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Herein, this work presents the facile synthesis of Cerium (Ce>") doped Cobalt-manganese-iron oxide ferrite as an
effective humidity sensor operated at ambient temperature. This work reports, one step solution combustion
technique to synthesize Cog sMng sFes_xCexO4 (x = 0.0, 0.050 and 0.1) ferrites. The structural and morphological
features of the synthesized CogsMng sFes xCexO4 ferrites NPs were investigated through scanning electron mi-
croscope (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and ultraviolet visible
(UV-visible) spectroscopy. The XRD results indicates the creation of single phase in pure CopsMng sFes_xCexO4
ferrite that remains unchanged by the mechanism of Ce>*inclusion. The humidity sensing mechanism was sys-
tematically investigated using adsorption-desorption isotherms. Highest humidity sensing response was achieved
for Cog sMng sFey xCexO4 (x = 0.1) ferrite of the order of 98 % in comparison to the pure Cog sMng sFey xCexO4
(x = 0) which is about 41 %. The sensors response and recovery times for the Cog sMng sFes_xCexO4 (x = 0.1) was
recorded to be 36 s and 63 s respectively and the sensors long term stability was examined for a duration of 90
days. The results of the present investigation offer new dimensions to fabricate high performance, room tem-

perature operable humidity sensors for next generation sensors applications.

1. Introduction

Water is a universal major element found on the earth surface. De-
pends on it, for different persistence of both natural and man-made
things finds important applications (Kanna et al., 2019). Determina-
tion of relative humidity in water content in different materials related
to variable environmental conditions are the prime requirement for
diverse technological applications (Sakthipandi et al., 2022). The rela-
tive humidity measurement plays a prominent role in various fields like
environmental monitoring, agricultural activities, food processing,
breath monitoring, baby diaper wetting detection and in soil moisture
tests etc (Ahilandeswari et al., 2023). The presence of moisture in the
surrounding environment can produce oxidation mechanism, which
effects the modifications in characteristics properties of the materials.
Hence, a quick responding and more sensitivity humidity sensor is
required for rapid detection towards regulating the advanced applica-
tions (Rezlescu et al., 2005). Generally, humidity sensors can be divided
in to five categories like hygrometric, resistive, capacitive, gravimetric,
and optical sensors respectively (Blank et al., 2016). The resistive type of
humidity sensors is do have number of advantages like economical,
quick response, easy method of synthesis, easy to fabricate, and tuneable
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electric and magnetic properties (Pratibha et al., 2020a,b). Therefore,
they have received important application such as humidity sensors. A
number of reports in literature utilized transition metal oxide resistive
humidity sensors like titanium oxide (TiO,), tungsten oxide (WO3), zinc
oxide (Zn0), and iron oxide (Fe;03). This kind of material gives a stable
detection range in the order of relative humidity (RH) 20-80 %
(Manjunatha et al., 2019a,b). Nanomaterials as humidity sensors have
gained advanced and growth based on materials like transition metal
oxides (TMOs), graphene and conducting polymers etc
(Lakshmiprasanna et al., 2020). The transition metal oxides (TMOs)
based nanocomposites have grabbed more attention of scientists and
technocrats throughout the globe for the utilization of active material
for sensors applications due to their extraordinary morphological
properties, improved sensitivity, eco-friendly nature, and easy synthesis
(Angadi et al., 2021). Among various TMOs, cobalt-manganese-iron
oxide is considered a more appropriate materials for humidity sensors
with practical applications because of their more oxidations states in
cobalt oxide (Co®*/Co?™), superior water absorption capacity, tuneable
electrical and magnetic features, and improved of thermal stability
against to the harsh environment (Sathisha et al., 2020). At present-day,
it is huge task to synthesis a new nano features-based ferrites composite
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material in the sensor’s device fabrication (Manjunatha et al., 2020).

The perovskite kind of ferrite nanocomposites are very prominent in
humidity sensing applications due to their morphological features,
electrical and optical features. The geometry processed by these ferrites
are suitable for many of the technological applications such as gas
sensors, solar cells, opto-electronics, and in energy storage devices like
supercapacitors (Jagadeesha Angadi et al., 2016). The perovskite ge-
ometry is usually represented byABOj3, with A and B represents the rare
earth (RE) sites like samarium, lanthanum, caesium, yttrium and etc and
neodymium transition metals like iron, cobalt, nickel, and manganese
(Jagadeesha Angadi et al., 2020). The presence of large number of va-
cancies in the crystal structure of oxygen lattice plays a major contri-
bution in the electric charge storage kinematics (Ali et al., 2014). At
present, the materials based on rare-earth metal oxide have been gaining
significant interest due to their water vapour absorption at the active
sites (Lodhi et al., 2014).

