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REVIEW

Spinel ferrites gas sensors: a review of sensing parameters, mechanism
and the effects of ion substitution

Muasya Alex Njoroge, Nixon Mutwiri Kirimi, and Kamweru Paul Kuria

Department of Physical Sciences, Chuka University, Chuka, Kenya

ABSTRACT
There is an increasing demand of highly sensitive, stable and highly selective gas sensors to
detect toxic gases. This is inspired by the need to monitor the concentration of these gases
in order to guarantee humans, animals and environmental safety. Metal ferrites (AFe2O3,
where A is a metal) based sensors are paramount in this field of sensing. Among the gases
detectable using metal ferrites includes carbon monoxide (CO), liquefied petroleum gas
(LPG), hydrogen sulfide (H2S), petrol and methane (CH4). This reviews presents various
parameters which plays key role in the design of ferrite gas sensors. They include; operating
temperatures, dopants, grain size, particle size, selectivity, surface area, concentration of the
gas, sensitivity as well as recovery time. In addition, the various methods which are used to
synthesize ferrite gas sensors are briefly explained. Key considerations in the designing of
excellent ferrite gas sensors such as calcination temperature, working temperature, dopants,
and concentration as well as optimization condition among others are outlined. In addition
this paper reviews the various metal ferrites such as nickel ferrites and nickel doped ferrites,
cobalt and cobalt doped ferrites, zinc and zinc doped ferrites, magnesium and magnesium
doped ferrites among others that have been researched as gas sensors.

KEYWORDS
Ferrites; gas sensors;
selectivity; surface area;
sensing parameters; sensing
mechanism; adsorption

Table of contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2
2. Parameters of gas sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .4

2.1. Pore structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2. Surface area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.3. Crystallite size, grain size and particle size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.4. Operating temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.5. Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.6. Selectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.7. Dopants (influence to sensitivity, selectivity and operational temperature) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.8. Response characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.9. Sensor resistance to gas concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.10. Fabrication and morphology of gas sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.11. Phase formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.12. Surface phenomena and gas sensing mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.12.1. Adsorption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.12.2. Surface state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.12.3. Mechanism of gas sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3. Gas sensing mechanism in ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9
3.1. P-type spinel ferrite gas sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.2. N-type spinel ferrite gas sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.3. Substituted and mixed ferrites sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.4. Spinel ferrite humidity sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

CONTACT Kamweru Paul Kuria pkkamweru@chuka.ac.ke, pkamweru@gmail.com Department of Physical Sciences, Chuka University, P. O. Box 109-
60400, Chuka, 60400, Kenya.
� 2021 Taylor & Francis Group, LLC

CRITICAL REVIEWS IN SOLID STATE AND MATERIALS SCIENCES
https://doi.org/10.1080/10408436.2021.1935213

http://crossmark.crossref.org/dialog/?doi=10.1080/10408436.2021.1935213&domain=pdf&date_stamp=2021-08-07
https://doi.org/10.1080/10408436.2021.1935213
http://www.tandfonline.com


4. Ferrite gas sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11
4.1. Nickel ferrite and nickel doped ferrite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

4.1.1. Nickel ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
4.1.2. Nickel doped ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

4.2. Cobalt ferrite and cobalt doped ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
4.2.1. Cobalt ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
4.2.2. Cobalt doped ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

4.3. Zinc ferrites and zinc doped ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
4.3.1. Zinc ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
4.3.2. Zinc doped ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4.4. Copper ferrites and copper doped ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.4.1. Copper ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.4.2. Copper doped ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4.5. Cadmium ferrites and cadmium doped ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.5.1. Cadmium ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.5.2. Cadmium doped ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

4.6. Magnesium ferrites and magnesium doped ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.6.1. Magnesium ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.6.2. Magnesium doped ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4.7. Manganese ferrites and manganese doped ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.7.1. Manganese ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.7.2. Manganese doped ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4.8. Lithium and lithium doped ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
5. Methods of synthesis of gas sensing spinel ferrites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .18

5.1. Sol-gel auto-combustion method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
5.1.1. Reductant to metal salt ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
5.1.2. Combustion process chemical additives (CPCA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

5.2. Co-precipitation method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
5.3. Solid-state reaction method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
5.4. Wet chemical method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
5.5. Molten-salt method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

6. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .21
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .22

1. Introduction

The air that we breathe comprises of different chem-
ical spices, some of them being useful while others
being dangerous. In recent years, presence of toxic
and harmful gas pollutants have become an issue of
concern.1 This has created demand for the detection
and monitoring of these gases. By design, a gas sensor
should perform two crucial functions i.e. the receptor
and transducer functions. The former function is the
ability to recognize (by interactions such as adsorp-
tion, chemical or electrochemical reaction) particular
gas species while the latter is that ability to transduce
the gas recognition into a sensing signal (e.g. electrical
resistance change, capacitance, electromotive force,
resonant frequency, optical absorption or emission,
work function, mass, optical characteristics, reaction
energy released by the gas/solid interaction, magnetic
(magneto-optical Kerr effect) among others.

Research in gas sensors is geared to enhance the
two functions,2 i.e. improvement of the receptor func-
tion usually related to selectivity and enhancement of
transducer function which is directly related to the
sensitivity of a gas sensors.3 There are different sens-
ing techniques used to achieve the two functions, con-
sequently giving rise to different sensor techniques
that includes catalytic gas sensors,4 electrochemical
gas sensors,5 optical gas sensors,6 thermal conductivity
gas sensors7 and acoustic gas sensors.8,9

Basically almost any metal oxide could be a basis
for solid-state gas sensor, if it is prepared as a suffi-
ciently fine dispersed porous substance with properties
controlled by surface states. However, for implementa-
tion of all sensing requirements, a material for solid-
state gas sensors has to exhibit a specific combination
of physical–chemical properties. Therefore not every
metal oxide can be corresponded these requirements.
Among the earliest experimented metal oxides as gas

2 M. A. NJOROGE ET AL.



sensors were ZnO powders, TiO2 and SnO2 after real-
ization that their electrical conductivity changed with
the composition of the gas atmospher.10 In the recent
past, the semiconducting metal oxide sensors (MOS)
are one of the studied group in the field of gas sens-
ing.11–14 They attract much interest in gas sensing
under atmospheric condition as a result of their flexi-
bility in production, large number of detectable gases,
low cost as well as simplicity of their use. These mate-
rials are able to use either physical or chemical effect
to convert any component or concentration of a gas
into detectable electric signal. These metal oxide
shown to be sensitive toward certain gas species, for
example, SnO2 as H2, H2S, NH3, C2H5OH, CO and
SO2 sensor15–17; ZnO as C2H5OH, CO, H2 and NO3

sensor18–20; WO3 toward N2 and NH3 sensing21–23;
TiO2.

24 The fabrication of these sensors mainly uses
thick films, pellets as well as thin film technology.25,26

The fabrication seeks to achieve the aforementioned
two main gas sensors functions, as well as
their durability.

Composite metal oxides usually show better gas
response than the single component if the catalytic
actions of the components complement each other27

e.g. binary oxide28,29 and ternary oxide.30 Noble metal
additives with high-effective oxidation catalytic activity
can be used to enhance the sensitivity of pure metal
oxides due to the “spillover effect,”27,31 e.g. addition
of silver,32 Lead, Platinum and Gold,33 silver, Gold,
Platinum and Lead.34 Generally the structure of the
metal oxide is very important in achieving selectivity
and sensitivity functions; high surface areas are neces-
sary to obtain highly-dispersed catalyst particles and
provide large reaction contact area between gas sens-
ing materials and target gases35,36; Porous structure
increases surface area,37,38 small grain size is useful to
enhance the sensitivity39; surface engineering to
achieve right crystallographic facets improves recov-
ery speed.4,41

There exist some drawbacks for some metal oxide
gas sensors which include; poor long-term stability
which can be reduced further when working under
critical condition thereby limiting them for practical
application42,43; poor selectivity44 for example SnO2

16;
high working temperature for example ZnO working
at 400–500 �C:45 Among all the metal oxide sensors,
spinel type oxides with the formula AB2O4 (where A
is a divalent metal and B a trivalent one, and located
as shown in Figure 1) play an important role in gas
sensing. They have been studied widely for the detec-
tion of oxidizing as well as reducing gases depending
upon the type of conductivity possessed by the

material.11,47 Spinel ferrites have been widely studied
for the sensing of both reducing gases and oxidizing
gases. The suitability of ferrite as gas sensors is their
capability of fine tuning of electrical properties.11 In
addition, ferrites also have oxygen vacancies which
modify the conduction properties and hence the elec-
trical response of the sensor.12 The major advantage
of spinel ferrite in comparison with other sensor
material involving single metal oxide semiconductor is
their capability of adjusting the type of conductivity
and resistance value by changing the positive ions
position and calcination condition.47

The importance of spinel ferrites in sensing field is
that a variety of transition metal cations can be incor-
porated in the lattice of the parent magnetite struc-
ture.45 In the structure they contain 8 tetrahedral
coordinated (A) sites and 16 octahedral coordinated
(B) sites. The conduction of these sensors occurs via
the transfer of electrons or holes between equal cati-
ons located in octahedral sites.48 Compared to other
traditional metal oxide semiconductor spinel type fer-
rite have lots of advantages which include; capability
of fine tuning of electrical properties due to oxygen
vacancies which modify the conduction properties and
hence the electrical response of the sensor.1,49,50

Their selectivity for some gases are comparatively
better than other semiconducting oxide; they have
controllable high thermodynamic stability, high corro-
sion resistance, low magnetic transition temperature
as well as low melting point.51,52 In addition ferrites
are simple to synthesize, have low cost reproducible
and as well when compared to other gas sensors have
structural and compositional flexibility and hence
place them in a better place in the field of gas sensor
technology. This review focuses on the Spinel Ferrites

Figure 1. The spinel structure of ferrites indicating the tetrahe-
dral and octahedral sites. Figure obtained from Issa et al.46

The divalent AII cations occupy 1/8th of the tetrahedral voids,
whereas the trivalent BIII cations occupy one half (1/2) of octa-
hedral voids.
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Gas Sensors, their sensing parameters, mechanism and
the effects of ion substitution.

