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ABSTRACT
The effect of cerium (Ce3+) on the structural, microstructural, Fourier infrared spectro-
scopic, electrical, and humidity sensing behavior of CoCr2−xCexO4(CoCrCe) is reported 
in this paper. To prepare the samples, Solution combustion method using mixture of 
urea and glucose as a fuel. Samples are sintered for 600 °C for 3 h to get single phase. 
To analyses the creatinine nature and morphology, samples were characterize X-ray 
diffraction (XRD) and scanning electron microscopy. XRD reveals that formation of 
cubic spinel structures with typical crystallite sizes of less than 10 nm. When Ce3+ ions 
are replaced by Cr3+ ions, the lattice parameter found decreases from 8.3289 to 8.3163 
Å. This is due to the creation of a compressive lattice strain and may be due to the dif-
ferences between ionic radius of Ce3+ as compared to Cr3+. We discovered the chrom-
mate structure in the absence of impurities by analysing the octahedral and tetrahedral 
stretching bands using Fourier infrared spectroscopy. Scanning Electron microscopy 
results reveals that samples exhibits highly porous nature. Elemental analysis were 
confirms the Ce3+ is present in the samples. All samples subjected to study the humid-
ity sensing studies. The relative humidity influences the resistivity of the surround-
ing air significantly. We also investigated the relative permittivity characteristics, the 
conductivity of the samples of interest, and the capacitive sensor’s response time at a 
fixed frequency of f = 1 kHz. Further, The variation of both relative permittivity and 
electrical resistivity were strongly depending on humidity. As concentration of Ce3+ 
increases the permittivity (unit less), Conductivity, electrical capacity(normalized), 
Response time of capacitive sensor were found increases such as 150, 108 [Ω m], 10, 90 

Received: 15 September 2023 
Accepted: 29 January 2024 
Published online: 
26 February 2024 

© The Author(s), under 
exclusive licence to Springer 
Science+Business Media, LLC, 
part of Springer Nature, 2024

Address correspondence to E-mail: jagdeeshbub@gmail.com; mtayyab@ksu.edu.sa

http://orcid.org/0000-0002-0948-625X
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-024-12107-4&domain=pdf


	 J Mater Sci: Mater Electron (2024) 35:420420 Page 2 of 10

this is may be due to the larger ionic radius of the Ce3+ and also may be high porosity 
of the samples. Ce3+ at 2 mol% has improved humidity sensing properties as compared 
to other concentration. We conclude that CoCr1.98Ce0.02O4 be useful for an active mate-
rial in humidity-sensing devices.

1 Introduction

Spinel Chromates have received the majority of the focus 
in recent years when it comes to multiferroics materials. 
This is due to spinel chromates exhibits’ extraordinary 
combination of structural, magnetic, multiferroics and 
dielectric properties [1–4]. CoCr2O4 has been used as a 
dye, a catalyst, and a base for growing films [5]. But only 
a few papers have talked about how CoCr2O4 and rare 
earth doped CoCr2O4 are made and what humidity prop-
erties they have [5–9]. Several experiments have shown 
that the nano size effect, surface-pinning issues, lattice 
distortion, and surface flaws are the main things that 
affect the magnetic properties of CoCr2O4 [4–9].But there 
is no reports avilbel in the literature Ce3+ doped CoCr2O4 
for humidity properties. As people become more con-
cerned about the environment, they are placing a greater 
emphasis on sensors [9–14]. Accurate humidity moni-
toring is required for a variety of reasons, including but 
not limited to agriculture, manufacturing, food storage, 
interior and outdoor air quality, and the quality of other 
interconnected industries. In addition to their technologi-
cal significance, chromate materials have demonstrated 
advantages in the sensor industry due to their mechani-
cal strength, chemical resistance, and stability. The spinel 
structure of chromates is primarily utilised in gas [1–3], 
stress and humidity [4] sensors. In industries such as 
textile dryers, air coolers, grill forming, cereal stockings 
and medicine, humidity sensors may be in demand [6]. 
Metal oxide-based humidity sensors have advantages 
such as low cost, straightforward construction, and ease 
of installation in the operating environment. The interac-
tion between water molecules and the surface of a rare 
earth, i.e. the surface’s reactivity, determines a rare earth’s 
ability to detect the presence of water molecules [15–25]. 
A good humidity sensor should possess a variety of quali-
ties, including sensitivity, chemical and thermal stabil-
ity, reversibility, and reaction speed. Due to their many 
advantageous properties, spinel rare earth doped chro-
mates are ideal candidates for use in applications involv-
ing humidity sensing. Cerium is diamagnetic material it 
will helps to improve the porosity of the samples. These 
benefits include their porous structure, high surface-to-
volume ratio, humidity-variable resistivity, low cost, 

