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Abstract: Nanocrystallite Mg-Cd ferrite samples were prepared by oxalate co-precipitation method.
The XRD reveals single phase cubic spinel nature of materials. The crystallite size lies in the range of
27.79 to 30.4 nm. DC electrical resistivity decreases with increasing temperature indicating the
semiconductor behavior. The DC electrical resistivity increases and the Curie temperature decreases
with increase in cadmium content. All the samples show decrease in resistivity with increase in relative
humidity. All the samples are humidity sensitive in low humidity range (40 to70 %). The electrical
resistivity of Cd substituted samples decreased by three order of magnitude, when %RH increased
from 40%RH to 90%RH. The response and recovery time of all the samples are 200-300 sec. The
shorter response time was 240s for composition x = 0.4. Copyright © 2012 IFSA.
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1. Introduction

Nanosize magnetic particles have important technological applications. The spinel ferrites have
applications ranging from microwave to radio frequencies [1, 2]. The electric and magnetic properties
of spinel ferrites are dependent on the type of magnetic ions residing on the tetrahedral A-site and
octahedral B-site of the spinel lattice. Magnesium ferrite has partial inverse spinel structure and wide
range application due to high resistivity and high Curie temperature [3, 4]. The Curie temperature
depends on composition, additives, synthesis method and microstructure. The change in Curie point
was observed with composition in MgFe,0, ferrites [3]. For many years humidity sensor have been
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widely used in many application including storage of food and computer component as well as control
of human and laboratory environments [4]. Controlling and monitoring of accurate and reliable
estimate of water content are practically essential in various fields, including air quality detection,
food, inflammable gas inspection, health care defense, security clinical and biological sectors [5]. In
addition research labs and clean room is all environment that are highly affected by moisture levels
and require constant monitoring. Thus many scientific and technological efforts have been made in
humid sensor, aiming at improving the response/recovery, selectivity, stability for particular use [5,6].
There are many reports that porous material can be used as humidity sensors [7-9]. In recent year,
monitoring and auto-controlling of local humidity environmental become important topic in the field
of industry, agriculture, military and house hold [9].

It is well-known that many porous metal oxides [10-12] can be used as humidity-sensing materials; the
adsorption of water vapor can enhance the surface electrical conductivity and dielectric constant of the
metal oxides [13]. It is known that some polycrystalline ferrites [7-9,11,12,15-18] can be use as very
good humidity sensor element. One more advantage of using ferrites is their porosity, this being the
need for a humidity sensor. Another advantage is their high resistivity which cans changes with about
three orders of magnitude with changes in the surrounding humidity. Bagum et al [12] also reported
MgCl, doped Cu-Zn ferrites. They observed that the Cu-Zn ferrites with low doping of MgCl, could
be a suitable candidate for humidity sensing. Rezlescu et al [15] noticed that the resistivity of
La-substituted ferrite is almost insensitive to the humidity. Ni and Mn substituted MgFe,O4 studied by
Rezlescu et al [16]. The Mn substituted MgFe,04 is used as humidity sensor in relative high range of
humidity. Seki et al [17] have reported the ferrites utilization as humidity sensors. In a humidity
sensitive sensor, the electronic conductivity and carriers concentration changes with the amount of
chemisorbed water. Vaingankar et al [18] have investigated the humidity sensitivity of electrical
properties of Cu-Zn ferrite and they reported that the humidity dependent properties are considerably
enhanced by doping this ferrite with CaCl, and LiCl.

In present communication, we report the DC electrical resistivity, Curie temperature and humidity
sensing of nanocrystallite Mg-Cd ferrites prepared by oxalate co-precipitation technique.

2. Experimental

Polycrystalline ferrites with general formula Mg; Cdy Fe,O4 (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0) were
synthesized by the oxalate co-precipitation method using high purity sulphates. The detail method of
synthesis for sample under investigation is reported elsewhere [19]. The co-precipitate obtained was
dried and presintered at 700 °C for 6 h in air. The presintered powder was milled in an agate mortar
with AR grade acetone and sintered at 1050 °C for 5 h. The sintered powder was mixed with binder
(2% polyvinyl alcohol by weight) and pressed into the pellets of 13 mm diameter by applying pressure
of 7 tones/cm” under the hydraulic press. The pellets were finally sintered at 1050°C for 5 h.