2. Parameters of gas sensing

The parameters crucial in gas sensing, and especially
using ferrites sensors are elaborated in this part.
Various metal ferrites used as sensors for various
gases and their optimized parameters are summarized
in Table 1.

2.1. Pore structure

Pores are the void spaces found between the ceramic
grains and can be categorized as open passage pores,
open dead-end pores and internal or sealed pores.53

Pores can be rectangular, square, split, cylindrical
among others depending on the shapes of cross sec-
tion. The pore size can be classified as microspores
(about 2mm), mesoporous (between 2–200mm) and
macrospores (the average cross section diameter about
200 nm). Porosity it is the ratio of total pores per vol-
ume.

P ¼ Vp

V
(1)

where Vp the total is pores volume and V is the vol-
ume of the body.

Porosity influences sensitivity since the adsorption
of gas analyte takes place at the porous pores at
the surface of the sensor.54 Ferrite with open
pore exhibit improved sensitivity. High porosity of
CO1�xNixFe2O4

55 sensor influenced its sensitivity
toward ethanol and CO. Large number of pore in
LaFe2O4 LPG sensor56 influences its sensitivity. The
open pores allow faster adsorption of test gas analyte
and hence faster response. Superior gas sensing prop-
erties toward acetone using porous CuFe2O4 was
reported.57 This was attributed to the porous nano-
structure and secondly due to the surface of the
CuFe2O4 nanospheres. More recent studies on ferrites
nanoparticles,58 nanorods59,60 nanospheres,61 nano-
cubes,59 nanoparticulate thin films62 and nanoplates63

are in agreement on the benefit of higher porosity in
gas sensing.

2.2. Surface area

The surface area plays important role in gas sensing
in that porous metal oxides (see Eq. (2)) with large
surface area gives high sensitivity within certain
limit.64 Specific surface area, A, refers to the ratio of
total ceramic surface to its mass.

A ¼ S
m

(2)

where S ¼ Sn (total surface area of ceramic body sur-
face) þ Sp (surface of internal pores).

Nanoparticles with large surface area to volume
ratio improves sensitivity of gas as the interaction of
the gas analyte and the sample mainly appears on the
surface.53 Rezlescu et al.65 established specific area of
ferrite using Eq. (3).

A ¼ S
Vd

¼ 6
d:Dm

(3)

where S is surface area of the particle, V is the volume
of the particle, d is the bulk density, Dm is the average
grain size (see § 2.3) and the number 6 is the shape
factor. Generally, materials with smaller size of the
particle as well as the large specific area enhance gas
sensing process. Cao et al.66 prepared ferrites MFe2O4

(M¼ Fe, Co, Ni, Mg, Cd and Zn) materials of differ-
ent morphologies. They found that ZnFe2O4 displayed
best response which was as a result of its intrinsic
semiconductor characteristic as well as its suitable
porosity which have large surface specific surface area
of 67:14 m2g�1 compared to the lowest of
10:52 m2g�1 for the NiFe2O4.

2.3. Crystallite size, grain size and particle size

Three terms, crystallite size, grain size and particle
sizes do not mean the same thing. Crystallite refers to
the size of the one crystal inside the particle or grain,
and is determined using the Debye Scherer for-
mula,67,68 Eq. (4).

Dc ¼ kk
b cos h

(4)

where Dc is crystallite size, b is the full width at half
maximum intensity of peak at an angle h, k is a con-
stant and k is the wavelength of the x-ray source.
Several crystals make up a grain, sometimes the crys-
tal size may match the grain size, and it established in
some studies that more often, the grain size is much
larger than crystallite size.69,70 The term particle size
is used when the size of single crystal is of less than
about 10�5 cm, the limit at which the broadening of
the X-ray diffraction lines occurs.71 Generally, ferrites
with smaller grain size, smaller crystallite size and
open pores exhibit improved sensitivity. Smaller grain
results to an increase of the grain boundary surface
which in turn result to high resistivity.65 MgFe2O4

sensor exhibited the highest response with good
selectivity and speedy response-recovery behavior to
ethanol which was attributed by its smaller crystallite

4 M. A. NJOROGE ET AL.
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size, when compared with NiFe2O4, ZnFe2O4,
MgFe2O4, ZnAl2O4, CoAl2O4 and MgAl2O4.

1 Other
studies support that open pores and smaller grain
sizes enhance gas sensitivity.47,72

2.4. Operating temperature

The measurement of gas response shown that it
depended on the operating temperature.25 Electrical
properties of ferrites are temperature dependent73–76

and are attributed by polarizations which are: inter-
facial, dipolar, atomic and electronic. The interfacial
and dipolar polarizations, are strongly temperature
dependent.77 In turn therefore operating temperature
determines ceramic gas sensor sensitivity. At low tem-
peratures the gas analyte do not have enough thermal
energy to react with the adsorbed oxygen species O�

2
and hence low sensitivity. Sensitivity therefore is dir-
ectly proportional to operating temperature and
reaches maximum at a particular temperature.66 The
temperature corresponding to maximum sensitivity
depend on the type of the test gas, chemical compos-
ition, dopants as well as catalyst.

The enhanced sensitivity at elevated temperature is
attributed by enough high thermal energy which help
to overcome the activation energy barrier of the sur-
face reaction and as well as the conversion of
adsorbed oxygen species from O2

� to O� at increased
temperatures increasing electron concentration result-
ing from the sensing reaction of a target gas and O�

upon the maximum sensitivity is attained. Further
increase of temperature leads to a higher desorption
as compared to the adsorption rate since high temper-
atures are not favorable to the exothermic adsorption
process and hence the sensitivity response declines.66

Tudorache et al.78 showed maximum sensitivities of
CdFe2O4 and ZnFe2O4 as LPG, ethanol and acetone
sensor at 350 �C while CuFe2O4 at 300 �C and
NiFe2O4 at 250 �C. Kapse1 showed maximum sensitiv-
ity of MgFe2O4 LPG sensor at 325 �C and for NiFe2O4

at 300 �C. Satyanarayana et al.79 showed that sensitiv-
ity of NiFe2O4 toward LPG increased with tempera-
ture and reached maximum sensitivity at 250 �C.
Rezlescu et al.65 showed that maximum sensitivity of
CdFe2O4 and ZnFe2O4 appeared at 300 �C all used as
LPG, ethanol and acetone sensors. Generally, ferrites
sensors require thermal activation for the redox reac-
tion to occur.
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2.5. Sensitivity

Sensitivity can be defined as the ration in Eq. (5),80

where, Rg is sensor resistance in the presence of test
gas analyte and Ra is the sensor resistance in the pres-
ence of air.

S ¼ Ra

Rg
sensitivity for reducing gas or

S ¼ Rg

Ra
for oxidizing gas (5)

It can also refer as the ratio of the change of resist-
ance in test gas analyte to value of resistance in air,
Eq. (6).

S %ð Þ ¼ ðRa � RgÞ
Rg

� 100 (6)

It is dependent of concentration of gas (more often
a direct relationship)81,82 as well as the type of fer-
rite.83,84 The sensor resistance rises in an oxidizing
gas analyte while on the other hand it decreases in a
reducing gas analyte. Sensitivity also depends on the
pore size, porosity and specific area. Large specific
surface result in high sensitivity within certain limits.
In the production of ferrite sensor, the control of
these parameters is a major problem. These problems
are solved by suitable sintering temperature and intro-
duction of suitable additives that stimulate the pore
formation. Gas sensitivity tends to saturate in the
range of high concentration.85 Patil et al.11 showed
sensitivity of a-Fe2O4 toward LPG increased as con-
centration increased stepwise from 5–60 ppm.
Rezlescu et al.65 showed sensitivity of ZnFe2O4 LPG
sensor increased as concentration increased from
0–150 ppm. Sensitivity depends on the depletion layer
width for semiconductor ferrites.47

2.6. Selectivity

The sensor capability to selectively detect a particular
gas analyte in the presence of other gases is referred
to as its selectivity.86 It is an important parameter
since in practical application environments, gases
would exist as a mixture. Both sensitivity and selectiv-
ity are improved by temperature control,87 use of
catalyst and dopants,66,88 special additives to the sur-
face of the grain as well as the application of filters.
Selectivity can also be enhanced by appropriate thick-
ness of sensing layer as well as electrode configur-
ation.89 Different ferrites have different selectivity to
various gases. Rezlescu et al.81 showed selectivity of
CuFe2O4, CdFe2O4 and ZnFe2O4 toward LPG, ethanol

and acetone. Poghossian et al.85 showed selectivity of
BiFe2O3 toward acetone. Singh et al.90 showed select-
ivity of SrFe12O19 toward LPG. Kamble et al.51 showed
selectivity of NiFe2O4 toward Cl2. Generally selectivity
of various ferrites sensors to various gases differs that
is some ferrites can detect various gases while
others not.

2.7. Dopants (influence to sensitivity, selectivity
and operational temperature)

Ferrite gas sensor sensitivity, selectivity and response
time can be improved by adding or substituting metal
ions in ferrites e.g. Sutka et al.47 found that due to
increase of donor concentration the overall sensitivity
increases which is attributed by increased adsorbed
oxygen species on the grain surface. Joshi et al.55

studied induced effect on CO and ethanol sensing
properties of cobalt ferrite nanoparticles. Improved
sensitivity was observed and working temperature
reduced from 325 �C to 225 �C. Kadu et al.91 exam-
ined the incorporation of palladium influenced
Zn0.6Mn0.4Fe2O4 ethanol sensor. It was showed that
sensitivity increased and the operating temperature
reduced from 300 �C to 200 �C. Pathania et al.92

examined the effect of tungsten substituted nickel fer-
rite toward hydrogen. The sensor showed improved
sensitivity at a minimum temperature of 80 �C.
Gadkari et al.93 studied the effect of sm3þ ion addition
on sensing properties of MgCdxFe2O4 toward LPG,
Cl2 and C2H2OH. It was observed that working tem-
perature lowered to 198 �C from 222 �C. As it have
been shown by the above examples, the main role of
metal substitution in ferrite gas sensors is to lower the
operating temperature and increasing sensitivity as
well. This is achieved by two ways; first is by the
change of microstructure of ferrite by reducing the
particle size which provides a higher surface area.
Secondly, substitution modifies the electrical conduct-
ivity of the ferrite which enhances sensitivity.