straightforward synthesis, and adaptability to a wide 
range of operating conditions. Synthesis of porous mate-
rials is also uncomplicated. Because of their porous struc-
ture and high surface-to-volume ratio, chromates are an 
excellent choice for use as humidity sensors. Chemically 
speaking, the formula for spinel cubic chromate is (AB2)
O4. The letter “B” refers to the octahedral shape, whereas 
the letter “A” refers to the tetrahedral shape. In the spine, 
cations A2+ are found in tetrahedral locations, whereas 
cations B3+ are found in octahedral locations. Due to 
their chemical stability, chromites are indispensable to 
the sensor and electronic industries [26]. The typical stoi-
chiometric structure of spinel is subjected to a number of 
substantial modifications or substitutions with metal ions 
in order to achieve maximum performance. Due to the 
higher thermal and chemical stability of CoCrCe materi-
als, we planned to use rare earth (Ce3+) doped CoCr2O4 
in the humidity study we were conducting.

The structure, microstructure, Fourier infrared, elec-
trical, and humidity sensing behaviour of CoCr2−xCexO4 
(x = 0 to 0.02) that was synthesised utilising a solution 
combustion technique was investigated here. In order 
to determine whether or not the electrical response of 
rare earth doped samples altered as a function of rela-
tive humidity, research was conducted on the samples 
with the end goal of employing the samples as humidity 
sensors.

2 �CoCr2−xCexO4 (x = 0 to 0.02) synthesis 
procedure

2.1 �Materials and synthesis

CoCr2−xCexO4 (x = 0 to 0.020) were prepared y solu-
tion combustion method by using metal nitrates such 
as Co[NO3]6H2O, Cr[NO3]39H2O, Ce[NO3]39H2O and 
fuels C6H12O6 and NH2CONH2. The reducing agents 
(fuels) and oxidizers (metal nitrates) were kept at a 
1:1 ratio in this synthesis. To generate a homogenous 
solution, the stoichiometry amount of needed metal 
nitrates and fuels were placed in a glass beaker and 
stirred constantly for around 45 min using a magnetic 
stirrer at 800 rpm. This homogeneous solution was 
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held at 450 °C within the muffle furnace. The fluid 
was initially boiled, frothed, and then burned.

2.2 �Characterisation

The samples were characterized by powder X-ray dif-
fraction using “PANalytical X’Pert Pro MPD” diffrac-
tometer (Cu-Kα radiation, Ni filter). The diffraction 
data were recorded in the detector angle (2θ) range of 
10–80° with a step size of 0.02°.

The microstructure of the samples were investi-
gated by scanning electron microscopy (SEM). The 
JEOL instrument was used in the collection of the SEM 
spectra (model JSM-840).

From the FTIR spectroscopy we can find the infor-
mation about the position of ions in the crystal and 
about the inter atomic vibration modes of the samples 
using Agilent FTIR spectra.

For humidity sensing analysis, the powdered sam-
ples are pressed into pellets with a diameter of 10 mm 
through a hydraulic press (Fig. 1). To ensure ohmic 
contact, the obtained pellet sample was covered in sil-
ver paste. The sample covered by the silver electrode 
was positioned in the middle of the probes. The digital 
multimeter was linked to the probe’s unconnected end 
at one end. In each flask that contained saturated salt 
solutions, the holder that contained the sample pellet 
was maintained there.