Recently, K. Manjunatha et al. synthesized NiFe;04/CoCr,04 nano-
composites with different concentrations of cobalt and nickel NPs
through solution combustion technique. They reported that doping of
NPs into ferrite structure significantly improved the humidity sensing
performance, with sensitivity 89 % and a response time of 10 s
(Manjunatha et al., 2024). Veeresh G. Hiremath, et al. synthesized and
fabricated humidity sensors based on Mg,Rb; _,FesO4 (x = 0.025 to 0.1)
(Hiremath et al., 2022). They reported a highest sensitivity of 93 % for x
= 0.1 sample with a response time of 15 s. V. Manikandan et al. prepared
tin doped nickel-iron ferrite films by using chemical spray pyrolysis
method for high performance humidity sensor application (Manikandan
et al.,, 2018). The prepared tin doped nickel-iron ferrite films shows
highest sensitivity of 89 % with improved humidity sensing response.

The previous works on humidity sensors based on ferrites discussed
above motivated to fabricate a high-performance, rapid detecting hu-
midity sensor based on ferrites such cobalt-manganese-iron-oxide doped
with Cerium. In this work, it is proposed to enhance the humidity sen-
sors performance of CogsMng sFey xCexOy4 ferrites by doping of cerium
NPs.

This work report for first time the synthesis of novel cerium (Ce
doped Cog sMng sFey_xCexOy4 ferrite via solution combustion method for
humidity sensing applications. This study reports the detailed in-
vestigations into surface morphology, structural features, and sensing
behaviour of the cerium doped CogsMngsFes xCeyO4 ferrite. The
cerium (Ce®>") NPs doping in to the Cog sMng sFes_xCexO4 ferrite, results
in significant improvement in the humidity sensors features of
CogsMng sFep_xCexO4 ferrite. Among different samples prepared,
Cog.sMng sFes_xCexO4 (x = 0.1) shows 98 % of sensitivity and stable
sensing response for 90 days of operation. By measuring the parameters
like humidity hysteresis, long term stability tests and response and re-
covery times, the sensing performance was evaluated using appropriate
mathematical equations (Chethan et al., 2019).

As there was no literature on CogsMngsFes yCeyO4 ferrites-based
materials for humidity sensing applications, this is first ever effort to
synthesize CogsMng sFes xCexO4 (x = 0.0, 0.050 and 0.1) ferrite that
demonstrates the rapid humidity detection at room temperature.

3+)

2. Experimental
2.1. Materials and methods

The raw chemicals such as cobalt nitrate hexahydrate [Co (NOg)
2-6H,0], manganese-based nitrate dihydrate [Mn (NO3)2-9H30],
ferrous based nitrate nano hydrate [Fe (NO3)3-9H,0], cerium nitrate [Ce

(NO3)s3], glucose [CgH1206] and urea [CO(NH3),] were purchased from
Sigma Aldrich chemical company (South India).

2.2. Synthesis of cerium (Ce>*) doped cobalt-manganese-iron ferrites

In this work, the solution combustion technique was used to
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synthesis Cog sMng sFes_xCexO4 (x = 0.0, 0.050 and 0.1) ferrite-based
NPs. Throughout the synthesis process we have maintained 1:1 M
ratio of ferrites and fuels respectively to obtain highly pure
Coo.sMng sFep_xCexO4 nanoparticles powder.