2.8. Response characteristics

To quote Reddy et al.,94 ‘the response characteristics
give an idea of the rise time, i.e. the time taken by the
sensor to respond to the presence of a gas and the fall
time, i.e. the time taken by the sensor to come back
to its original value once the test gas is removed’. It is
also the resistance to the time relationship in gas con-
centration changes and the change in resistance which
is made from atmosphere of fixed concentration of
the test gas to clean air, at a fixed temperature and
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gas concentration.53 Korotcenkov95 defined response
time as the period from the time when the gas con-
centration reaches a specific value to that when the
sensor generate a corresponding signal. Mostly, it is
considered as the time taken to reach 90% of the
highest sensing response.96 Response characteristics
i.e. recovery times and response times, are dependent
on the gas adsorption, humidity presence and thus
water molecule desorption96,97 bulk nature of the sen-
sor element,2 rate of diffusion of the gas vapor
through the sensor microspores,98 working tempera-
ture, gas type25,99 and gas concentration.100

2.9. Sensor resistance to gas concentration

This parameter shows effect of gas concentration (Cg)
toward conductivity (Gs) or sensor resistance Rs:

53

The parameter depends on temperature, gas concen-
tration and has first sensor resistance in air (Ra) that
transient to its constant state value (Rag) during sens-
ing of the gas.101 At low concentration of the gas in
air atmosphere in a particular constant temperature
the conductivity is given by Eq. (7).102

Gs ¼ KC/
g (7)

where K and / are constants and Cg is the gas con-
centration parameter in air.

2.10. Fabrication and morphology of gas sensor

The oxygen chemisorption centers i.e. localized donor
or acceptor states, oxygen vacancies as well as other
defects are formed on the surface during fabrication
process of the material.56,103 Thus fabrication and the
morphology of a sensor is an important parameter in
gas sensing. Ferrite sensors can be made as thick
film,51 pellet form,56 thin film,2 nanorods104,105 and
nanocubes.59,106 They consists of large grained or
nanocrystalline material employing different technolo-
gies such as physical vapor deposition (PVD),107

chemical vapor deposition (CVD,108 drop coating pro-
cess,109 sputtering.110 Some of these materials are
effective due to their reproducibility in fabrication,
less expensive as well as faster response to gases. The
size of the sensor shrink to about 1mm � 1mm in
thick films and therefore achieve low power consump-
tion. In the case of thick film the sensors are prepared
through screen printing method where the paste is
made by mixing chemically sensitive powder with an
organic binder such as poly-vinyl alcohol (PVA)111 or
a-terpineol.1 The pastes are coated on substrates for
example alumina tube and ceramic tubes. In bulk

type, many ferrite sensors are produced by convec-
tional ceramic sintering process having either cylin-
drical shape or rectangular shape.85 They are operated
at temperature ranging from 300 �C to 500 �C. They
are widely used for toxic, reducing as well as inflam-
mable gases because of their long term stability con-
tributed by their structural properties.

2.11. Phase formation

Ferrites are ceramics and exist in different controllable
phases, and phase formation is dependent on the
composition and sintering temperature.112 The lower
phase formation temperature limits the growth of
crystal favoring ferrites in the gas sensing applica-
tion.113,114 In the case where ferrite consist of many
phases, its properties depend on each phase properties
separately and the way these phases occur on aggre-
gates. Mukherjee et al.115 showed that the phase pur-
ity, larger surface area, smaller particle size as well as
mesoporous surface morphologies of Mg0.5Zn0.5Fe2O4

ferrite particles have enhanced effect on the gas sens-
ing performances.

2.12. Surface phenomena and gas
sensing mechanism

2.12.1. Adsorption
The adsorption of oxygen on a material surface is a
function of the specific area and its intrinsic proper-
ties, and the response of a material to the reducing
gases is a function of the amount absorbed.116

Adsorption is the process whereby the solid or liquid
surface is accumulated with either gas or liquid solute
forming a film of molecules or atoms. On the other
hand absorption refers to a chemical or physical pro-
cess whereby either molecules, ions or atoms enter
some bulk phase gas solid or liquid material.
Adsorption can also refer to the process by which
molecules or particles are binded to the surface. The
term sorption applies for both absorption and adsorp-
tion.117 There are two types of adsorption; physical
and chemical adsorption.118 In physical adsorption
may it be atoms or molecules they maintain their
individuality with electrostatic forces of interaction
within the surfaces. Both physical adsorption and
desorption mainly occur at low temperature as a
result of low binding energy to the surface. The inter-
acting forces are caused by van-der wall forces which
originates from mutually induced dipoles moments.
On the other hand in chemisorption the atoms or
molecules are bonded by covalent bond and partially
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ionic with the crystal. Contrary to physical adsorption
chemisorption takes place at higher temperature as a
result of high binding energy which is above 1 eV.102

Under suitable condition physisorption gas phase
molecule forms multilayer adsorption while in chemi-
sorption only monolayer adsorption forms due to the
molecules being adsorbed on the surface by valence
bond. In both adsorptions the adsorbed molecules or
atoms form donor or receptor surface levels.

2.12.2. Surface state
Gas sensing at low concentrations is dependent of the
surface state.87,119 Surface state is localized states
energy levels at the materials surface. In ionic crystal
materials for examples semiconducting metal oxide
surface states are grouped in to as intrinsic and
extrinsic states.120 Intrinsic results from the lattice dis-
tortation periodicity at the surface. On the other hand
extrinsic states come from adsorption of impurities
and gases on the surface.

2.12.3. Mechanism of gas sensing
The mechanism of gas sensing is a major parameter.
In this review, we discuss the mechanism in § 3.

3. Gas sensing mechanism in ferrites

Spinel ferrites gas sensors work in a similar manner
as semiconductor gas sensor,121,122 in other words the
sensing mechanism is electrical conductance
related.76,123,124 Electrons are trapped by O2 species
chemisorbed onto the metal oxide particles as shown
in Figure 2.2 This leads to the formation of a resist-
ance layer as a result of electron depleted on the space
charge on the n-type particle surface or the conduct-
ing layer which results from accumulated holes on the
p-type particles, see Figure 3.125

Oxide sensor works under the principle of change in
the capacitance or electrical resistance as a result of the
adsorption of gases.53 The change in electrical resist-
ance is a function of test gas analyte which is the major
mechanism of sensing of the surface conductive gas
sensor.120 Upon the exposure of reducing for example
CO, CO react with adsorbed O� thereby releasing the
trapped electron to the conduction band and hence the
resistance lower. In ferrite, the mechanism of sensing is
based on the surface controlled process.126 The process
is described by two process i.e. adsorption and ioniza-
tion of oxygen from air containing the test gas analyte
as shown by the following expression

O2gas $ O2ad (8)

O2ad6 e� $ 20�ad (9)

O�
ad þ e� $ O2�

ad (10)

where “gas” and “ad” shows the gaseous and oxygen
adsorbed respectively. For reducing gases (R) it can be
absorbed on the sensor material surface as by expres-
sion (11).

R $ Rad (11)

The reaction of the gas adsorbed and the oxygen
species adsorbed such as O�

ad and O2�
ad then they pro-

ceed as shown in Eqs. (12) and (13).

Rad þ O�
ad $ ROad þ e� (12)

Rad6 O2�
ad $ ROad6 2e� (13)

At the end of the desorption takes place as per
expression 2.9 c.116

ROad $ ROgas (14)

The sensing property of various gases results from
difference in the reaction and the adsorption proc-
esses. Absorbed oxygen species play a key role in that
it provides enough reactant for the reaction.127 In
order to improve sensing properties catalytically active
compounds are added.126

Figure 2. Gas sensing mechanism showing the formation of
depletion region in a ferrite particle due to chemisorbed oxy-
gen. Upon the exposure to an analyte gas, the gas react with
adsorbed O- thereby releasing the trapped electron to the con-
duction band and hence the resistance lower.
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3.1. P-type spinel ferrite gas sensors

P-type inverse spinel structure has transition M2þ cat-
ions in the octahedral site besides Fe2þ.47 The p-type
conductivity results from the hoping holes between
octahedral sites. Darsane et al.99 examined gas sensing

mechanism of NiFe2O4 toward LPG p-type conductiv-
ity was observed which resulted from hole hoping
Ni3þ in octahedral site. Kadu et al.91 examined
Co1�xNiFe2O4 as CO and ethanol sensor. P-type con-
ductivity was observed in the pure cobalt ferrite as a
result of the hoping holes between Co3þ and Co2þ

ion pair in the octahedral site. In the presence of
reducing gases for examples CO, CH4, and LPG the
sensor resistance increases.85 Kim et al.128 examined
Bi2Fe2O4 as ethanol acetone and natural gas sensor.
The sensor showed increase in resistance. On the
other hand, in the presence of the oxidizing gases the
electrical resistance of the p-type sensor is reduced.
The decrease in conductivity is due to the electron
recombination with the hole.47

3.2. N-type spinel ferrite gas sensors

This are gas sensors which the transport charge car-
riers are provide by hopping electrons iron cations
sited in octahedral sites.47 The sensor are lowered
from their chemical composition and before oxygen
chemisorption cations Fe2þ and Fe3þ pair in the octa-
hedral locations. Satyanarayana et al.79 examined the

Figure 4. Metal ferrites synthesis method.

