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ARTICLEINFO ABSTRACT

Reywards: The synthesis and characterization of magnesium ferrite MgFe2O4 prepared by co-precipitation and sol gel
Perrite combustion is reported. Structural characterization showed that all the samples have single spinel phase. The co-
Oxide precipitated sample exhibits smaller grains and twice higher BET surface than the sol gel combustion samples.
Gas sensor The powder was shaped to dedicated chemo-resistive home-made sensors devices. The electrical properties and
CO2 sensing properties towards carbon dioxide of both MgFe,0,4 powders were studied. The type of charge carriers

were analysed on the basis of the change in resistance in the presence of air and argon. The sensing response
towards CO, was found to be dependent on the morphology of the powder sample and the CO, concentration. A
high response of 36% towards 5000 ppm of CO, was reached which is good for this gas. The key role of the Mg
ions modulating the electrical propertes is discussed.

1. Introduction

Carbon dioxide is a greenhouse gas, which affects adversely the
health and the environment and hence should be monitored. Carbon
dioxide sensing is also interesting as it is useful for proximity sensing for
incorporating with the indoor air quality maintenance. This requires
the installation of CO, sensors in large number. However, the currently
available commercial sensors are based on infrared optics and are
costly. The use of metal oxide semiconductor (MOS) based sensor
would alleviate this issue. But the lower reactivity of CO, towards MOS
makes it difficult for practical implications.

Recently there have been reports on the use of silicon nanowires for
CO. sensing [1]. In addition to this, metal oxide and graphene com
posites have also been found useful for CO. sensing [2]. There have
been many recent reports on the use of single oxides for CO, sensing
like copper oxide [3], tin oxide [4], perovskites [S 9], zinc oside
[10,11] and other single phases [12 19]. Composite or functionalized
oxides have also been reported as potential candidates for CO, sensing
[20 26]. Our group has reported using copper oxide copper ferrite
composite thin films and powder composites as CO, sensors [27 29].

* Corresponding author.
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Even if ferrite have been widely studied for many different applications
[30 34] including gas sensing [35 40], the use of single spinel ferrite
phases for CO, detection has rarely been explored before. Among the
various ferrites, magnesium ferrite was chosen for studying the CO,
response. Magnesium ferrite is a magnetic material and finds applica
tion in deflection yokes (Mg Zn), microwave devices (Mg Mn), catalysis
and biomedical applications and chemical sensing [41 45]. The che
mical sensing properties of magnesium ferrite have been studied to
wards various gases like LPG, ethanol, carbon monoxide, hydrogen
sulfide, petrol, chlorine and acetylene [46 51]. However, as compared
to the conventional single metal oxide materials, the chemical sensing
properties of complex metal oxides towards weakly reactive gases like
carbon dioxide is not well explored. Among these mixed oxides, the CO2
sensing properties of magnesium ferrite have not yet been studied.

In this paper, we report the synthesis of magnesium ferrite by two
techniques, co precipitation using oxalate precursor route and sol gel
combustion. The effect of synthesis techniques on the structural, mor
phological, electrical and carbon dioxide sensing properties is reported.



2. Methodology and materials
2.1. Materials and fabrication process

Magnesium ferrite was synthesized by two techniques; co pre
cipitation with oxalate precursor route and sol gel combustion. For co
precipitation route magnesium chloride and ferrous chloride were
mixed in 1.8:1 ratio (theoretical 1:2 ratio does not yield stoichiometric
magnesium ferrite due to the preferential washing away of the Mg ions
related to a quite high solubility product of magnesium oxalate com
pared to iron oxalate) in a mixture of water (60%) and ethylene glycol
(40%) to form a 2M solution. Hydrochloric acid (1%) was added to
prevent the oxidation of metal salts. The mixture was stirred using a
magnetic stirrer. In order to precipitate metal ions, this solution was
added to the solution of oxalic acid (10% extra to the total metal ion
content) with 0.5 M ethanol using a peristaltic pump. The entire mix
ture was stirred mechanically for 30 min. The resultant suspension was
washed by centrifuging (3500 rpm, 10 min) followed by mechanical
stirring (30 min) for 3 times using de ionized water. This was followed
by a washing with ethanol. The obtained oxalate precursor was dried at
80 °C in oven for 8 h. The oxalate was then decomposed in air at 350 °C
at a heating rate of 50 °C/h and was then calcined at 600 °C for 1 h. This
powder was further calcined at 800°C for 1h for having the same
calcinations temperature as that of the sol gel combusted sample.