During synthesis, the urea and glucose acts as reducing agents
whereas oxidizing agent is metal nitrate salt. The two oxidizing and
reducing agents were taken in appropriate stoichiometric ratios in 500
mL round shaped conical flask. The mixture was stirred for 2 h on a
magnetic stirrer at 2000 rpm to attain homogeneous dispersion. The
resulting solution of ferrite was shifted to a muffle furnace and heated at
a temperature of 500 °C for 2 h. This nano ferrite solution allowed to boil
at high temperature to remove the poisonous gases, the resulting dried
mass is used as final product (Chethan et al., 2019). The detailed
mechanism of synthesis techniques of CopsMng sFey_xCexO4 ferrite is
shown in the Fig. 1. The final product of nano ferrite was then trans-
ferred to a agate mortar and well grinded to obtain a fine ferrite nano
powder. This Ce3" doped cobalt-manganese-iron oxide samples were
used to perform structural, morphological, and humidity sensing
studies. To measure humidity sensing parameters, doped ferrite pellets
of dimension 8 mm x 1.5 mm were used to test the humidity sensors
applications.

2.3. Materials characterization

The surface morphology of CopsMngsFes xCexO4 (x = 0.0, 0.050
and 0.1) ferrite was analysed by using scanning electron microscope

+

Distilled Water

Homogenous Solution

Preheated Furnace
At 600 °C

Pressed into Pellets

Sintered at 800°C by
using muffle furnace

<4

Fig. 1. Flowchart representing the synthesis of Cog sMng sFes yCexO4 (x = 0.0,
0.050, and 0.1) ferrite.
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(SEM) (Ultra Scan 60: Japan). X-ray diffraction (XR Ultra Dynamics-400,
UK) in the region 20 = 20° to 80° (Cu Ko, A = 1.5418 ;X) was used to
determine the crystal structure of synthesized samples. Various chemical
and functional groups present in the obtained nano ferrites was analysed
through Fourier Transform Infrared Spectroscopy (FTIR) (Thermo
Nicolet, Avatar 370 — India). The optical properties in terms of optical
absorption for the synthesized ferrites was investigated using UV-visible
spectrometry (Perkin Elmer-Canada) in the wavelength range of 200 nm
to 800 nm. The experimental setup used to measure the humidity
sensing measurement is illustrated in the Fig. 5(a). Pellet samples of 8
mm x 1.5 mm dimension were prepared applying 5 tons of hydraulic
pressure to achieve uniform surface over the pellets surface. The syn-
thesized pellets were sintered at 600 °C for the duration of 5 h. To
establish good level of electrical contact, the silver paste is coated onto
sintered pellets. After the post coated pellets were kept in between the
two probes humidity sensing chamber using rubber cork and opposite
side of the electrode was linked to the programmable computer with
advanced digital multimeter (Model: HIOKI) to record the change in
sensors resistance as a function of applied humidity.

3. Results and discussion
3.1. SEM analysis

The exterior surface morphologies of the prepared CogsMng sFes -
CexO4 (x = 0.0, 0.05 and 0.1) ferrite NPs were investigated by SEM and
depicted in Fig. 2(a-c). The SEM micrographs indicate a porous struc-
ture with flaky morphologies for the ferrites (Pratibha et al., 2020a,b).
The larges pores observed in the structure results due to the elimination
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of gases during the process of combustion. A smooth and homogeneous
morphology was observed for the undoped ferrite sample (x = 0.0). The
morphological features are affected by the concentrations of Ce>* in the
cobalt-manganese-iron oxide ferrites. Among all the samples prepared,
Cop.sMng sFey_yCexO4 (x = 0.1) shows highly porous morphology, such
kind of porous morphology acts as active sites with improved active
surface area and facilitates adsorption of water vapours at active sites.
The major enhancement in the pore dimension and pore volume due to
the doping of cerium (Ce3") NPs in Cog sMng sFe,_4Oy4 ferrite (which is
proof via the BET analysis recorded in Table 1).

3.2. XRD analysis

The powder XRD method was used to investigate the structural
features of the prepared CogsMngsFey xCeyO4 (x = 0.0, 0.05 and 0.1)
samples and the XRD patterns are depicted in Fig. 3. The XRD spectra of
the ferrite sample shows prominent peaks corresponds to the crystal
planes(100)(110)(111)(200)(210)(300)(301)(310)and (31
1) and shows mono phase cubic crystal structure (JCPDS: Card number:
21-1085). The creation of Fd3m ionic space lattice was confirmed
through the XRD patterns. The ionic radius of Ce>* was found to be
(1.05 A) which is well associated with the radius of Fe3" (0.64 A). The
Ce®" doping into the ferrite samples does not affect the crystal structure
of the host ferrites. To determine the crystallite size, Scherrer’s equation
(Sunilkumar et al., 2019a,b) which is in well agreement with the grain
size obtained through SEM micrographs.

kA
b= fcosd

20kV  X10,000 200 nm 0088 1249 SEI

13 49 SEI

Fig. 2. SEM images of CogsMng sFe; ,CexO4 (@) x = 0.0 (b) x = 0.050 (c) x = 0.1 ferrite.
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Table 1
BET analysis (Surface area, average pore diameter and pore volume) and Humidity sensing parameters for Cog sMng sFes xCe,O4 (x = 0.00, 0.050 and 0.10) ferrites.