Figure 3. Schematic diagram for change of the sensor resist-
ance upon exposure to the target gas (reducing gas) in the
cases of n-type and p-type metal oxide sensors. Figure
obtained from Fazio et al.125
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sensing mechanism of NiFe2O4 sensor toward LPG.
The sensor possessed n-type conductivity. Rezlescu
et al.98 studied the sensing mechanism of CdFe2O4,
CuFe2O4 and ZnFe2O4 toward LPG and acetone. It
was observed that during the reduction process, free
elections into the semiconductors ferrites which increased
gas response. Gadkari et al.93 examined Mg1�xCdxFe2O4

sensing mechanism toward LPG, chlorine and ethanol.
On the exposure to LPG the concentration of the elec-
tron on the surface increased which resulted to increased
conduction band electron. Due to the increase in elec-
trons, the electrical resistance decreased hence sensitivity
increased. Mukherjee et al.129 examined sensing mechan-
ism of MgFe2O4 toward hydrogen and carbon monoxide.
N-type conductivity was observed in which free electrons
were generated into the semiconductors ferrite thereby
increasing gas response. Generally, on the exposure to
reducing gases the gas response or conductivity of the
sensor increases.80 BiFe2O3 as ethanol and acetone sensor
showed increased conductivity indicating n-type
conductivity.85

3.3. Substituted and mixed ferrites sensors

Substituted ferrites consist of more than two different
cations. The main role of metal substitution in ferrite
gas sensors is to lower the operation temperature as
well as increasing the sensitivity.91 The improved sensi-
tivity in metal substation changes or modifies the prop-
erties of ferrites such as electrical properties130,131

substituted Ni2þ by Zi2þ in NiFe2O4 and studied
Sensing toward acetone. The substitution strongly
affected its electronic structure. It was shown that the
resistivity of Nix�1ZnFe2O4 nano-sized particles
increased as Zi2þ increased and the conductivity type
changes from p-type to n-type. Jiang et al.132 studied
the effect of vanadium addition to ZnFe2O4 as ethanol
benzene and acetone sensor. It was found that on van-
adium (V5þ) substitution, there was a decrease
response toward ethanol and acetone but increase to
benzene. This was as result of catalytic oxidation
behavior of vanadium. Sutka et al.133 examined the
effect of substituting Co2þ for Ni2þ in NiFe2O4 sensor.
It was found that gas response lowered. This was as a
result of preferred octahedral sites and as a result,
resistivity increased in inhibiting the transfer of holes
between Ni2þ and Ni3þ.Mukherjee et al.13 investigated
the sensing mechanism of Mg-Zn ferrite. The sensor
was observed to have n-type conductivity. As the sen-
sor was introduced in the presence of reducing gases
for example CO, it reacted with the chemi-adsorbed
oxygen species which resulted to lowered potential

barrier which resulted to decrease in resistance. This
reduction in resistance enhanced sensitivity. Sharma134

investigated the sensing mechanism of nickel substi-
tuted Mg-Zn ferrite. It was found that Ni2þ occupied
octahedral sites where they were oxidized upon the
exposure to the test gas thus changing the electrical
resistance of the material. As per the above example it
has been shown that substituted ferrites exhibit a
change in response of the gas, but the change in direc-
tion is not always predictable.

3.4. Spinel ferrite humidity sensor

Spinel ferrites consists of water vapor dissociation
active sites and therefore used for sensing water.130

They show long lifetime as well as better sensitivity
reversibility. The mechanism of humidity sensing can
be explained in two steps. At first chemisorbed water
displaces oxygen forming –OH groups monolayer.135

Afterwards, water molecules are physisorbsed leading
to dissociating as a result of high electrical fields which
are in the chemisorbed layers. Electrolytic conductivity
becomes dormant at high humidity levels.136

Morphology just like other ferrite sensors, affects sensi-
tivity of humidity sensors. High specific surface area
favors water adsorption. Small pores of about 3–50nm
adsorbs water molecules condensing it by capillary
action. This lowers electrical resistivity due to electro-
lytic conduction.137 Shah et al.138 examined magnesium
ferrite sensing toward humidity. It was found that on
exposure the conductivity of the sensor increased due
to physisorption of water vapor. The conductivity was
a result of hoping Hþ ions through water. Response of
humidity sensors can be improved by replacing ferrites
with the foreign elements. Shah et al.139 showed cerium
oxide incorporation in MgFe2O4 created more oxygen
vacancies which lead to a bigger number of appropriate
water adsorption sites. Shah et al.139 showed that Pr
incorporation in MgFe2O4 increased the reaction which
have high electronegative OH�. This increased the sen-
sor response. Generally, mixed, substituted and doped
ferrites provide promising materials for developing
humidity gas sensors due to their magnetic and elec-
trical characteristic.

4. Ferrite gas sensors

This section discusses various metal ferrites that have
been studied as gas sensors. A summary is presented
in Table 1.
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4.1. Nickel ferrite and nickel doped ferrite

4.1.1. Nickel ferrites
Nickel ferrite is one of the most studied (see Table 1),
as a gas sensor to sense a wide range of gases such as,
LPG;51,90,99,119,140–142 acetone,47,119,143,144 ethanol,47,119

ammonia,51,144,145 Acetone,98,140,146,147 ethanol,140,144,146

methane (CH4),
140,141,144,146 Oxygen (O2),

51 Chlorine
(Cl2),

51,148 trimethylamine,149 toluene,47,144 carbon
monoxide (CO),141,144 Carbon dioxide (CO2),

90 butane
(C4H10),

141 hydrogen gas (H2)
144,150 and Heptane,47

hydrogen sulfide (H2S)
150 as well as humidity.141,142

Kamble et al.51 examined gas sensing properties of
NiFe2O4 thick films where nanocrystalline was synthe-
sized by chemical co-precipitate and thick film pre-
pared by screen printing technique. The dried
powders were sintered at a temperature of 400 �C for
8 h. From XRD the crystallite size calculated by
Scherer’s equation was found to be 8.36 nm.
Maximum sensitivity of 96% toward 1000 ppm of Cl2
at 60 �C and at response time of 12min was
observed. Ghosh et al.150 studied acetone and alcohol
sensitivity of nanocrystalline NiFe2O4 prepared
through sol-gel combustion method. From TEM
images regular-shaped aggregates were formed by
aggregation of very fine particles sizes ranging from
15–20 nm. Sensitivity increased with operating tem-
perature before reaching saturation at optimal tem-
perature. Highest sensitivity of �88% was observed in
the exposure to 200 ppm of acetone at 350 �C while
sensitivity of �76% was observed for 200 ppm of alco-
hol at 300 �C: Satyanarayana et al.79 studied LPG
sensing properties of NiFe2O4 synthesized by hydro-
thermal method. XRD analysis confirmed that ferrite
exhibited spinel cubic structure. The size of the crys-
tals was found in the range of 8.9–11.3 nm while the
size of the particle was found to be in the range of
12.3–14.7 nm. It was found that sensitivity increased
with temperature up-to saturation point at 230 �C:

Kapse1 examined the H2S, NH3, C2H5OH and LPG
sensing characteristics of NiFe2O4 synthesized by
citrated sol-gel route. The study obtained powder was
sintered at 600 �C for 5 h. XRD showed that ferrite
exhibited single phase spinel structure and the size of
the crystallite calculated using Debye-Scherer’s for-
mula was determined to be �23 nm. Maximum sensi-
tivities of 2.1, 0.6, 6.4 and 2.7 at 300 �C were obtained
for H2S, NH3, C2H5OH and LPG respectively all at a
concentration of 50 ppm. For the case of C2H5OH
both response time as well as recovery time were
observed at 88 s and 220 s respectively. Singh et al.90

studied LPG sensing characteristics of nanocrystalline
NiFe2O4 thin films prepared through sol-gel auto-

combustion technique. Fabricated films were heat
treated at 500 �C for 3 h to enhance ceramic proper-
ties. From SEM and XRD analysis, the specific surface
area of NiFe2O4 was found to be 57m2/g, crystallite
size of 23 nm and most dispersed particles were found
to be 11 nm. At a room temperature the sensitivity of
2.1 which had response time and recovery time of
�70 s and 180 s respectively were observed toward
200 ppm of LPG.

Patil et al.119 examined LPG, acetone, C2H5OH and
NH3 sensing characteristic of NiFe2O4 prepared
through glycine combustion method. The powders
were sintered at 500 �C and 700 �C: XRD confirmed
formation of cubic spinel structure ferrites with crys-
tallite size averaging to 31 nm for powder calcined at
500 �C and 38 nm for calcined at 700 �C: It was
observed that the sensor had highest sensitivity and
selectivity toward LPG. Maximum response of 142%
at 350 �C was observed toward 200 ppm of LPG.
Generally for all test gases it was observed that gas
response increased linearly with concentration. Liu
et al.141 synthesized NiFe2O4 by co-precipitate route
and studied its LPG and humidity sensing properties.
The obtained powder was calcined at 400 �C for 2 h.
From XRD analysis the crystallite size was observed to
be in the range of 15–50 nm. SEM micrographs
showed more pores which gave largest effective sur-
face area. The average sizes of the pore of samples
were observed to be in the range of 1.2 mm–2.5 mm. It
was found that sensitivity linearly depended with con-
centration up-to a saturation point. Maximum sensi-
tivity of 63.2 for 4 vol % of LPG was observed. Both
response time and recovery time were observed at
220 s and 250 s respectively. Maximum sensitivity
toward humidity for the range 10–90% was found to
be 54 MX/%RH.