The X-ray diffraction (XRD) patterns were obtained at room temperature on Philips PW-3710 X-ray
powder diffractometer in the range of 20-80° using CuK,, radiation (A= 1.5424 A°). The crystallite size
was calculated by Debye Scherrer’s formula. The micrographs of fractured surfaces of the pellets were
taken on a scanning electron microscope (JEOL — JSM 6360 model, Japan). The IR absorption spectra
of powdered samples were recorded in the range of 350 cm™ to 800 cm™ on Perkin-Elmer FT-IR
spectrum one spectrometer using KBr pellet technique.

DC resistivity (p) measurements of all the samples were carried out by using two probe method in the

temperature range of 300-800°K. The digital picometer model (DPM-111) was used to record current
through the samples keeping constant voltage across the sample at room temperature as well as above
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Curie temperature. Curie temperature is measured by Loria Sinha method and is also determined from
DC resistivity measurement.

The humidity testing of the sensors was conducted using Aditi Associate Model ASC-10 Mumbai
make microprocessor controlled humidity chamber. It consists of double wall exterior with made up of
steel metal and interior of stainless steel. A flush fitting insulated door has leak proof gasket. The
relative humidity was generated by pure water droplets by circulating water in chamber. The sensor
element (pellet) about 2mm thickness and 13 mm in diameter were fixed in conducting cell. For good
electrical contact silver contacts were made on sensor element. DC voltage is applied across the sensor
element with help constant potential voltage source. The resistance of sensor (pellet) was measured by
two probe method with a picometer. The measurement was performed at the temperature 27 °C. The
humidity was increased from 40%RH to 90%RH in steps of 10%RH, since it takes around
20-30 minutes for the chamber to reach equilibrium, the readings are taken 30 minutes after a humidity
setting has been changed.

3. Results and Discussion
3.1. Synthesis and Characterization

The structural analysis of Mg-Cd ferrite samples under investigations are already reported [19]. The
typical XRD pattern of MgFe,Oy is presented in Fig. 1. All the samples show single phase cubic spinel
structure. The average crystallite size of the samples obtained from Debye Scherrer’s relationship is in
the range 27.79 to 30.40 nm. Typical micrograph of CdFe,0y is presented in Fig. 2. The average grain
size in the samples is calculated by linear intercept method. It lies in the range of 0.58 um to 1.2 pm.
Typical IR absorption spectra of Mgy ¢Cdy4Fe,O4 is presented in Fig. 3. It shows two absorption bands
(v; and v,) in the high frequency range of 555 to 576 cm™ and low frequency range of 431 to 472 cm’™
respectively [19].

o
=
3 800
ok
e
@
S 600
=
400 : .
20 40 60 80
20 (deg.)
Fig. 1. Typical X-ray diffraction patterns of Fig. 2. SEM micrographs of CdFe,0, system
MgFe, 0, system (x = 0). (x=1).

3.2. DC Electrical Resistivity and Curie Temperature Measurement

The effect of temperature on the DC electrical resistivity (p) of Mg;.xCdxFe,O4 (0 < x < 1) has been
investigated in the range 300-800 "K. The variation of logp against 10*/ T for all the samples under
investigation is plotted in Fig. 4.
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Fig. 3. Typical FT-IR spectra of Mg ¢Cd, 4Fe,0,4 system (x = 0.4).
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Fig. 4 Variation of log p against 10°/T for Mg,..Cd, Fe,0, system.