SL Details of the Surface area Average pore diameter Pore volume Sensitivity Response time Recovery time Hysteresis loss
No samples (mz/g) (nm) (cm3/g) (%) (Sec) (Sec) (%)
1 X =0.00 6.2345 1.7853 0.2547 41 94 106 10
2 X =0.05 17.6543 5.3736 0.4635 62 63 95 7
3 X =0.10 39.7651 9.4343 0.8239 98 36 63 2
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Fig. 3. Powder XRD patterns of CopsMng sFe; xCexO4 (x = 0.0, x = 0.050 and x = 0.1) ferrite.

considerable with increased concentrations of Ce>t owing to lattice
distortion in their normal sites. The total volume of the synthesized
ferrites samples was determined by employing the equation V = a® and
all determined values are recorded in the Table 2. The strain developed
in the synthesized ferrites samples are calculated by using the equation

Here, D represents the crystallite size, k is the parameter depends on the
geometry of the sample and is approximately 0.9 for circular particles,
where A is the X-Rays wavelength used, where § is the intensity of
FWHM, and 0 is the angle of diffraction. The XRD-analysis reveals that,
the crystallite size is approximately 40 nm. It was noticed that, lattice

parameter and lattice volume parameters show small changes with
increasing concentration of Ce>* doping. The spectra obtained by XRD
indicates a marginal change in the lattice parameter of CopsMngs.
Fey_CexOy4 ferrite, which results due to the cationic modification in the

crystal structure.
It is noticed that, the mean crystallite dimensions were reduced

e = @. The hoping length pertain to magnetic properties such as L,

and Ly are calculated by using the equations L, = % and Lg :%
respectively. The hoping lengths are more useful parameters in the
estimation of A-site and B-site magnetic ions.

Table 2
Structural parameters of Cog sMng sFes_xCexO4 (where, x = 0.00, 0.050 and 0.1) nano ferrites.
SL.No Ce®" Content Lattice parameter (A) Crystallite size D (nm) Volume (A%) Strain e (radian) Space group Hopping length
La Ls
1 X =0.00 7.126 32 439.16 211 x 1073 Fd3m 2.415 1.951
2 X =0.05 7.176 21 449.26 439 x 1073 Fd3m 2.482 1.932
3 X =0.10 7.169 16 445.12 9.42 x 1073 Fd3m 2.499 1.931
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3.3. FTIR analysis

The FTIR spectra of CogsMngsFes xCexO4 (x = 0.0, 0.05 and 0.1)
ferrite is shown in the Fig. 4(d). The characteristic peaks corresponding
to 716 cm™! and 528 cm™! stretching frequencies is attributed to the
presence of Fe-Mn-O and Co-O bonds related to tetrahedral and octa-
hedral structures of the ferrite. Peaks correspond stretching frequencies
of 446 cm™! and 870 cm™! are attributed to the symmetrical lattice
vibrations of the cerium, manganese, and cobalt NPs due to their
localized sites (Sunilkumar et al., 2019a,b). The characteristic peak near
to the stretching frequencies of 2958 cm™! is attributed to the O-H lattice
vibration that arise because of absorbed water vapours in the ferrite.
Further, the characteristic peaks correspond to frequencies 1644, 1525
and 1357 cm™! arise due to the vibrations of cobalt-manganese-iron
oxide ferrites (Li et al., 2016). Hence, the FT-IR studies confirm the
formation of cerium (Ce>") doped Cog sMng sFes_xCexO4 ferrite.