4.1.2. Nickel doped ferrites
Various studies as summarized in Table 1, has studied
the influence of ion substitution in nickel ferrite e.g.
by substitution with Copper,83,151 Lithium,152–155

Manganese,83,156,157 Palladium,158 Silver,159 Tin,152

Zinc12,81,160–162 and double substitution with cobalt
and Manganese,79 Copper and Zinc.129

Sutka et al.47 examined the effect of zinc ion to
NiFe2O4 sensors. The samples for Ni1�xZnxFe2O4

(x¼ 0, 0.3, 0.5 and 0.7) were synthesized through sol-
gel auto-combustion technique and heat treated at 800
�C: From XRD analysis cubic spinel type structure
was formed for all samples. For all samples porosity
was found to >60%. It was observed that the response
toward 500 ppm of acetone was a function of both
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operating temperature and composition. With increase
in working temperature the response increased to
peak and then decreased. Maximum response
appeared at 275 �C: Iftimie et al.140 studied acetone,
C2H5OH, CH4 and LPG sensing characteristics of
Ni0.99Co0.01Mn0.02Fe0.02O4 synthesized by self-combus-
tion method. The powder obtained was pressed into a
disk shape and then heat treated at 1000 �C for
30min. XRD analysis confirmed spinel structure of
the ferrite. SEM images showed that the samples con-
sisted irregularly-shaped of 1–6 l m aggregates of fine
0.1 l m particles. The size of the crystallites was
observed to be ranging from 100–500 nm, high inter-
granular porosity of 40% and bulk density of 3.11 g/
cm2. Sensitivity toward acetone was observed to be
best and almost insensitive to methane. Sensitivity
increased linearly with operating temperature and
reached maximum value at 230 �C and decreased on
further increase. Jiao et al.118 examined acetone sens-
ing properties of amorphous Ag modified NiFe2O4

synthesized through solid state reaction method. The
samples were calcined at 800 �C: It was found that
for 1.5% Ag modified NiFe2O4 sensor a maximum
sensitivity of 43 toward 1000� 106 acetone vapor at
steady operating voltage of 4.5V. Both response time
and recovery time were found at 1 s and 10 s
respectively.

Manikandan et al.152 synthesized Sn0.2Ni0.8Fe2O4 by
co-precipitate method and fabricated thin film sensor.
Thin film sensing properties toward sulfur hexafluor-
ide gas were studied. thin film were heat treated at
900 �C for 4 h. XRD confirmed that the structure of
the sample was cubic spinel and the crystallite size
calculated using Debye Scherrer formula was found in
the average range of 39 nm. The size of the particle
obtained from SEM was found to be in the range of
34.5–35.02. Maximum sensitivity of 68.43% toward
80 ppm of the gas was found at 25 �C: Response time
and recovery time were observed at 3.76 and
23.21min respectively.

4.2. Cobalt ferrite and cobalt doped ferrites

4.2.1. Cobalt ferrites
Cobalt ferrites are popular too in gas sensing to
sense LPG,163–165 nitrogen dioxide,166 ammonia
(NH3),

163,164,167,168 ethanol (C2H5OH),149,163,164 sulfur
dioxide (SO2),

163 methanol (CH3OH),166 nitrogen
dioxide (NO2),

166 hydrogen sulfide (H2S),
164 carbon

dioxide (CO2),
164 hydrogen (H2)

164 and Chlorine
(Cl2).

164 Bagade et al.166 prepared CoFe2O4 thin film
through chemical spray pyrolysis and examined

nitrogen sensing properties. In enhancing physio-
chemical and sensing properties, coated cobalt ferrite
films were sintered at 900 �C. XRD confirmed poly-
crystalline nature of the film as well as spinel cubic
structure. From the surface morphology it was
observed that the grain structure had grain size aver-
aged to about 200 nm–400 nm. Highest gas sensor
response of 95% for 80 ppm of N2 was recorded at
optimum temperature of 300 �C. Response and recov-
ery time were observed at 5 sec and 117 sec. Leroux
et al.167 synthesized CoxFe3�xO4 (for x ranges from
1–8) through wet chemical route and examined it sen-
sitivity toward NH3. It was found that for each cobalt
amount the powder was very homogenous in compos-
ition, size and well dispersed. The particle size
decreased with cobalt amount x to <10 nm. The sen-
sors were calcined at 175 �C for 48 h to impact gas
sensing properties. Maximum sensitivity toward
25 ppm of NH3 was obtained at 227 �C: Xiangfeng
et al.149 synthesized CoFe2O4 nano-crystalline by
hydrothermal method and examined its sensing prop-
erty toward ethanol. XRD showed that spinel CoFe2O4

was obtained in the Ph range of 8–14. From the SEM
the particle size ranged from 15–20 nm with particle
size increasing with hydrothermal reaction time.
CoFe2O4 obtained under Ph 8 portrayed the highest
response of 71.9 at 150 �C of 10 ppm ethanol. Bagade
et al.163 studied morphological, structural, and mag-
netic as well as gas sensing properties of CoFe2O4.
Thin film deposited on the quartz substrate by spray
pyrolysis technique, films were annealed at 900 �C for
4 hour. In ambient atmosphere, XRD showed that the
film formed spinel cubic structure. The size of the
crystallite was observed to be in the range of 150 nm-
200 nm of the samples prepared. It was found that
sensitivity was a function of both working tempera-
ture and concentration of the gas. It was found that
resistance increased upon exposure to NO2 with
response time increased from 5 s at 5 ppm to 9 s at
80 ppm. Additionally recover time also increased from
130 s to 160 s with NO2 concentration at 150 �C:

4.2.2. Cobalt doped ferrites
Cobalt substituted ferrites perform well in sensing of
the mentioned gases. Cobalt has been substituted with
nickel,47,78,91,133,169 with Semarium,43 with manga-
nese,83,170–172 with cerium,173 with manganese,83,174

and doubly substituted to form a ternary ferrite of
cobalt, nickel and zinc.175 Bagade et al.170 prepared
Co1�xMnxFe2O4 (for x ranges from 0.0–0.5) by chem-
ical spray pyrolysis and studied its sensing characteris-
tics toward NO2 gas. It was observed from the XRD
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that the film exhibited single phase inverse spinel
cubic structure with the size of crystallite varying
from 45 nm to 65 with relation to Mn2þ concentra-
tion. The film was annealed at 900 �C for 4 h inorder
to get better structural properties which aided gas
sensing properties. Maximum gas response of 1.62
was found at working temperature of 150 �C for
100 ppm of NO2. Maximum sensitivity recorded was
at 90%.Tudorache et al.78 studied Ni1�xCoxFe2O4

(x¼ 0.25, 0.5 and 0.75) sensing properties in thin
films coated on a glass substrates through spin coating
technique. To obtain oxide nanocrystalline thin film
the sensor was sintered at 800 �C for 1 hour. The size
of the crystallites was calculated using Scherrer equa-
tion was found to increase with increase with x in the
range of 20–29 nm. It was found that gas sensitivity
was a function of working temperature, type and gas
concentration, microstructure as well as material com-
position. It was found that gas sensitivity to alcohol
increased from 56% to 66% as the constant in Co
increased from x¼ 0.25 to x¼ 0.75 at 260 �C:
Sensitivity to 150 ppm acetone increased from 49% to
61% when the constant in Co decreased from x¼ 0.75
to x¼ 0.25. Maximum sensitivity of about 70% toward
150 ppm alcohol was obtained at 260 �C with the film
having a recover time of 10min. Kadu et al.91 examined
CO and C2H5OH sensing properties of CO1�xNixFe2O4

(x¼ 0, 0.5 and 1.0) prepared through chemical co-pre-
cipitation technique. From XRD it was observed that
single phase cubic spinel structure was formed by all
the samples. The size of the crystallite calculated using
Scherer’s equation was found to be in the range of
10–20nm. It was found that sensitivity increased with
operating temperature as well as the concentration up-
to a saturation point. Optimal temperature of 325 �C
was attained for 1000 ppm of CO gas while for
1000 ppm of C2H5OH was observed at 250 �C

4.3. Zinc ferrites and zinc doped ferrites

4.3.1. Zinc ferrites
Gas sensing of Zinc ferrites have been studied and
found to have various efficiencies or lack of on the fol-
lowing gases, LPG,48,85,118,168 Acetone,85 ammonia
(NH3),

176 methanol,176 ethanol (C2H5OH),
85,118,176–180

hydrogen (H2),
13,97,115,176,180 NOx,

180 SOx,
177 H2S

177,178

Carbon monoxide (CO),13,115,118,181 Methane
(CH4),

115,118 Nitrogen dioxide (N2O)
118 and acetone.176

Darsane et al.177 prepared ZnFe2O4 nanoparticles
by the molten salt route and examined it sensing
properties toward NOx, SOx and H2S. From XRD ana-
lysis single Phase formation of ZnFe2O4 of crystallite

size ranging from 15–20 nm were observed. The sen-
sors were calcined at 700 �C. The particle size calcu-
lated using Scherer formula showed particle size of
16 nm. It was observed that sensor exhibited highly
selective sensitivity toward 200 ppm of H2S at working
temperature of 200 �C. The response toward H2S was
found to at 330 while for H2, NO2, acetone and etha-
nol it was less than 60.Rezlescu et al.65 prepared
ZnFe2O4 through sol-gel self-combustion method and
studied its ethanol, acetone and LPG sensing proper-
ties. Ferrites were heat treated at 1000 �C to impact
ceramic properties. Ferrite was characterized with
smaller grain size of 100 nm, porosity of 48.4% and
large active surface of 22.2m2/g toward test gases. The
maximum sensitivity of the tested gases at a concen-
tration of 150 ppm each were obtained at 350 �C.
Maximum sensitivity was found to be 90% with
response time of about 3minutes and recovery time
of 2minutes. Zhu et al.180 prepared ZnFe2O4 nano-
rods through micro-emulsions based synthesis and
studied their application as ethanol sensor at a room
temperature. TEM images showed that ferrite con-
sisted nanocrystals ranging from 5 nm to 10 nm which
arranged in line. Large number of nanoholes
enhanced specific surface area which resulted to
increase in ethanol response. It was found that
response increased from 14–2380 as concentration
increased from 50 ppm to a maximum of 500 ppm.
Jiao et al.118 prepared ZnFe2O4 films by ultrasonic
spray pyrolysis on alumina substrates. Sensing proper-
ties of the substrates were examined toward 500 ppm
of CO, CH4, C2H5OH and LPG. It was found from
SEM that ZnFe2O4 film had a very good adherence to
the substrate having spherical particles with mean size
of about 200 nm. The sensitivity toward CO was
found to be 10 while for CH4, C2H5OH and LPG
were 2.0, 1.6 and 1.4 respectively.