For sol gel combustion, metal nitrates of magnesium and iron was
taken in 1:2 ratio and dissolved in de ionized water using a magnetic
stirrer equipped with a hot plate at 60 °C. Citric acid was added to this
solution in 1:1 ratio of the total metal ion content. The pH of solution
was brought to 7 by adding ammonium hydroxide. The mixture turned
in to a thick solution, a transparent gel and then to a thick gel with time.
At this point the temperature of the hot plate was increased to 80 °C.
This initiated the combustion which continued until all the citric acid
has been burned. A fluffy powder was obtained after the combustion
which was then ball milled using yttrium stabilized zirconia balls for
24 h. The powder was then calcined at 800 °C to obtain pure phase of
magnesium ferrite.

The phase of the synthesized powder was checked using X Ray
Diffraction (XRD) using a D4 Endeavor Bruker diffractometer equipped
with a copper anode and LynxEye 2D detector. The lattice parameter of
the phase was calculated from Rietveld refinement using Fullprof
software. The surface area of the particles was measured using BET
single point Micromeritics Automate 23 surface area analyser. The
morphology of both the powders was studied by JEOL JSM 6400
Scanning Electron Microscope (SEM). The powder was fabricated to a
device on alumina substrate without any change of the microstructure
of the sample. The elaboration of powder in the form device requires
achieving a proper contact between the active material and the elec
trode. This was done by the use of silver oxalate as the precursor for
contact. A paste made with the magnesium ferrite powders and ethy
lene glycol was coated on the substrate with electrode. This was again
kept in vacuum for 24 h and was then heated to 780 °C for 1 h with a
heating rate of 150 °C/hour and was allowed to cool normally in the
furnace. The detailed procedure is mentioned elsewhere [29].

2.2. Experimental set up

The CO, sensing properties of the device were studied using a
chemical sensor set up. The schematic of this set up is given in Fig. 1.

The sensing was performed using a Linkam cell attached with a
thermal controller. The CO, sensing was measured by alternately pas
sing dry air and 5000 ppm CO, in dry air. The flow rate of both the
gases was controlled using separate Brooks 5800S mass flow controllers
(MFC). The flow rate and duration of gas through these mass flow
controllers were further controlled using a pneumatic valve (PV) which
in turn was controlled using an electro valve (EV). The incorporation of
two mass flow controllers made it possible to change the concentration

of the test gas from 5000 ppm to 1000 ppm. A ball valve (BV) was
added to the line to prevent a back streaming of the gas. The resistance
in the presence of air and CO, was measured using Keithley 2400
source meter. The set up consisted of a computer which was connected
to the temperature controller of the Linkam cell, the mass flow con
trollers, electro valve and the Keithley source meter. The interfacing
and controlling was executed using LabVIEW software. The response
towards CO, was calculated using Eq. (1)

Rai-R
R(%):MX 100
Rair €))

3. Results and discussion
3.1. Structural characterization

Fig. 2 gives the XRD patterns of magnesium ferrite prepared by co
precipitation and sol gel combustion methods. All the peaks could be
indexed with magnesium ferrite spinel phase. This indicates that both
the powders corresponds to single phase magnesium ferrite (space
group F d3m). The lattice parameter of both samples was calculated by
performing Rietveld refinement implemented in the Fullprof program.
The obtained lattice parameters were 8.385 (1) A and 8.383 2 A for
the co precipitated and combusted powder respectively. It could be
noted that the lattice parameters of both samples are nearly the same. It
is therefore not possible to make differences related to a small change in
magnesium content and/or cationic distribution on these samples.
Magnesium ferrite is normally 90% inverse ferrite in bulk form and the
lattice parameter of bulk material is 8.36 A [52]. The lattice parameter
obtained on the synthesized magnesium ferrite powder samples is
higher than the bulk and indicates that the inversion factor is lower
than 0.9. A calculation of inversion factor based on Poix's method
[53,54] indicates that it is in between 0.7 and 0.75 for the samples. In
this method, lattice constants were calculated using cation oxygen
distances listed in Table 1 deduced from the effective ionic radii ac
cording to R.D. Shannon [55].

The lattice constant of a spinel oxide M[M’;]Oy4 is then defined by
Eq. (2):

a = 2.0995 A + [5.8182 B? — 1.4107 AZ|!/2 o)

where A = X n; (M; O)q and B = 0.5 X n; (M’j O)op, represents the ca
tion to oxygen average distances in tetrahedral and octahedral sub
lattices respectively. In this calculation, n; and n; are the respective
quantities of M and M’ cations per formula unit, and (Mi O)rgq and (M’i
O)on are the cation oxygen distances in tetrahedral and octahedral
sites. Thus the XRD patterns confirm that the samples have the same
structure irrespective of the synthesis technique adopted.