3 �Results and discussions

3.1 �Analysis of structure

XRD pattern of CoCr2−xCexO4 (x = 0 to 0.02) as shown 
in the Fig. 2. The data are collected by exposing a 
sample to Cu-K radiation (λ = 1.5418). (Rigaku Cor-
poration, Tokyo, Japan). The XRD patterns of CoCrCe 
reveal diffraction peaks are indexed to a cubic spinel 
structure of AB2O4. The peaks (220), (311), (222), (400), 
(422), (511), and (440) are indicating the cubic phase. 
The observed XRD patterns of CoCr2O4 were com-
pared with the Joint Committee on Powder Diffrac-
tion Standards data that matches well with file(JCPDS 
Card No. 780711). The intensity of the diffraction 
peaks can be used to make inferences about changes 
in morphology and particle size, assuming this is done 
correctly. The Debye–Scherrer formula, which can be 
seen in Eq. 1 [27], was utilised in order to ascertain the 
dimensions of the crystals.

where D is the size of the crystallite, β is the line broad-
ening at full width half maximum (FWHM), θ is the 
Bragg angle, λ is the X-ray wavelength, and K is a 
dimensionless form factor with a value near to unity. 
The size of the crystal is decreases with increasing Ce3+ 
concentration .

(1)D =
K�

� cos �
,

Fig. 1   Molecular structure 
of oxidizers and fuel use of 
synthesised element
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Latice parameter were calculated through the fol-
lowing formula [28].

where, a0 represents the lattice constant, d represents 
the distance between the atomic layers of the crystal, 
and (hkl) represents the plane indexing.

(2)d = a
0

√

h
2 + k

2 + l
2

n � = 2d sin �

The values of lattice parameter were found in 
the range from 8.3289 and 8.3163 Å, respectively, 
were found to be the estimated lattice parameters 
for CoCrCe, which agree with the findings of earlier 
investigations.

Further Strain ε (%) of the samples are calculated 
by using Eq. 3

Strain of sample increases after doping may be 
due to decrease in particle size. Further hoping 
lengths of the samples were calculated by using 
Eqs. 4 and 5. Hopping lengths in tetrahedral site LA 
and octahedral site LB are calculated based on the 
distance between magnetic ions.

Table 1 provides the calculated values for LA and 
LB., lattice parameter, crystallite size and strain. As 
Ce3+ content "x" increases, the distance between mag-
netic ions decreasing. This can be explained by the 
disparity in ionic radii between the constituent ions.

3.2 �Microstructural elementary analysis

Morphology of the samples is depicted in Fig. 3. The 
structure is composition dependant, according to SEM 
micrographs all samples shown higly porous nature, 
but no interior pores and a large number of inter-
grain holes. The Ce3+ ions-containing sample formed 
by self combustion had the finest granulation and a 
tendency to agglomerate particles. Furthermore, the 
intergranular pores are linked by the big pores. The 
pore structure is a network of interconnected spaces 
that create capillary tubes [29]. The amount of Co, 

(3)Strain �(%) =
�

4tan�
,

(4)L
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√
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Fig. 2   XRD data of CoCr2−xCexO4 [x = 0 to 0.02]

Table 1   Data obtained from 
XRD such as crystallite 
size, unit cell volume, lattice 
parameter

Ce3+ content
x

lattice 
parameter 
(Å)

Crystallite Size 
D in (nm)

Volume (Å3) Strain ε (%) Hoping length (Å)

LA LB

0 8.3289 15 578 1.4317 3.6065 2.9447
0.005 8.3260 13 577 1.3063 3.6052 2.9437
0.01 8.3194 12 575 1.3724 3.6024 2.9413
0.015 8.3180 11 576 1.3823 3.6018 2.9408
0.02 8.3163 10 575 1.541 3.6010 2.9402
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Cr, Ce3+, and O in the compositions were determined 
using energy dispersive X-ray spectroscopy. The 
graphs are depicted in Fig. 3. The components are 
present in roughly the same stoichiometric amount as 
when stored in pure water, according to the chemical 
makeup, with no substantial impurities.