Tyagi et al.179 prepared ZnFe2O4 through auto-
combustion method and examined its sensing proper-
ties toward ethanol. From FESEM micrographs the
particles of the synthesized ferrites were found to have
spherical shaped morphology with the particle ranging
from 10–15 nm. On heat treatment the particle size
increased to the range of 35–40 nm. Sensitivity was
observed to be dependent of both working tempera-
ture and concentration. As temperature increased,
sensitivity increased as concentration increased from
200–800 ppm. Maximum sensitivity for “as syn-
thesized” material appeared at 250 �C while for heat
treated at 300 �C. Calcined ferrite showed a faster
response of 65 s and a recovery time of 75 s while for
“as synthesized” had a response of 70 s and recovery
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time of 90 s. Singh et al.48 examined sensing proper-
ties of ZnFe2O4 nanorods toward LPG. Samples were
synthesized through sol-gel auto-combustion tech-
nique. The diameters of the rods were found to be in
the range of 30 nm to 40 nm, length ranging from
100–120 nm whereas specific surface area was found
to be 86.47m2/g. The size of crystallites was calculated
using Debye Scherrer formula was found to be 10 nm.
The maximum sensitivity and percentage sensor
response toward 2000 ppm of LPG were found to be
2.4 and 140% respectively. The response time as well
as the recovery time were found at approximately 60 s
and 300 s.

4.3.2. Zinc doped ferrites
Zinc ions have been substituted with magne-
sium115,181–185 in a bid to improve one of the sensing
parameters mentioned in § 2. Maity et al.184 prepared
Mg0.5Zn0.5Fe2O4 through self-combustion route and
examined its sensitivity toward H2 CH4 and CO. The
synthesized nanocrystalline powder was made in pellet
and calcined at 600 �C for 2 h to form circular sensing
element. All test the test gases were examined at a con-
centration ranging from 500–1660ppm at working
temperature ranging from 250 �C–380 �C. It was found
that response was dependent of both working tempera-
ture and concentration up-to a particular point where
it start to reduce. Jain et al.186 studied LPG sensing
properties of Zn1�xCuxFe2O4 (x¼ 0.0, 0.25, 0.5 and
0.75) prepared through sol-gel auto-combustion
method. The samples were sintered at 650 �C for 4.5 h
to enhance sensing characteristics. XRD showed that
zinc copper ferrite exihibited single phase inverse spinel
structure. With increased concentration of copper, the
size of crystallite was observed to increase from 28nm
to 47nm. Morphological analysis from SEM showed
ferrite exhibited a structure which was porous of par-
ticles throughout the sample. LPG response linearly
depended on operating temperature concentration and
composition. Maximum sensitivity of 55.35% for
0.6 vol% of LPG at 250 �C for Zn0.5Cu0.75Fe2O4 was
observed. Both response time and recovery time were
observed at 6.25 and 3.5min respectively.

4.4. Copper ferrites and copper doped ferrites

4.4.1. Copper ferrites
Studies have reported various sensing efficiencies for
copper ferrites in presence of the following gases;
LPG,85,187–189 ammonia (NH3),

26 ethanol
(C2H5OH),26,85,189 acetone (CH3COCH3),

26,85 carbon
monoxide (CO),189 carbon dioxide (CO2),

189–191

hydrogen (H2),
26,189,192 hydrogen sulfide,193 gas-

oline189 and acetylene.189

Rezlescu et al.65 prepared CuFe2O4 through sol-gel
auto-combustion technique and examined its ethanol,
acetone and LPG sensing properties. It was observed
that the ferrite exhibited large faceted crystallite of
700 nm and have a tendency toward agglomeration as
a result of the smaller size of the ferrite particle. It
was also characterized with porosity of 32.8% and sur-
face specific area of 2.4m2/g. The maximum sensitiv-
ity of each test gas was observed at a gas
concentration of 150 ppm and operating temperature
of 350 �C. Maximum sensitivity of 90% was attained
at response of 3minutes and recovery time of
4minutes.194 fabricated CuFe2O4 porous hierarchical
nanostructure through sol-gel coating method and
examined its sensitivity toward LPG. SEM micro-
graphs showed that CuFe2O4 film had porous surface
morphology with pore size �150–700 nm thereby
enhancing sensitivity. The size of the particle was
found to be 12 nm and average of 13 nm both deter-
mined using Debye Scherrer equation. It was observed
that maximum sensitivity was 1.96 for 500 ppm of
LPG. Both response time and recovery time were
found at �0 s and �400 s respectively. Haija et al.193

studied H2S sensing properties of CuFe2O4 nanopar-
ticles prepared through sol-gel self-combustion. They
were annealed at 500 �C and 750 �C: The crystallites
increased from 27 nm as prepared to 32 nm for both
annealed samples. Maximum sensitivity of the sensors
toward 25 ppm of H2S was observed at 80 �C. The
response time was found to be 51.56 3.4 s for both as
synthesized and calcined at 750 �C samples and almost
twice for samples calcined at 500 �C:

4.4.2. Copper doped ferrites
Copper substituted with Cerium,175,195 with manga-
nese,83,196 with Lithium,197 with Zinc186 and plat-
inum.198,199 studied magnetic dielectric and LPG
sensing properties of Mn0.4Cu0.6Fe2O4 prepared
through self-combustion method. The samples were
calcined at 600 �C and 900 �C for 5 hours. The size
crystallite calculated from XRD was observed in the
range of �–45 nm from the TEM spherical particle in
the range of 40–60 nm was observed. It was observed
that sensor response increased linearly with concentra-
tion of LPG and operating temperature. Maximum
response was attained at concentration of 1000 ppm
at 300 �C:
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4.5. Cadmium ferrites and cadmium doped ferrites

4.5.1. Cadmium ferrites
Rezlescu et al.25 studied acetone, C2H5OH and LPG
sensitivity by CdFe2O4 prepared through sol-gel auto-
combustion. The sensor in pellet form was sintered at
100 �C for 30min to facilitate solid state. From XRD
and SEM analysis average grain size of 30 nm, poros-
ity of 45.5% and surface specific area of 6.0 were
found. Maximum sensitivity for the test gases
appeared at 350 �C and at concentration of 150 ppm.
It was also found that CdFe2O4 exhibited highest sen-
sitivity toward alcohol and less sensitive toward LPG
and Acetone.

Chen et al.136 examined LPG sensing properties of
CdFe2O4 synthesized by co-precipitate method. XRD
result showed that the samples exhibited single phase
spinel-type structure with crystal size of 33 nm. TEM
images portrayed the samples particles had spherical
shape with mean diameter within 50 nm and surface
area of 80.1m2/g. Highest sensitivity toward 2000 ppm
of LPG appeared at 250 �C: Rezlescu et al.25 studied
LPG, C2H5OH and acetone sensing characteristic of
CdFe2O4 prepared through sol-gel auto-combustion
technique. The pellets sensors were sintered at 1000
�C for 30min to facilitate solid state of ferrites. XRD
and SEM analysis showed the ferrites had a porosity
of 45.5%, the size of the crystallite 300 nm and specific
areas of 6.0m2/g were observed. At 150 ppm of test
gases and at operating temperature of 350 �C, it was
observed that CdFe2O4 was more sensitive to alcohol
and as compared to LPG and acetone.

Tianshu et al.199 studied ethanol sensing properties
of CdFe2O4 prepared through chemical co-precipita-
tion technique. Samples were sintered at 600 �C and
800 �C so as to enhance sensing properties. XRD ana-
lysis confirmed single phase of CdFe2O4 and the sizes
of crystallite were estimated to be 15 nm. Spheroidic
particles of size 30 nm were observed from SEM
micrographs. Maximum sensitivity of 90% toward
200 ppm ethanol vapor was observed at 380 �C with
both response time and recovery time recorded at 15 s
and 35 s respectively. Gadkari et al.200 examined sens-
ing properties of CdFe2O4 synthesized by oxalate co-
precipitation technique toward LPG, Cl2, and ethanol.
XRD showed the formation of single phase cubic spi-
nel structure. The size of Crystallites calculated using
Scherrer formula was found to be 30 nm. Maximum
sensitivities of 85%, 35% and 30% were found toward
ethanol, LPG and Cl2 respectively were found. Both
response time and recovery time toward LPG were
200 s and 250 s respectively, 200 s and 350 s toward
Cl2 while 250 s and 300 s toward ethanol respectively.

4.5.2. Cadmium doped ferrites
Kotresh et al.201 studied LPG sensing characteristic of
PANI-CdFe2O4 prepared by chemical polymerization.
The obtained powder was calcined at 300 �C: From
XRD analysis, the size of the crystallites was found to
be 24 nm for CdFe2O4 and 30 nm for the PANI-
CdFe2O4. FESEM images showed homogenous porous
morphology with high surface area. Maximum
response of 50.83% toward 100 ppm OF LPG at a
room temperature was observed. Both response time
and recovery time were found at 50 s and 100 s
respectively were observed while stability was found
to exceed a period of 1month with a small change of
4%. Chethan et al.202 studied humidity sensing prop-
erties of Cd1�xNixFe2O4 (x¼ 0.0 and 0.5) synthesized
through sol-gel auto-combustion technique. The pow-
ders were calcined at 400 �C: XRD confirmed cubic
spinel structure thus showing its polycrystalline in
nature. The average size of the grain of both pure and
substituted was found to be 0.6 mm and 0.3 mm
respectively. At room temperature maximum response
of 99% and 50% were observed for substituted and
pure CdFe2O4 respectively when measured in the
range of 25–95% RH. Response time as well recovery
time were found to be 30 s and 45 s for nickel substi-
tuted and 123 s and 154 s for CdFe2O4.