3.4. UV-visible spectroscopic analysis

The UV-visible spectra of CogsMng sFes_xCexO4 (x = 0.0, 0.05 and
0.1) NPs investigated in the wavelength regime 200 nm to 800 nm is
depicted in the Fig. 4(a—c). By increasing the concentration of cerium
(Ce®™) NPs in Cop.sMng sFea_xCexO4 ferrite, the peak intensity slightly
increases. The major absorption peak around 625 nm indicates that, the
photons are more absorbed around this wavelength which falls under
red region of visible spectrum. In the UV-visible spectra, the energy
transition can be due to the n-n* transitions of the ferrite sample
(Manjunatha et al., 2019a,b). The band arising from 700 nm in the
UV-Vis spectra can be assigned to the free carrier tail.
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3.5. Humidity sensing studies

Humidity sensing mechanism

The humidity sensing measurements were performed in a laboratory
made experimental setup as shown in Fig. 5(a). The humidity sensing
mechanism is explained on the base of three possible mechanisms,
physisorption, chemisorption and followed by capillary condensation.
Initially, the water vapour gets ionized in the form of H* and OH™ ions
and get adsorbed over the surface of sensing material (Ravikiran et al.,
2018).

H,0~H'+OH .

During first stage of physisorption, the well distinguished OH™ ions
gets linked to the sensing surface and chemisorption layer and H' ions
are liberated from the sensing material. The OH™ ions which are
chemisorbed form a strong hydrogen bond with the nearby water
molecule to result (H30™T). The released H' ionstart to migrate between
water molecules forming the hydrogen bonds. This entire mechanism
take place as per the Grotthuss chemical mechanism (Zhang et al.,
2018).

2H,0—H;0" + OH-

H30+—>H20 + H+

By enhancing the RH%, the physisorbed water vapour gets collected
on the sensing surface creating the second step of physisorption mech-
anism. At the end step the adsorbed water vapours get collected in the
capillary tubes which enhanced the protonation mechanism in the
ferrite which results in the improved humidity sensing performance of

2.0
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S 1.0
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o
-}
o
-~
2
2 054
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Fig. 4. (a—c) UV-Vis spectra and (d) FT-IR spectra for Cog sMng sFe,_xCeyO4 (x = 0.0, x = 0.050 and x = 0.1) ferrite.
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Fig. 5. (A) Humidity sensing set-up used in the present investigation (B) Humidity sensing mechanism at the ferrite surface.

the ferrites. Over all these outcomes which results into reduction of the
resistance values and thus enhances in its humidity sensing performance
of the ferrite (Sarwar Hasan et al., 2022). The detailed humidity sensing
mechanism of prepared ferrites sample was illustrated in the Fig. 5(b).

3.6. Variation of resistance with relative humidity

The change of sensors resistance with a function of relative humidity
(%) for CogsMngsFey; 4CeyO4 (x = 0.0, 0.05 and 0.1) ferrite were
illustrated in the Fig. 6(a). One can easily observe from the plots that the
sensors resistance drops considerably with increasing relative humidity
(RH) from 12 % RH to 97 % RH due to the more adsorption of water
vapours over the surface of ferrite. This could be due to two prime
reasons, first, the adsorbed moisture being comparatively lower because
of which water molecules do not follow the change in electric filed di-
rection and second, resistance lean on the geometry of the sample (Shah
et al., 2011).

Among the synthesized ferrite the highest change in sensors resis-
tance was observed at 12 % RH for Cog sMng sFe;_xCexO4 (x = 0.1) NPs
concentration. The humidity sensitivity for different humidity at
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ambient temperature for the CogsMng sFes_xCexO4 (x = 0.0, 0.05 and
0.1) ferrite determined by employing the below formula (Kotnala et al.,
2008).

Ry —R
Humidity sensing response (%) = {%}
LH

where the resistance at lower humidity level represented by Ryy and the
resistance due to variable relative humidity is Ry.