3.2. Microstructural analysis

The XRD patterns in Fig. 2, indicated the similarity in the structure
of both samples. However, it could be observed from Fig. 2 that the
peak broadening is not the same in case of both samples. The peaks of
co precipitated powder are broader than that of the combusted powder.
This indicates that there is a difference in the crystallite size between
the two samples. The crystallite size of both samples was calculated
following the Williamson and Hall method approach. The obtained
crystallite sizes were 22nm and 126 nm for the co precipitated and
combusted samples respectively. This shows that the combusted sam
ples consist of crystallites which are nearly 5 times bigger than the co
precipitated sample.

To confirm the difference in the microstructure, the samples were
observed by SEM. Fig. 3(a) and Fig. 3(b) gives the SEM images of both
the magnesium ferrite powders. At lower magnification, Fig. 3(c) and
Fig. 3(d) show SEM images of both powders coated onto the porous
silver electrode.
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Fig. 2. X-ray diffraction of magnesium ferrite synthesized by co-precipitation

and sol gel combustion routes.

Table 1
Cation - oxygen distance according to R.D. Shannon effective ionic radii [55].

Cation (M;-0)rq (A) (M'5-0)on (A)
Fe?* 2.003 2.154
Fe** 1.855 2.020
mg>* 1.990 2.106

From Fig. 3, it is observed that the morphology of both powders is
different. Magnesium ferrite synthesized by co precipitation method
has elongated particles and forms a porous assembly. The average
length of these particles was 0.9 + 0.2um and breadth
0.18 + 0.06 pm. This indicates that each particle contain many crys
tallites. The width of a single particle is greater than that the crystallite
size and this shows that the elongated particles are formed by in
dividual crystallites which are arranged along their length and breadth
to form a needle like structure. Magnesium ferrite by sol gel combustion
has spherical particles which are bound to each other to form hard
clusters. The average particle size estimated from the SEM image is
0.21 + 0.07 pm. This shows that the particles consist of either one or
two crystallites.

The SEM observation yields that the samples with the same com
position results in different microstructure. This is important for the

application of these materials in gas sensing because sensing capability
depends of the specific surface. This is due to the fact that the chemical
sensing is dependent on the number of active sites available for che
mical reaction. Thus, to quantify the available surface sites, a BET
surface area analysis was performed on both the samples. The surface
area obtained was 16.2 and 9.0m?/g, for the co precipitated and
combusted powder respectively. This shows that the surface area of the
co precipitated powder is nearly twice of the combusted one. The
particle size of the combusted powder evaluated from SEM is smaller
than the co precipitated one. This means the surface area of the com
busted powder should be higher. But, this case would be applicable only
if both the samples have the same morphology and microstructure. The
higher surface area of the co precipitated particle could be due to the
needle like morphology and a high porosity resulting from the de
composition process of the starting oxalate, which in the end yields
more surface area than corresponding spherical particle with the same
dimension. In addition to this, the lower surface area of the combusted
particles could also be assigned to the presence of agglomerates which
considerably reduces the available active surface.

3.3. Electrical properties

In the mechanism proposed by Verwey, electrical conduction occurs
by charge hopping between transition metal cations from the same
element, with different oxidation state, and located in the same sub
lattice [56]. MgFe,0, is a n type semiconductor [46] and the conduc
tion is then due to electron hopping mechanism: Fe*>* + e <> Fe?* in
octahedral site. The temperature dependence of the conductivity in
ferrites at a high temperature can be expressed as:

Ea
=—=¢ kgT

1

R T 3)
where R is the electrical resistance, A a constant, T the absolute tem
perature, E, the hopping activation energy and kg the Boltzmann's
constant.

The electrical properties of the sample were studied by heating the
sample in the 100 300 °C range. Arrhenius plots (In T/R versus 1/kpT)
given in Fig. 4 are almost linear which confirm the hopping type con
duction. We can also observe that the resistance values of both samples
are quite closed. The slight difference observed between the two de
vices may be the consequence, on the one hand, of the coarser
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Fig. 4. Arrhenius plot of magnesium ferrite co-precipitated and combusted
sample.

microstructure of the ferrite obtained by combustion, and on the other
hand, of the variation of the geometrical characteristics (distance be
tween the electrodes and the thickness of the sensitive layers) which is
due to the method of preparation used. The slope of the plot gives the
hopping activation energy (E,) and was calculated to be 0.79 and
0.72 eV for co precipitated and sol gel combusted samples respectively.
This shows that the activation energy is in the same range for the both
preparation.