4.6. Magnesium ferrites and magnesium
doped ferrites

4.6.1. Magnesium ferrites
Patil et al.114 examined LPG, NH3, ethanol and acet-
one sensing properties of MgFe2O4 prepared through
sol-gel auto-combustion. Ferrite was sintered at
1173K. From XRD it was observed that the size of
the particle increased from 30 to 38 nm with sintering
temperature. The response of about 71% to 200 ppm
of LPG was found at 698K. Hankare et al.123 exam-
ined gas sensing properties of MgFe2O4 synthesized
through co-precipitation route. The ferrite was sin-
tered at 900 �C for 4 h to enhance sensing properties.
From SEM the size of the particle tabulated using
Cottrell’s method was about 1mm. This suggested for-
mation of grain through aggregation of small crystalli-
tes of 40 nm. It was found that sensitivities of ferrite
toward petrol, ethanol, methanol, LPG and ammonia
greatly depended on operating temperature as well as
concentration. Maximum sensitivity of 3.0 at 250 �C
of 5 ppm petrol was recorded. Liu et al.203 examined
gas sensing of MgFe2O4 synthesized by solid state
reaction. The samples were annealed at 700 �C: The
resulting MgFe2O4 consisted particles of size ranging
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from 15–30 nm. The gas sensing responses toward
CH4, LPG, ethanol (C2H2OH) were found to increase
linearly with temperature up to a certain temperature
where it began to decrease for ethanol. Maximum
response was found at 355 �C while for H2S, was
found at 160 �C: It was also observed that there was a
linear relationship between the sensitivity and gas
sensing. Godbole et al.204 Studied alcohol sensing
properties of MgFe2O4 prepared using auto-combus-
tion method. From XRD it was found that the sam-
ples exhibited spinel phase. The particles were
observed to be spherical in shape with the size averag-
ing to 15–20 nm and pore size of �mm. Maximum
sensitivity of 73% toward 5 ppm C2H5OH was found
at 275 �C while sensitivity of 50% was observed for
5 ppm CH3OH.

4.6.2. Magnesium doped ferrites
Bharti et al.182 prepared Mg1�xZnxFe2O4 (x ranges
from 0.1–1.0) through wet chemical preparation route
and examined its sensing characteristic toward H2 and
CO. The powders were calcined at the range of
300–900 �C for 2 h in air. From XRD analysis the size
of the crystallite size was found to be approximately
11 nm. Sensitivity of 44% of 1660 ppm of CO was
achieved at operating temperature of 320 �C. On the
same concentration, sensitivity of 65% was observed
for H2 at the operating temperature of 380 �C. Patil
et al.205 examined acetone sensing properties of
MgFe2xCexO4 (x ranges from 0.04 to 0.12) prepared
through sol gel self-auto-combustion method. The
samples were sintered at 973K and 1173K. It was
observed that with Ce increase the crystal size
decreased gradually SEM micrographs showed porous
microstructure which enhanced sensor response. As
Ce doping increased from x¼ 0.04 to x¼ 0.12 the size
of the grain was observed to decrease from 0.24, 0.13
to 0.07 l m. XRD analysis showed that the size of
crystallite to be in the range of 28–34 nm. It was
found that sensor response linearly increased with
temperature and saturated at optimum temperature.
Maximum response of 94% at 598K was observed for
x¼ 0.12. Thick film sensor sintered at 973K. The cor-
responding response time and recovery time were
recorded at 20 s and 65 s accordingly.

Darshane et al.206 examined sensing performance
of Pd doped MgFe2O4 synthesized through molten
salt route. The samples were annealed at 700 �C to
enhance ceramic properties. XRD showed single–-
phase formation of both pure and doped MgFe2O4

having the size of crystallite ranging from 15–20 nm.
It was observed that Pd improved selectivity to LPG

and reduced toward H2, C2H5OH, Nox, SOx, H2S as
well as acetone. Maximum response of �0 for pure
MgFe2O4, �70 for 1% doped and �430 for 3% doped
were recorded toward 200 ppm of LPG at 200 �C.
Pure MgFe2O4 showed response and recovery times at
5 s and 5min respectively while for 1% doped and 3%
doped at response of 3 s and 2 s respectively and both
having a recovery time of 2min. Kotnala et al.207

studied humidity sensing properties of Mg1�xLixFexO4

(0.0� x� 0.6) synthesized through solid state reaction
method. The pellet sensors were annealed at 300 �C to
enhance ceramic properties. XRD analysis showed the
samples exhibited spinel structure. As lithium ions
increased it was found that the size of the grain
reduced from 200 nm to 110 nm. Sensitivity factor was
found to increase in the range of 165 for pure ferrite to
2080 for lithium substitution in the range 10–80% RH.
The shortest time measured was 180 s for the x¼ 0.4
sample. The porosity decreased as Li content increased
from 9.7% for x¼ 0.2 to 2.6% for 0.4. On the other
hand fastest response time was observed at 180 s for
x¼ 0.4 while recovery time was 435 s for x¼ 0.6.

4.7. Manganese ferrites and manganese
doped ferrites

4.7.1. Manganese ferrites
Rathore et al.208 studied SO2 and NO2 sensing charac-
teristic of MnFe2O4 synthesized by chemical co-pre-
cipitate method. XRD showed that the ferrite formed
a single phase cubic structure. The size of the crystal-
lite was determined using Scherrer formula and was
found to be 10.7 nm. It was observed that MnFe2O4

nanoparticles were more sensible for NO2 at 93.6% as
compared to SO2 at 80.6%. Recovery and response
time for both gases were 1 s and 5min respectively.
Vignesh et al.209 studied NH3 sensing properties of
MnFe2O4 prepared through solution assisted combus-
tion method. XRD analysis revealed that the sample
exhibited spinel cubic structure. The average size of
the particle was found to be in the range of 30–35 nm.
Maximum sensitivity of 83.5% toward 10 ppm of NH3

was observed at 300K.

4.7.2. Manganese doped ferrites
Satyanarayana et al.79 synthesized Ni1�xCoxMnxFe2�xO4

by hydrazine method and examined its sensing behavior
toward LPG, C2H5OH, Co and CH4. The powder was
calcined at 500 �C to complete crystallization in to the
cubic spinel phase. From XRD analysis the size of the
crystallite was calculated using Debye Scherrer formula
and was found to be in the range of 10–15nm. Specific
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surface area on the other hand was found to be 60m2/g.
It was observed that upon incorporation of 1wt.% Pd,
sensitivity increased, and response time reduced and the
operating temperature of the sensor also lowered.
Maximum sensitivity of �60% was observed for
1000ppm of LPG at 180 �C: The response time was
found to be less than 1min. Koseoglu et al.210 synthesized
Mn0.2Ni0.8Fe2O4 nanoparticles by PEG assisted hydrother-
mal route and studied humidity sensing properties. From
XRD analysis, the size of the crystallite was calculated
using Debye Scherrer formula was found to be 27nm.
SEM micrographs showed that nanoparticles exhibited
large grain structure having irregular morphology with
soft agglomeration. Sensitivity was observed to increase
with concentration from 1000ppm to 8000ppm where it
saturated. Highest sensitivity of 0.99 was found at 250 �C
for 8000ppm of humidity. Response time as well as recov-
ery time were found to be 450 s and 90 s respectively.

4.8. Lithium and lithium doped ferrites

Rezlescu et al.25 examined gas sensing properties of
Li0.5SmxFe2.5O4 for (x¼ 0, 0.05, 0.1 and 0.2) synthe-
sized using sol-gel self-combustion method. The disk
sensor was sintered at 850 �C for 2 hours from SEM
images samples exhibited high porosity as well as
small particle size, under 0.2 mm with increasing Sm
content, the size of particle the decreased from 0.2 to
(0.1–0.15) mm and porosity increased from 33.2% to
about 44%. It was further found that sensitivity
depend on, the working temperature, porosity, con-
centration of the gas as well as the gas type. For
instance 200 ppm of ethanol or methanol vapor, max-
imum sensitivity of 80–87% and response of about
3min was observed at working temperature range of
340–355 �C: The recovery time was found to be lon-
ger at about (5–6min). Manikandan et al.154 synthe-
sized (Li-CuFe2O4) using co-precipitation method and
fabrication into thin film for gas sensing. The pre-
pared thin film was calcined at 900 �C for 4 hours and
then used as sensor toward LPG. The XRD revealed
cubic structure with the size of crystallite and lattice
constant of thin film found at �7 nm and 8.303 ang-
stroms. TEM images showed irregular particle sizes in
the range of 7–17 nm. It 2 as found that sensor
response increased with LPG concentration from (0.5
to 4 vol %). The maximum sensitivity of 83.82% was
observed for 4 Vol to a room temperature. The
observed response time and recovery time were 2.7
and 19.36minutes respectively.

5. Methods of synthesis of gas sensing
spinel ferrites

Synthesis techniques play key role in controlling the size
and surface area as well of ferrite material. The prepar-
ation of ferrite nanoparticles for gas sensing has been
studied using different methods which inter alia includes;
sol-gel self-combustion, co-precipitation, wet chemical
method, solid state reaction, ball milling, hydrothermal
and molten salt as summarized in figure 4.

5.1. Sol-gel auto-combustion method

It consists of exothermic and self-sustaining thermally
induced reaction of xerogel (redox reaction of xero-
gel), see Figure 5.47

For ferrites synthesis, metal nitrates are preferred as
oxidizer and citric acid monohydrates as reductant.
Ferrites nanoparticles are formed as a result of emis-
sion of large volume of gas which is accompanied by
loss of large mass during the xerogel combustion pro-
cess. This technique has widely been used to synthesis
ferrites for sensing detection. Rezlescu et al.65 synthe-
sized CuFe2O4, CdFe2O4 and ZnFe2O4 via sol-gel and
examined their LPG, acetone and ethanol sensing char-
acteristics. In the synthesis process, appropriate metal
nitrates were weighed in the required amount and
thereafter were dissolved in distilled water. Alcohol
polyvinyl was added to make a colloidal solution. Ph of
8 was maintained by adding NH4OH solution and this
resulted to the sol of metal hydroxide and ammonium
nitrates. The sol was therefore heated at 120 �C for 12h
and the gel obtained was ignited. The combustion con-
verted gel into a loose powder containing very fine
crystallite. In order to eliminate organic compounds,
the powders were heated at 500 �C.

Other studies which have employed the method to
synthesis ferrite for gas sensing includes; Jain et al.186

Synthesized Zn1�xCuxFe2O4 for LPG sensing, Singh
et al.165 synthesized ZnFe2O4 for ethanol sensing, Patil
et al.119 synthesized NiFe2O4 for LPG, acetone and
alcohol sensing etc. Advantages of using this method
of synthesis includes; better chemical homogeneity,
purity of the product as well as the crystallinity, par-
ticle size being fines, simple step followed, low exter-
nal energy consumption, easy to control stoichiometry
and simple equipment preparation process. The men-
tioned advantages as an example are evidenced in the
study of ZnFe2O4, CuFe2O4 and CdFe2O4 as LPG,
acetone and ethanol sensors.81 Small particle size,
homogeneity in grain distribution, purity, crystallinity
as well as tendency toward agglomeration due to the
small size of the ferrites were obtained. Properties of
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ferrites prepared using sol-gel method are affected by;
fuel agent, reductant to metal salt ratio, combustion
process chemical additives and heating mechanism.
Some of them are discussed below.

