustion of a xerogel layer
in open air. This is due to the increased oxygen transport in
the reaction environment for combustion when the reaction is
performed in open air. The presence of impurity phases in
powders derived by “Method 17 and “Method 2” can be
attributed to the decreased oxygen content inside the reaction
environment, either the muffle or bulk xerogel. Oxygen
accelerates the combustion process, as well as improving the
crystallization of metal ions into the cubic spinel structure.
The average crystallite size of the ZnFe,O, derived using
“Method 3” was 17 nm.

It was found that structural parameters of the ZnFe,Oy
nanoparticles obtained by “Method 3" were unstable when
heated. Crystallite size, lattice constant and degree of
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Table 1
Properties of non-annealed and 300 °C annealed zinc ferrite sample
derived by using “Method 3”.

1

d, nm a, A Io20)/ 1022y Vi, cm™! Vs, em™
Non-annealed 17 8.423  2.18 550 442
300 °C 19 8.428 2.37 542 414

inversion of non-annealed and annealed (300 °C) powders
obtained from a xerogel layer are shown in Table 1.
After annealing, even at relatively low temperature
(300 °C), crystallite size, lattice constant and degree of
inversion were all changed. The lattice constant is larger
for the annealed sample. The increase in the lattice
parameter could be attributed to the stresses inside the
non-annealed powders [10] or due to a decrease in the
degree of inversion [11]. Zinc ferrite usually forms a
normal spinel structure, with zinc ions in tetrahedral lattice
site and iron ions in octahedral sites. An inverse spinel
structure is formed in nanosized zinc ferrite, due to its
relatively low synthesis temperature, which means that the
divalent zinc ion is present in an octahedral lattice site.
Heating causes the migration of zinc ions from octahedral
sites back to tetrahedral sites, while Fe>™ ions migrate
from tetrahedral to octahedral sites. Zinc ions being larger
than Fe’t, the narrow tetrahedral sites are expanded,
leading to an increase in the lattice parameter. The increase
in the X-ray diffraction peak intensity ratio I»yg/lr2>
(Table 1) for the synthesized nanoparticles also shows
evidence for a decrease in the degree of inversion [11]. It is
known that the degree of inversion can be estimated from
XRD patterns by calculating and comparing the intensity
ratios of the intensities of the (220) and (222) peaks [11].

The morphology of the “Method 3" derived ZnFe,Oy4
nanopowder is shown in Fig. 3. SEM micrographs demon-
strate that the powders consist of agglomerated nanopar-
ticles with a size of ~20 nm. These results are in good
correspondence with the calculated crystallite sizes
(Table 1). There was no difference in particle size between
products from auto-combustion reactions using different
combustion methods.

Before measuring the gas response of the ZnFe,O4
sample, it was stabilized at 350 °C in air for 24 h.
Fig. 4(a) demonstrates the gas response (S) of ZnFe,Oy4
nanopowders to 100 ppm ethanol at different tempera-
tures. The gas response to 100 ppm ethanol attained
a maximum when operating at 275 °C. When the operating
temperature is raised, desorption of inactive surface hydro-
xyl groups and adsorption of oxygen increases for reaction
with the test gas [12]. The decrease in the gas response
beyond a certain temperature is attributed to a reduced
adsorption ability of the test gas and desorption of active
oxygen species. The response-recovery behavior at the
working temperature (275 °C) of the ZnFe,O4 nanopowder
gas sensor is shown in Fig. 4(b). As expected, electrical
conductivity increases when 100 ppm ethanol vapor is
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Fig. 3. SEM micrograph of ZnFe,O, nanopowder obtained from
a xerogel layer on a hot plate.
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Fig. 4. Gas response (S) versus operating temperature for the 100 ppm
ethanol gas for on the synthesized ZnFe,O4 nanopowder (a); electrical
responses upon to ethanol (100 ppm) at the optimal operating tempera-
ture (275 °C) (b).

introduced into the atmosphere, showing n-type conduc-
tivity behavior. The electrical conductivity for n-type
semiconductor ferrite samples increases when a reducing
gas such as ethanol reacts with oxygen species absorbed on
the surface [13]. N-type conductivity in spinel zinc ferrite is
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provided through electron hopping between Fe?* and
Fe™ ion pairs located in the octahedral sites of the spinel
structure [14]. When gas reacts with chemisorbed oxygen
species, oxygen loss occurs, Fe** reduces to Fe?* and
conductivity increases; thus, the gas sensing mechanism is
related to loss of depletive type oxygen adsorbates
and, therefore, a change in material stoichiometry and
electronic properties.

The response and recovery times for the tested samples
(90% change in conductivity) were < 10s and <40s,
respectively. Overall, the obtained ZnFe,O, material can
be used as an effective ethanol gas sensor with fast
response and recovery behavior.

4. Conclusions

The external conditions of the auto-combustion reaction
show significant influence on the phase purity of the
synthesized materials. Monophasic spinel zinc ferrite
nanopowder without additional calcination was obtained
after performing auto combustion of a xerogel layer on
a hot plate in air. The particle size of the obtained
nanopowder was ~ 20 nm.

The synthesized ZnFe,O, nanopowders had n-type
semiconductor behavior with good response and fast
response—recovery behavior in ethanol vapor. The devel-
oped technology can be used for simple, fast and cheap
production of monophasic spinel ferrite nanopowders
suitable for the creation of an effective gas sensor.
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