3.3 �Fourier infrared spectroscopy analysis

Figure  4 depicts FTIR spectra of nanocrystalline 
CoCr2−xCexO4 [x = 0 to 0.02] obtained at room tem-
perature in the frequency range 400–4000 cm−1. FTIR 
confirm the spinel structure of of CoCr2−xCexO4[x = 0 
to 0.02], which consists of two sharp bands υ1 and υ2 in 
the wavenumber range 400–600 cm−1. The cation distri-
bution of tetrahedral and octahedral sites determines 
the characteristics of CoCr2−xCexO4. The vibrational 
modes are represented by the lower wave number 
sidebands in the FTIR spectra. Two sharp frequency 
bands, υ1 (589 cm−1) and υ2 (440 −1), confirm the syn-
thesis of spinel chromite, which occurs as a result of 
Cr3+-O2 stretching vibration at tetrahedral and octahe-
dral sites [5, 24, 30, 31].

3.4 �Variation of the relative permittivity 
against relative humidity

The humidity is the most crucial parameter, which 
shows its effect on the operation of electronic devices. 
Hence its very important to record the humidity level 
of the environment and to note its effects on meas-
ured parameters. In this paper for the first time, the 
variation of the electrical conductivity with the relative 
humidity was recorded for the (CoCrCe) samples. The 
conductivity behaviour of these samples was tested 
at ambient room temperature with in the relative 
humidity ranging from 0 to 98% RH levels respectively 
which gives definite relative humidity are used [32]. 
For the measurement we have used saturated salts 
solutions such as Lithium chloride (LiCl), Potassium 
acetate [K(CH3COO)], Magnesium chloride (MgCl2), 
Potassium carbonate (K2CO3), Magnesium nitrate 
[Mg(NO3)2], Sodium chloride (NaCl), Potassium chlo-
ride (KCl) and potassium sulfate (K2SO4) at 28 °C.

The Fig. 5 depicts the variation of the electrical per-
mittivity with the relative humidity of the (CoCrCe) 
samples for different compositions (x = 0.0, 0.005, 0.010, 
0.015 and 0.020). The plots clearly depict that, as the 
relative humidity increases the relative permittivity 
also increases and it is maximum for the CoCr2−xCexO4 

(x = 0.02) sample. Also, at higher humidity level more 
enhancement in the permittivity of the samples is 
observed. The possible mechanism to explain the 
resistive and capacitve and its relation to the humid-
ity of the Cobalt chromate and how the substitution 
by foreign element influence the related mechanism is 
Cerium(Rare earth with larger ionic radii) contributes 
to the increase of the effective surface of the material 
exposed to water vapours by increasing the porosity 
of the material and the permittivity of the chromate 
material, thereby favouring the conduction processes 
on the effective surface of the material exposed to 
humidity.

3.5 �Conductivity against relative humidity

The change in the electrical conductivity with relative 
humidity was shown in Fig. 6. The electrical resistance 
of the CoCr2−xCexO4 (x = 0.0, 0.005, 0.010, 0.015 and 
0.020) samples shows that, as the relative humidity 
increases the conductivity decreases. At lower humid-
ity the conductivity is high [33]. The possible mecha-
nism to explain the conductivity is increases with Ce3+ 
contributes to the increase of the effective surface of 
the material exposed to water vapours by increasing 
the porosity of the material and electrical conductiv-
ity of the chromate material, thereby favouring the 
conduction processes on the effective surface of the 
material exposed to humidity.

3.6 �Electrical capacity and electrical resistance 
in normalised

The variation of the normalised electrical capacitance 
and normalised electrical resistance with the relative 
humidity at room temperature from 0 to 98% relative 
humidity were recorded and plotted in Figs. 7 and 8 
respectively. Electrical conductivity is found highest 
for Ce3+ = 0.02 concentration due to larger ionic radius 
of the Ce3+ compare to Cr.

The Fig. 7 clearly depicts that below 40% relative 
humidity the co-efficient of C/C0 indicates less sensi-
tivity but as the relative humidity more that 40%, the 
samples show good sensitivity. This good sensitivity 
for CoCr2−xCexO4 (x = 0.015) sample may be due to the 
more porous structure of the sample and decreased 
crystallite size. The Fig.  8 show that, as the rela-
tive humidity increases the co-efficient of resistance 
R/Ro decrease, which intern represents that at lower 
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Fig. 3   SEM micro-
graphs and EDS pattern of 
CoCr2−xCexO4[x = 0 to 0.02]
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humidity the sensitivity of the sample’s is good but at 
higher humidity the sensitivity is poor.