It 1s observed that the electrical resistivity of all the samples decreases with increasing temperature,
suggesting the semiconducting nature of the samples. The temperature dependence of resistivity is
found to follow the Arrhenius relation [20],

. ol A E/KT)

p=p , (1

where p, is the pre-exponential factor with the dimensions of Q cm, K is the Boltzmann constant

(8.62 x 10~ eV/K), AE- is the activation energy and T- is the absolute temperature. The conduction in
ferrites under investigation can be explained on the basis of Verwey et al [20] mechanism that involves
exchange interaction between the ions of the same element in more than one valence state distributed
randomly over crystallographic lattice state. The decrease in DC resistivity of ferrites with increasing
temperature is attributed to the increase in the drift mobility of electric carriers, which are thermally
activated with increasing temperature. Also the conduction in ferrites is due to hopping of electrons
between Fe?" to Fe’” ions at elevated temperature [21, 22]. The number of such pairs depends on
sintering condition and amount of reduction of Fe*" to Fe’" at elevated temperature. The resistivity of
ferrite is controlled by the Fe*" concentration on B-site. As the transfer of electrons from Fe*" to Fe
ion occur within the octahedral sites, it does not cause the change in the energy state of the crystal as a
result of the transition. It is reported that Cd*" ions prefer the occupation of tetrahedral A- sites [23],
Mg*" and Fe** ions partially occupy the A and B-sites [23, 24]. It is also observed that resistivity of the
samples increases with increase in Cd*" content. As the Cd*" content increases the Fe' ions
concentration at A-site decreases. Due to this, the number of Fe** and Fe’* ions responsible for electric
conduction in ferrites decreases at A-site. This causes the reduction in A-A and A-B exchange
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interaction. Therefore the ferrite containing appreciable amount of cadmium are characterized by
strong B-B exchange interaction [25]. This would affect the activation energy needed for transfer of
electron between Fe’ and Fe’* (Fe* « Fe’"). The replacement of magnesium and iron ion by
cadmium ion on A-site increases the concentration of Fe*" and Mg®" on B-site. The magnesium ion on
B-site abstracts the electron hopping between the iron ions by blocking the Fe*" — Fe’" exchange
which increases the resistivity. The conversation of Fe'* to Fe’" ions at the B-sites modifies the
conduction due to electron hopping because of the decrease in the number of Fe’" ions and equal
increase in the Fe*" ions in the B-sites. Thus resistivity increases. Similar observations have also been
reported by Manzen et al [25] for the system Mn;_,Cdx Fe;Oy.

DC electrical resistivity of Zn>" and Cd*"substituted Mg ferrites has been reported by Karche et al [3]
and Ladgaonkar et al [24]. They observed increase in DC resistivity of Mg ferrites with increasing
Zn*" and Cd** concentration of samples prepared by ceramic method. This is attributed due to the
increase in porosity, as the result of increase in Zn>" and Cd** content in Mg ferrite. The high
resistivity of the samples under investigation is also attributed due to its smaller grain size [19]. It is
also observed that the resistivity of ferrites under investigation is higher than the reported value of
resistivity of ferrites prepared by ceramic method [3]. In present investigation the resistivity of ferrites
at room temperature lies in the range 1.1 x 10° to 5.5 x 10® Q cm.

Each sample shows break resistivity versus 1/T plot near Curie temperature which is attributed to the
transition from ferri to paramagnetic region. The activation energy has been calculated from the plot of
logp against 10°/ T. The activation energy (AE) in ferri and para regions is presented in Table 1. In all
the samples the activation energy in paramagnetic region is greater than that in ferrimagnetic region
[26]. The lower activation energy in ferrimagnetic region is attributed to the phase transition or
impurity phases [27]. Similar results are also found for others spinel ferrites [3, 28, 29]. This phase
transition is known as order to disorder transition. The activation energy decreases with increasing
cadmium content in the Mg-Cd ferrites. This change in activation energy for different compositions is
attributed to the hopping of polarons. Such decrease in the activation energy on cadmium substituted
magnesium ferrite is reported [3]. The substituted cadmium invariably occupies the tetrahedral A-site.
This provides increase in the concentration of iron on B-sites resulting decreasing in activation energy.