3.7. Variation of capacitance with relative humidity

The trend of capacitance with applied relative humidity for
Cop.5Mng sFes_xCexO4 (x = 0.00, 0.5 and 0.1) ferrite recorded at a
constant frequency of 100 Hz at ambient temperature is shown in Fig. 6
(b). From the plots we can simply observed that the capacitance of the
ferrite improved with increasing % of RH. In the beginning, up to 30 %
RH the capacitance value remains the same, later at higher frequency
region the capacitance value exponentially increases with higher RH
was noticed due to more adsorption of water molecules which facilitates
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Fig. 6. (A) Change in resistance (B) Change in Capacitance (C) Sensing response as a function of Relative humidity for Cog sMng sFe, xCexO4 (x = 0.0, x = 0.050 and

x = 0.1) ferrite (D) Dynamic sensing response.
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the accumulation of charge carriers inside the host ferrite. According to
the adsorption theory, the adsorption of water molecules occur in two
variable methods. The first step related to chemisorption mechanism
and second step is physisorption mechanism. The additional layer on the
sensing ferrite sample influences the capacitance change in the ferrite. It
was found experimentally that the capacitance of the ferrite is directly
proportional to the conductance and inversely proportional to the
electric field (Syed Khasim et al., 2021). Among all the synthesized
ferrites CogpsMngsFes_xCexO4 (x = 0.1) sample exhibited higher
capacitance and which results into more humidity sensitivity.

3.8. Humidity sensing performance with relative humidity

The trend of humidity sensing response as a function of relative
humidity (%) recorded at ambient temperature for CogsMngsFes .
CexO4 (x = 0.0, 0.05 and 0.1) ferrite were illustrated in the Fig. 6(c). It is
clearly observed from the plots that the humidity sensing response en-
hances with relative humidity from 12 % to 97 % (Srinivasamurthy
etal., 2023). The humidity sensing response in the present work is better
than that of nickel-iron-zinc oxide ferrite NPs synthesized via solution
combustion technique (Apsar Pasha and Angadi, 2023). Among the
prepared ferrite CogsMngsFe; yCexO4 (x = 0.1) sample shows
maximum humidity sensing responses of 98 % in comparison to other
synthesized ferrite samples. The doping of cerium (Ce>") NPs into the
cobalt-manganese-iron oxide ferrite leads to the enhanced porosity and
larger absorption of water molecules and hence improved sensing
response.

3.9. Humidity response and recovery times

The humidity sensing response and recovery times were defined as,
the time taken to achieve 90 % of humidity sensitivity (saturation) at the
time one complete gasification process and the same time the degas-
ification mechanism was utilized to measure the sensor recovery times
when the humidity sensitivity drop to baseline. The response and re-
covery plots for Cop sMng sFes_xCexO4 (x = 0.1) ferrites studied at room
temperature is shown in the Fig. 6(d). To measure the response and
recovery times two sensing chambers were used, the first chamber
which comprises of 11 % RH and other chamber comprises of 95 % RH.
The sensing response for Cog sMng sFey xCexO4 (x = 0.1) sample was
found to be 36 s when the sample was shifted from 12 % RH to 97 % RH
and at the same time the recovery time 63 s was measured when the
tested sample moved from 97 % RH to 12 % RH. The improved response
and recovery times of Cog sMng sFez_xCexO4 ferrite material can be used
as an efficient material in the design of humidity sensors (Hiremath
et al., 2023). The main reason for the improved response and recovery
time in CogsMng sFes xCexO4 ferrite was believed that doping of rare
earth nanoparticles like cerium into the CogsMng sFea_xCexO4 ferrite
which turn to more porous morphology which facilitate more absorption
of water molecules over the surface of ferrite sample and it causes
improved response and recovery times (Syed Khasim et al., 2023). The
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Comparative analysis of Humidity sensing performance of different
ferrites-based composites synthesized via different methods with the
recently published works were given in the Table 3.

3.10. Humidity hysteresis

The humidity hysteresis curves for Cog sMng sFes_xCexO4 (x = 0.0,
0.05, 0.1) ferrite were recorded in the regime of 11 % RH to 98 % RH as
illustrated in the Fig. 7(a—c). The adsorption trend exhibited by slowly
enhancing from the relative humidity range 11 % to 98 % and desorp-
tion curve is back tracing at the time of measurement. It was very
curious to observe from the hysteresis plots, the desorption mechanism
little slower in compare to the adsorption mechanism. This recommends
that the exothermic and endothermic responses of the sensors are well
compared to the adsorption and desorption mechanism occurs at
different rates leading to the lower the impedance value in desorption
mechanism in compare to the adsorption mechanism. Among the pre-
pared ferrite Cog sMng sFez_xCexO4 (x = 0.1) sample shows lower hys-
teresis loss in the order of 2 % in compare to the other synthesized
ferrites samples, this kind of behaviour might be due the improved
morphological features and higher humidity sensitivity (Ramakrishna
et al., 2023). The humidity hysteresis loss of the synthesized ferrites can
be calculated by using the equation.

a-b
Hysteresis(%) = | ————
y ( ) |:Ymax - Ymin:|
In the above equation, “a” be the highest value and “b” be the lowest
value of Y at the overage of the % relative humidity. All the humidity
sensing parameters of the synthesized materials are shown in Table 1.