3.7 �Response time of capacitive sensor 
and resistive sensor

The timing behaviour is one of the important param-
eters to judge the potentiality of the sensor. In the 
present study response time was examined for the 
CoCr2−xCexO4 samples over a humidity range of 0–98% 
at room temperature. The response time was measure 
for the variation in resistive (electrical conductivity) 
and capacitance (electrical permittivity). The Fig. 9 

depicts that drastic variation on the response time 
for electrical permittivity was observed by changing 
the relative humidity from lower to higher humidity. 
More variation the permittivity was observed for all 
the samples, but the CoCr2−xCexO4 (x = 0.015) sam-
ple showed a drastic variation of the response time, 
this may be due to the synergistic effects and porous 
nature of the sample.

The Fig. 10 clearly gives the response timing behav-
iour of the electrical conductivity of the samples. 
The response time for electrical conductivity var-
ies more significantly. The magnitude of two order 
change in the electrical conductivity was observed 
for CoCr2−xCexO4 samples. Among these samples the 
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Fig. 4   FTIR spectra of the CoCr2−xCexO4[x = 0 to 0.02]

Fig. 5   The variation of the relative permittivity against relative 
humidity at the constant frequency of 1 kHz

Fig. 6   The variation of the conductivity against relative humid-
ity at the constant frequency of 1 kHz

Fig. 7   The variation of the electrical capacity in normalised 
form for the CoCr2−xCexO4 (x = 0.005, 0.010, 0.015 and 0.020) 
samples at the constant frequency of 1 kHz
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CoCr2−xCexO4 (x = 0.015) has shown a drastic variation. 
This may be due to the enlarged surface area and max-
imum porous nature of the sample.

This study gives a new way to the research about 
the electrical conductivity study with the variation 
in the humidity. There are fever literatures are avail-
able related to this work. The CoCr2−xCexO4 samples 
has shown better variation in the conductivity as the 
humidity changes from 0 to 98% at ambient tempera-
ture. Among the prepared samples CoCr2−xCexO4 
(x = 0.015) sample has shown good sensitivity and bet-
ter response to the change in the humidity.

4 �Conclusion

In this work, Ce3+ doped and undoped CoCr2O4 pow-
der was successfully generated by solution combus-
tion method using glucose and urea as fuels for the 
first time ever. This is the first study of its type. In this 
work, we looked examined how the presence of Ce3+ 
affected the structural, spectroscopic, and humidity 
sensing capabilities of CoCr2O4. The resistivity drops 
even further as the crystallite size gets smaller, with 
the maximum resistivity being reached in samples that 
have the highest granulation but a lower dopant con-
centration. The Ce3+ substitution contributes to a drop 
in electrical resistivity, which puts the material’s resis-
tivity into the measurable zone. This is advantageous 
for applications using sensors because of the mate-
rial’s increased ability to be measured. The possible 
mechanism to explain the resistive and capacitve and 
its relation to the humidity of the Cobalt chromate and 
how the substitution by foreign element influence the 
related mechanism is Cerium(Rare earth with larger 
ionic radii) contributes to the increase of the effective 
surface of the material exposed to water vapours by 
increasing the porosity of the material and the per-
mittivity and electrical conductivity of the chromate 
material, thereby favouring the conduction processes 
on the effective surface of the material exposed to 
humidity. The ratio of Ce3+ can be chosen to optimize 
the response of the corresponding electrical param-
eter (permittivity or conductivity) under the influence 
of humidity based on the type of sensor considered 
(capacitive or resistive).

Fig. 8   The variation of the electrical resistance in normalised 
form for the CoCr2−xCexO4 (x = 0.005, 0.010, 0.015 and 0.020) 
samples at the constant frequency of 1 kHz

Fig. 9   Relative permittivity v/s response time of capacitive sen-
sor for CoCr2−xCexO4 samples

Fig. 10   The response time of resistive sensor for CoCr2−xCexO4 
samples
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