5.1.1. Reductant to metal salt ratio
The ratio of reductant to metal nitrates reaction is
very important since it allow control of flame time
which affects the formation growth of the phase as
well as on the particle agglomeration state.211

Whenever the excess complexant is used the rate of
reaction as well as temperature are reduced hence
oxygen in extreme need to be supplied. Furthermore,

with large complexant amount, large gases volume is
produced and hence reduces chances of particles to
contact, growth and as well as to sinter to each other.
This produces high specific area powders.212 On the
other hand for the smaller amount of reductant, the
heat produced is not sufficient due to lack of com-
plexant in the process. The reaction rate and tempera-
ture are thus reduced and as a result there is particle
size decrease and increase in specific surface area.213

Kapse1 in the synthesis of NiFe2O4, MgFe2O4 and
ZnFe2O4 for gas sensing applications, mixed appropri-
ate metal nitrates with citric acid monohydrates which
acts as a fuel agent in the proportion of 1:3

Figure 5. Schematic of complete sol-gel synthesize route, here showing synthesis of Cerium doped MgFe2O4 (a) illustration of sol-
gel combustion reaction alongside viscosity graph (b) experimental flow chart (c) photographs of transitional step from reaction to
final product, obtained from Patil et al 11.
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respectively. Gedam et al.169 in the preparation of
Co0.8Ni0.2Fe2O4 ammonia gas sensor, appropriate stoi-
chiometric amount of metal nitrates were mixed with
citric acid monohydrates. Godbole et al.204 in the syn-
thesis of MgFe2O4 nanoparticles for alcohol sensing
appropriate metal nitrates were mixed with glycine in
the ratio of 1:1.Patil et al.114 in the synthesis of
MgFe2O4 for LPG sensing appropriate metal nitrates
were mixed with glycine in the ratio of 3:5.

5.1.2. Combustion process chemical addi-
tives (CPCA)

For the purpose of improving combustion of gel
many CPCA are used. Some includes; NH4NO3,

47

NH4OH
1 and C2H4 (NH2).

214 When citric acid is
used as reductant, NH4OH is always added to aid in
increasing metal cations chelating with citrates.215

5.2. Co-precipitation method

This is a low temperature synthesis technique for pre-
cipitating nano-particles from aqueous solution of
metal salt in basic condition.47 its procedure is sche-
matized graphically in Figure 6.216

At lower temperature about 100 �C, the size of the
particle obtained are smaller than 100 nm. Precursors,
molarity, temperature, pH as well as time affects phase
purity, aspect ratio, stoichiometry inversion and point
defects of the spinel ferrites nanoparticles concentra-
tion.217 The characteristics of the spinel ferrites nano-
particles synthesized are reproducible only when the

co-precipitation conditions are fixed. Ferrites with add-
itional (oxy)–hydrate, amorphous impurity phases as
well as low crystallinity are produced as a result of low
synthesis temperature.218 To increase crystallinity as
well as phase purity the obtained powder are annealed
at high temperature (above 500 �C).Abdel et al.219 syn-
thesized NiFe2O4 through co-precipitate method for
gas sensing applications. From the chemical reaction of
solution of pure sodium hydroxide with solution of
pure chloride of nickel and iron. The co-precipitated
powder at pH of 12.5 and at a temperature of 85 �C
NiFe2O4 is formed. The crystallite of co-precipitated
powder without any annealing was found to be
74.93 nm while for annealed powder at 1000 �C for 6 h
was 225.45nm. The increase of the crystallinity size led
to the reduction in the sensitivity. Gadkari et al.200 pre-
pared ethanol sensor based on nanocrystalline CdFe2O4

through co-precipitate method. The preparation was
done using AR grade cadmium and ferrous sulfate.
The precipitate was pre-sintered for 6 h in air and
finally was calcined at 1050 �C for 5 h in air. Upon sin-
tering the size of crystallites were found to be 30.4 nm
which is suitable for gas sensing application.

Other studies which has synthesized ferrites sensors
through this methods includes; Tianshu et al.199 synthe-
sized ethanol sensor based on CdFe2O4, Rezlescu et al.25

prepared NiFe2O4 through co-precipitate method for
gas sensing applications. Generally once the co-precipi-
tation conditions are adjusted samples obtained are
pure, increased crystallite size and hence reduced resist-
ivity which increases sensitivity toward test gas.

Figure 6. Schematic diagram of co-precipitation method to synthesize Mn0.5Zn0.5LaxFe2-xO4 (x¼ 0, 0.025, 0.050, 0.075 and 0.1) fer-
rites. Figure obtained from Thakur et al.216
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5.3. Solid-state reaction method

This method of synthesizing ferrite is done by mixing
raw materials which takes place with wet and dry pro-
cess.54 An aqueous suspension, vibration drum or agi-
tator is used in wet mixing method. This technique
produces excellent ferrite for gas sensing but on the
other hand it requires energy for dewatering as well as
drying. Dry mixing is done either by grinding and
mixing in a drum or badmill. Kotnala et al.207 synthe-
sized lithium substituted MgFe2O4 by solid state reac-
tion for application in humidity sensing. Analytical
grade reagent MgSO4, LiNO3, Fe (NO3)3�9H2O,
NaOH and NaCl were used in the appropriate pro-
portions. Sodium hydroxide was added so as to
change metal nitrates and sulfates into hydroxides
while on the other hand NaCl was added for the pur-
poses of restricting the grains growth so as to keep
them in small size as possible. The mixture was then
grounded in an agate motor with a pastel for about
1 h. An exothermic reaction first resulted to an aqueous
mixture which was dark red which thereafter slowly
transformed into a paste which was brown in color.
Then Paste was calcined at 750 �C for 3 h in a furnace.
Finally the calcined mixture was washed with deionized
water and thereafter dried at temperature of 120 �C
overnight. The obtained ferrite provides suitable char-
acteristic for gas sensing for example high porosity
ranging from 2.6–8.9%, grain distribution of 250 nm to
1.6mm as well as surface structure showed that grain
through the grain necks were well connected.

In another study, Scherrer et al.67 synthesized
NiFe2O4 nanopowder doped with noble metal for the
application as H2S sensor. In the synthesis process
analytical grade Ni(Ac)2, Fe(NO3)3 and NaOH were
mixed in equimolar proportions and grounded
together in a agate motor for about 30min.
Afterwards NaCl was added so as to avoid agglomer-
ation. The resulting mixture was sintered at 700 �C for
1 h. afterwards, the powder was washed with deion-
ized water for severally and finally dried at 100 �C for
2 h. Generally, solid–state reaction is widely used
method in the synthesis of ferrites for gas sensing
application due to; simple step followed, purity and
crystallinity of the samples and high porosity as seen
from above examples.

5.4. Wet chemical method

Wet chemical technique has been widely reported in
synthesizing ferrites nanoparticles for gas sensing
applications. Karmakar et al.183 synthesized
Mg0.5Zn0.5Fe2O4 for acetone and ethanol sensing.

Ferrite was synthesized from the nitrates precursor
salt of zinc, magnesium as well as iron using ethylene
glycol and citric acid. Precursor salt was first dissolved
in water and afterwards, appropriate amount of ethyl-
ene glycol as well as citric acid were added to the
mixture. The complex precursor was stirred for 4 h at
80 �C and finally heat treated at a temperature of
120 �C until self-combustion occurred. At the end of
the self-combustion Mg0.5Zn0.5Fe2O4 powder was
obtained. Powder was sintered at 750 �C to produce
nanoparticles which were crystalline in nature. XRD
revealed that the ferrite prepared had no impurity
phases, high crystallinity, small crystallites of size
�23 nm and particle size of �58 nm. Leroux et al.167

synthesized cobalt ferrites for NH3 sensing by wet
chemical route. The ferrite produced exhibited high
crystallinity, homogenous in composition, size and
well dispersed. From the above examples, wet chem-
ical method produces spinel ferrites with high crystal-
linity, purity, homogeneity and porosity which are
essential properties to gas sensing.

5.5. Molten-salt method

Darshane et al.177 used the method to synthesize
ZnFe2O4 for gas sensing applications. In the process,
ZnSO4, Fe (NO3)3, NaOH as well as NaCl were mixed
in the appropriate proportion and were together
grounded for 90min. During the mixing, heat was
released as the reaction was taking place. At first, the
mixture turned mushy afterward it gradually changed
from colorless to light red and for a few minutes it
turned to brown. Afterwards, the mixture was heat
treated at 700 �C for 90min and thereafter cooled to a
room temperature. Finally the sample was washed sev-
erally with distilled water and dried at a temperature
of 120 �C for 4 h. Nanocrystallite single phase of
�16 nm spinel ZnFe2O4 was found at a relatively low
processing temperature and for a short duration hence
advantage of the method.

6. Conclusion

According to available literature and reviews as well
as publications on ferrite gas sensors show that sol-gel
auto-combustion method is preferred to synthesize a
wide variety of ferrite gas sensing material. The sensor
properties which include; working temperature, select-
ivity, sensitivity response time as well as recovery time
depends on preparation techniques, calcination tem-
perature, gas type as well as the concentration of the
gas. Various gases show different gas sensing behavior.
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MgFe2O4 prepared by sol-gel auto-combustion shows
good sensitivity to ethanol and methanol. It was
observed that for doped ferrites, sensitivity was higher
than for undoped one. Doping help in reducing both
response times as well as working temperature. The
gas sensor aim at developing material with high sensi-
tivity and selective long term devices. With increased
development in technology, demand to develop a high
quality ferrite as gas sensor will arise. As a result other
applications of ferrites will be discovered.
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