3.11. Stability analysis

In this test, we have tested Cog sMng sFe;_xCexO4 (x = 0.1) ferrite at
relative humidity of 30 % and 97 % for each 8 days in 90 days’ time
interval. Fig. 7(d) shows the stability plots of 30 % and 97 % RH for
Cog.sMng sFep_xCexO4 (x = 0.1) ferrite recorded at ambient tempera-
ture. From the plots clearly shows that, in both humidity condition the
synthesized ferrite sample exhibited outstanding stable performance
over a long period with negligible loss of sensitivity which is nearly 2 %,
this least loss in humidity sensitivity might be due to the aging induced
effect was observed in most of the ferrites-based sensors. Therefore, the
stability test indicated that, the prepared humidity sensing material is
showing the outstanding stable performance at higher concentration of
cerium doped cobalt-manganese-iron ferrite at ambient temperature
(Syed Khasim et al., 2024). The lower concentration cerium NPs doped
cobalt-manganese-iron ferrite was not examined the stability analysis,
because these composites show lower humidity sensitivity in compared
to the Cog sMng sFey_xCexO4 (x = 0.1) ferrite. However, the lower hu-
midity sensing ferrite materials could find potential applications espe-
cially in energy storage, optoelectronic and electronic applications
(Ramakrishna et al., 2024).

Table 3
Comparative analysis of Humidity sensing performance of different ferrites-based composites in recently published works.
SL Details of ferrites sample Synthesis method Measurement range Sensing Response and recovery Reference
No (RH) response times (s)
1 Scandium doped cobalt chromate Solution combustion 40 %-90 % 67 % 66/103 (Manjunatha et al., 2019a,
b)
2 Cobalt-Nickel-Iron doped Caesium Solvothermal 10 %-80 % 76 % 78/120 (Srinivasamurthy et al.,
ferrites 2023)
3 Rubidium-doped Magnesium ferrite Chemical combustion 30 %-90 % 61 % 95/130 (Hiremath et al., 2022)
4 Praseodymium doped magnesium Electrochemistry 5 %-60 % 86 % 45/68 (Shah et al., 2011)
ferrite method
5 Samarium doped Lanthanum Hydrothermal method 15 %-80 % 88 % 48/78 (Pratibha et al., 2020a,b)
Aluminate
6 Cog.sMng sFe, CexO4 Solution combustion 11 %-98 % 98 % 36/63 Present work
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4. Conclusion

In conclusion, cerium (Ce3+) doped cobalt-manganese-iron oxide
ferrites were synthesized using simple solution combustion technique.
The Ce3" and Fe>* NPs were successfully doped with different concen-
trations into the host cobalt-manganese oxide ferrite system, without
changing the phase of host ferrites. The XRD studies confirms the
presence of major crystal planes and formation of cubic spinel structure
in doped ferrites. The SEM studies suggest a porous flaky surface
morphology for the doped ferrites. The presence of both the elements
dopant and host ferrite was confirmed through FT-IR and UV-Vis
studies. By doping the cerium (Ce®") into host ferrites facilitates the
formation of porous structure which serves as vapour absorption sites.
The Ce3" doping in the host ferrites increases the humidity sensing
response of the ferrite samples. Among the series of ferrite samples
synthesized, CogpsMngsFey xCeyO4 (x = 0.1) ferrite shows improved
sensitivity with quick response and recovery times. Further, the Ce>*
doped (x = 0.1) sample exhibits long term stability (90 days) without
deteriorating its sensing response. Hence, the Cogp sMng sFes_xCexO4 (x
= 0.1) ferrite synthesized in the present investigation could potentially
be used to fabricate a resistive type humidity sensor. Owing to its easy
synthesis, superior sensing response, short response/recovery time as
well as long-term stability, the humidity sensors fabricated in this study
using Cog sMng sFey xCeyO4 (x = 0.1) ferrite could open new avenues
for sensor technology.
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