Using the resistance variation during Air Ar alternations it is pos
sible to define if the material has a p type or n type semiconducting
behavior.

The change in resistance (R/Ro) of both magnesium ferrite samples
was studied under air and argon alternations (Fig. 5). This experiment,
gives an idea about the charge carrier present in the sample. When an n
type semiconducting oxide is put in contact with air, the adsorption of
oxygen species (mainly O, and O ) occurs at the surface, which in turn
mobilizes electrons, causing depletion in number of carriers at its

10
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Fig. 5. Variation of the response R/R, at 300 °C of magnesium ferrite samples
co-precipitated and sol-gel combusted in the presence of air and argon.

surface and thus leading to an increase of the electrical resistance. In
the case of p type oxide, it is the opposite phenomenon, which occurs
and the mobilization of electrons causes an increase in the hole con
centration at the surface and thus lead to a decrease in the resistance.
When the oxide samples are brought under argon, the desorption of
oxygen species releases the initially trapped electrons which lead to a
recovery of the electrical properties by a decrease in the resistance for
the case of a n type or conversely an increase in the case of a p type. It is
clear from Fig. 5 that the resistance of magnesium ferrite increases in
air while it decreases with the insertion of argon. That demonstrates the
n type behavior of both magnesium ferrite samples. We can notice that
the ratio R/Rq is much higher in the case of co precipitated sample,
which can be due to the higher specific surface area of the ferrite
particles prepared by this route.

3.4. Carbon dioxide sensing

CO,, sensing tests carried out with both magnesium ferrite samples
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Table 2
Response, response time and recovery time towards 5000 ppm CO, of magne-
sium ferrite samples prepared by both routes.

Sample Response (%) Response time Recovery time
(min) (min)
MgF Co-precipitation 36 = 2 2 4
MgF Sol-gel 24 = 2 5 5
combustion

are reported in Fig. 6. In Fig. 6(a), we can observe that the resistance
decreases with the insertion of 5000 ppm of CO, for both samples. The
experiments performed with a step size of 10 min indicate that this time
is sufficient for the co precipitated sample to saturate. However, the
combusted sample has not reached saturation in the same time interval
as the co precipitated sample. Fig. 6(a) shows the repeatability over 10
cycles with co precipitated and sol gel combusted samples. The signal
remains almost the same over multiple cycles in both test devices which
is in agreement with a complete reversibility of the CO, mechanism

adsorption. The noisy data in case of co precipitated sample can be
attributed to the higher resistance (up to 11 GQ) in comparison with the
combusted powder (2.5 GS2) which leads to instrumental limit. This
result demonstrates the sensitivity of both samples towards 5000 ppm
of CO,. The response and the response transients (response time and
recovery time) towards 5000 ppm of CO, are given in Table 2.

It can be observed from Table 2, that magnesium ferrite samples
prepared by both techniques are sensitive to CO,. However, the re
sponse of magnesium ferrite obtained by co precipitation is higher than
that with sol gel combustion. In addition to this, the magnesium ferrite
co precipitated sample has faster transient response (faster response
and recovery time) in comparison with the sol gel combusted one. The
change in the response of both magnesium ferrite samples towards CO»
could be attributed to the different microstructure. The co precipitated
sample had more surface area and elongated particles which would
have led to more chemically reactive surface sites.

The CO, sensing response of devices made with both magnesium
ferrite powders was also studied by varying the concentration to 5000,
3000 and 1000 ppm. The change in response with CO, concentration
for magnesium ferrite sol gel combusted sample is shown in Fig. 6(b).
The response obtained at each concentration for both samples is com
pared in Fig. 6(c). The response of both samples increase linearly with
the concentration of CO,. This result confirms that the response is de
pendent on the concentration of CO,.

The dynamic responses of both co precipitated and sol gel magne
sium ferrite samples towards 5000 ppm of CO5 (R = 36% and R = 24%
respectively) are highly increased in comparison with those of co pre
cipitated copper ferrite (CuF) samples (R = 10%) measured in the same
experimental conditions [33]. Chemoresistive CO, sensing perfor
mances of other various oxide based materials [57 59] are reported in
Table 3 for similar experimental conditions, i.e. for 4000 5000 ppm of
CO, in dry air and various operating temperatures. We can notice from
this data that the dynamic response of 36% obtained with the co pre
cipitated magnesium ferrite powder sample is of the same order of
magnitude as SnO, based and/or ZnO based doped nanostructured
materials. In our previous study [33], CuF samples showed typical n
type gas sensing properties with 1) a decrease in the resistance upon Ar
exposure and 2) an increase of the resistance upon CO, exposure into
the air. The increase in resistance value when n type sample is exposed
to a CO,, pulse can be explained by the reaction of adsorbed oxygen ions
with the CO, gas leading to the extraction of electrons from the con
duction band [11]. The most probable assumption is that sensing me
chanism of MgFe,O, layer could be controlled by the work function
variations due to adsorption of carbonate at the surface of the grains. In
our case, the use of dry air in our experiment can lead to the formation
of iron and/or magnesium carbonates activated both by oxygen and
carbon dioxide.