Table 1. Different parameters estimated form DC resistivity, Curie temperature
and humidity sensing of Mg, ,Cd,Fe,O4system (x =0, 0.2, 0.4, 0.6, 0.8 and 1).

cd? Crystallite | Humidity Respons?/Recovery Activation Curie ten}]perature
. e time energy AE (eV) T. CK)
Content size Sensitivity > -
(x) D (nm) S (%) Response | Recovery Ferri Para DC Loria
region | region | resistivity | Sinha
0.0 29.978 44.56 255 300 0.555 0.995 720 715
0.2 28.434 61.50 250 275 0.469 0.719 660 648
0.4 27.795 64.40 240 256 0.301 0.670 610 613
0.6 29.554 70.65 245 260 0.267 0.450 570 566
0.8 29.069 75.70 235 265 -- 0.332 504 502
1.0 30.401 71.60 245 276 -- 0.248 -- --

Curie temperatures (T.) are measured by Loria Sinha [30] method and that observed in DC resistivity
measurement are good agreement with each other (Table 1). The Curie temperature of MgFe,O; is
good agreement with previous report [3, 31]. Fig. 5 shows variation of Curie temperature from DC
resistivity and Loria Sinha method with cadmium content. It can be seen that the Curie temperature
shows decreasing trend with increasing cadmium concentration. It is known that the T, depends on
A-B interaction (Jag). The decrease in Curie temperature with Cd ions is due to the decrease in A-B
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interaction resulting from replacement of Fe*" by Cd*" on tetrahedral A-sites [25]. As mentioned above
an increase in Cd*" content causes an increase in lattice constant. This means that the distance between
the ions increases, which leads the different A-B interactions to decrease. Also this can be attributed to
Cd*" ions having zero magnetic moment at room temperature occupying tetrahedral A-sites and hence
resulting in decreased A-B interaction (Jag) between Cd*" and Fe’" ions. Similar results are reported
for case of Mg-Cd [3], Mn-Cd [25] and Cd-Co [29] ferrites.

—=—DC resistivity
700 4 —s— Loria Sinha

Curie temperature'Tc¢' (K)

00 02 04 06 08 10
2+
Cd™ content (x)

Fig. 5. Variation of Curie temperature with Cd*" content (x) for Mg Cd, Fe,04 system.

3.3. Humidity Sensing

The sensor element with large surface area tends to higher humidity sensitivity, especially in lower
humidity range [14]. The substitution of cadmium with magnesium, increases grain size and decreases
surface area. These changes in microstructure induced by substitutions seem to lead to an increase or
decrease in the amount of physisorbed and condensed water and in the result to a smaller or larger
electrical resistivity at same relative humidity. Variation of resistivity with humidity (% RH) of Mg«
CdsFe,O4 (x = 0, 0.2, 0.4, 0.6, 0.8 and 1) system is shown in Fig. 6. All the samples exhibit a
significant decrease in the electrical resistivity in resistivity with an increase in relative humidity from
40 to 90 %. The graph clearly shows that the decrease in resistivity with increase in %RH is very large
from 40 to 70 % RH. All the samples are humidity sensitivity in low humidity range of 40 to 70%RH.
The resistivity of these elements exponentially decreases with three orders in magnitude according to
equation

p=py e, @)
where S is the humidity sensitivity and RH is relative humidity.

It has already been reported in literature [18], that resistivity changes in porous spinel-type oxides with
increasing humidity levels occur because of adsorption and capillary condensation of water. At low
relative humidity, water adsorption on the sample surface is dominant factor for electronic conduction.
Adsorbed water increases the surface electrical conductivity of ceramic due to increased charge
carriers, protons in the ceramic/water system [7]. The conductivity is further increased by presence of
pores of the sample surface. In the first stage of water adsorption a few water vapor molecules
chemisorbs on the grain surfaces by dissociative mechanism to from two surface hydroxyls per
molecule. In this chemisorbed layer charge transports occurs by the hopping mechanism [35]. With
increasing humidity levels, water is physisorbed on the top of the chemisorbed layer. Conduction
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occurs by the Grotthus mechanism [7, 36]. At these high humidity levels the layers of physisorbed
water molecules tend to condense in capillary pores. Both Grotthus and hydronium diffusion may
occur. This succession of mechanism leads to a rapid increase in conduction (decrease in resistivity)
with humidity content.
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Fig. 6. Variation of resistivity with humidity (%RH) for Mg, \Cdy Fe,O,4 system.