In this work, n type MgF samples showed identical behavior than
CuF ferrite upon Ar exposure but the resistance of the samples de
creased when CO, gas is introduced. This unexpected result suggests
that, in presence of Mg, the operating sensing mechanism is likely to be
different from that observed for copper ferrite. This result was pre
viously observed on others n type semiconducting active materials as
for instance LaOCl ZnO [23], SnO, [60]. When comparing ZnO and Ca
doped ZnO materials, R. Dhahri et al. [10] observed similar behavior,
i.e. an opposite direction of resistance changes with the Ca doping.
They highlighted the key role of Ca addition on the ZnO surface in the
sensing mechanism: Ca acts as basic center and therefore is able to
absorb more strongly the acid CO, gas molecules compared to a pristine
ZnO surface. Through the formation of adsorbed carbonates and bi
carbonates, electrons are releasing and consequently strongly decrease
the resistance. Similarly, our results suggest that, in ferrite surface, Mg
ions plays a similar key role in the CO, adsorption and enhance the
CO3 or HCOj3 or any complex ligands formation rather than change in
depletion region (Debye layer) which strongly impact the carrier
transport in particular at grain boundary. Thus the direction of the



Table 3

Comparative chemoresistive CO, sensing performances of various oxide-based materials reported in the literature as well as the magnesium ferrite of the present

study.

Material Response (Rcoz-Rair)/Rair (%) Operating conditions Ref.
BaTiO3-CuO-LaCl; + 2.4 5000 ppm CO, at 550 °C in dry air [57]
LaOCl + 300 5000 ppm CO, at 260 °C in dry air [58]
BaTiO3-CuO +4 5000 ppm CO, at 300 °C in dry air [25]
Ca,,(PO,)s(OH), + 200 5000 ppm CO, at 165 °C in dry air [16]
cdo 20 5000 ppm CO, at 250 °C in dry air [18]
Sn0,-LaOCl 85 4000 ppm CO, at 250 °C in dry air [21]
Lag gSro.oFeOs + 36 4000 ppm CO,, at 380 °C in dry air [6]
Zn0-LaOCl 75 4000 ppm CO,, at 400 °C in dry air [22]
Sm,0;3 6 4000 ppm CO,, at 400 °C in dry air [14]
CuFe,04-Cu0 40 5000 ppm CO, at 250 °C in dry air [28]
ZnO:Ca 5% 30 5000 ppm CO, at 450 °C in dry air [10]
SnO- 8 5000 ppm CO, at 240 °C in dry air [4]
ZnO:La 50%° + 65 5000 ppm CO, at 400 °C in dry air [20]
SnO,-LaFeO3 + 170 4000 ppm CO, at 250 °C in dry air [24]
Co304 + 20 5000 ppm CO,, at 150 °C in dry air [59]
Sn0,-LaOCl 76 5000 ppm CO, at 300 °C in dry air [23]
CuFe,0,4 +10 5000 ppm CO, at 450 °C in dry air [29]
MgFe,0, + 36 5000 ppm CO, at 450 °C in dry air This work

change in resistance is opposite.
4. Conclusion

In summary, magnesium ferrite nanoparticles were synthesized by
two chemical routes; co precipitation with oxalate precursor and sol gel
combustion. Both these samples had similar composition and lattice
parameter. However, the microstructure of both samples was different.
The BET surface area of co precipitated sample was greater (nearly
twice) than that of sol gel combusted sample and consisted of elongated
grains. The Air Ar measurement performed on both samples showed
that the samples contained n type charge carriers. Both these samples
showed significant response towards CO,. The sensing response of co
precipitated sample was greater (36%) than the sol gel combusted
sample (24%). The response of the sample was dependent on the
powder morphology and the sample microstructure, which were in turn
dependent on the synthesis technique used. An opposite direction of
resistance change was observed for the Mg ferrite in comparison with
Cu ferrite or other conventional n type semiconducting materials. This
suggests that, as in the case of Ca in zincite material, Mg generates
different reaction mechanisms with gas in spinel ferrite. These results
show that MgFe,O, material is a good candidate for low cost CO,
sensing device.
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