The resistivity of the Mg-Cd is very sensitive in a wide humidity range, between 40% and 70% RH.
This result might be caused by the increase in porosity which seems to lead to a greater amount of
physisorbed water. In consequence, a significant decrease in p scale was obtained of about three orders
in magnitude [16].

Variation of humidity sensitivity with Cd*" content is presented in Fig. 7.
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Fig. 7. Variation of humidity sensitivity as function of Cd*" content (x) for Mg, Cdy Fe,0, system.

From this figure, it is observed that the sensitivity of all the samples increases with increase in Cd*
content which is attributed to increase in porosity. The ferrite materials are porous in nature and have
surface oxygen atoms which essentially arise due to the sample preparation technique. When the
material adsorbs humidity, its resistivity decreases due to the increase of charge carriers, protons, in
the ferrite and water system [32]. The adsorption of water on the surface of the material leads to the
dissociation of hydrogen ions. These hydrogen ions bonded with the surface lattice oxygen atom,
forms the hydroxyl groups [33] as shown in the equation
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H' +0, < [OH] 3)

where O, - corresponds to oxygen at lattice sites. The hydroxyl groups thus produced are bonded with
the lattice iron atoms and liberate the free electrons [7].

[OH]| +Fe «<>[OH-Fe]+e (4)
Thus conductivity increases with increase in humidity because of the production of free electrons.
Sensitivity of humidity sensor has been defined as the change in resistivity (Ap) of sensing element per
unit change in relative humidity (%RH). The sensitivity is calculated by slope of p versions %RH
curves as given in equation (1). All the samples are humidity sensitive in low humidity range of
40 to 70 % RH and insensitive to humidity at high range of 70 to 90% RH. The sensitivity lies in range
of 44 to 76%. Similar results of dc resistivity of ZngsCugF,04 doped with CaCl, and LiCl are found
to decrease with increase in %Relative humidity from 45 % to 60 % RH [34].

The response and recovery time of resistivity to change in relative humidity 40 to 90 % for Mg-Cd
ferrite is shown in Fig. 8. The response time of the resistivity to the humidity change is about
235 — 300 seconds for all samples. We think that the materials investigated are promising materials for
use in humidity controlling devices in a relatively low range of humidity, taking in account the low
cost and high durability [18, 35]. However, the response time is not yet a satisfactory value so that
further investigations should be directed to the shortening of the response time without any decrease in
humidity-sensitivity. The response time of MgFe,O4 is of about 255 s to attain a steady state value of
the resistivity, whereas the response time for Mg ¢Cdo4Fe;O4 is shorter, of about 240 s. These results
may suggest that the adsorption or desorption rate of water vapors is controlled by the diffusion rate of
these through the micropores which in its turn is dependent on the pore size distribution. Large
micropores above 0.5 pm are necessary for rapid response to humidity changes. The MgFe,O4
element, which has a great number of micropores, showed a longer response time to humidity changes
[39].
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Fig. 8. Humidity response and recovery characteristics of Mg, Cd,Fe,O,4 system (x =0, 0.4 and 1).

4. Conclusions

High resistivity nanocrystalline Mg-Cd ferrites can be prepared by oxalate co-precipitation method at
low sintering temperature. The crystallite size of the samples varies from 27.79 nm to 30.40 nm range.
Dc resistivity decreases with temperature and increases with Cd*" concentration. DC resistivity and
Curie temperature are higher than that obtain from ceramic method. Activation energy in paramagnetic
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region is higher than that of ferromagnetic region. All the samples show decrease in resistivity with
increase in relative humidity. All the samples are humidity sensitive in low humidity range of
40 to 70%RH. The humidity sensitivity increases with increase in Cd*" content. The electrical
resistivity of Cd substituted samples decreased by three orders of magnitude, when %RH increased
from 40% to 90%RH. The response and recovery time of all the samples are 200-300 sec. The shorter
response time was measured to be 240s for the composition x= 0.4.
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