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‘I
In this study, a detailed analysis of the lattice structure, micro-structural features, DC-electrical properties and dielectric characteristics of |
Cr**-substituted cobalt-lithium-based ferrite oxide nanoparticles (CoLiFCr NPs) synthesized using a sol-gel method enhanced by synergistic |
sol-gel auto-combustion is presented. Citric acid monohydrate (C¢HsO7-H,O) was utilized as a chelating agent, maintaining a metal nitrate
to citrate ratio of 1:3. Substituting Cr** in Co-Li ferrite significantly alters its crystal structure, morphological, DC-electrical and dielectric |
characteristics. The X-ray diffraction (XRD) analysis confirmed the crystalline formation of CogsLijsFe,..Cr.O, nanoparticles (where x = |
0.0, 0.2, 0.4 and 0.6); exhibiting the single-phase cubic structure characterized by a spinel configuration, falling under the space group |
Fd-3mO}. The lattice constant a for COLiFCr NPs (x = 0) was measured at 8.338 + 0.002 A, which decreased to 8.291 = 0.002 A upon Cr |
substitution (x = 0.6), as confirmed by Cohen’s analytical graphs. The crystallite size (D), determined using the Debye-Scherrer’s formula, |
ranged from around 18.9 to 29.74 nm. Peak broadening in CoLiFCr NPs was further examined through Williamson-Hall and size strain
analyses. The FTIR spectra of CoLiFCr nanopatrticles revealed the presence of metal-oxygen (M-O) bonds typical of spinel structures, |
featuring significant peaks at 443 cm™ and 537 cm™'. High-resolution transmission electron microscopy (HR-TEM) images showed the |
single-crystal CoLiFCr NPs with nearly spherical morphologies. The study of optical properties was conducted using UV-visible spectroscopy. |
The nanoparticles with x = 0.2 displayed high €' values at 50 Hz, indicating strong polarization capabilities, while those with x = 0.6 |
exhibited a decrease possibly linked to structural changes affecting polarization. The DC resistivity of CoLiFCr nanoparticles was investigated
to understand their electrical behaviour highlighting the influence of substitution of Cr** on conductivity. I
|
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INTRODUCTION

In recent times, there has been a growing interest in investi-
gating spinel ferrite nanoparticles because of their remarkable
structural, dielectric and magnetic characteristics. These nano-
particles are part of the spinel ferrite group, defined by the
general formula (AB,0,), with A and B denoting divalent and
trivalent metal cations, respectively [1]. Cobalt-lithium ferrite
nanoparticles (Co-Li ferrite NPs) are of particular interest
because of their potential applications in high-frequency devices,
magnetic storage, catalysis and biomedical fields. By incorpora-
ting different dopants into the ferrite matrix, we can further
customize these properties, resulting in improved performance

for specific applications. The inclusion of lithium not only enha-
nces the electrical properties but also has a significant impact
on the magnetic characteristics of the nanoparticles. This remark-
able combination of features is especially advantageous for
applications such as magnetic resonance imaging (MRI) [2],
where both high magnetic saturation and low dielectric losses
are desirable. In the case of Co-Li ferrite NPs, cobalt (Co*")
and lithium (Li*) ions occupy the tetrahedral (A) and octahedral
[B] sites of the spinel structure, resulting in a versatile material
with a wide range of applications, including high-density magn-
etic storage, biomedical imaging and drug delivery. The ability
to substitute different cations, such as chromium (Cr**), into the
ferrite structure allows for precise adjustment of the material’s
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properties to meet specific application requirements. Chromium
doped cobalt-lithium ferrite nanoparticles (CoLiFNPs) are gaining
prominence as crucial materials in a wide range of cutting edge
applications, driven by their improved magnetic, dielectric and
structural characteristics [3]. One exciting field of development
is high-density magnetic storage devices, where the remarkable
magnetic saturation (ranging from 60-80 emu/g) and consistent
performance across different temperatures can greatly improve
both storage capacity and data access speeds. Moreover, in
biomedicine, these nanoparticles show significant promise for
targeted drug delivery and magnetic resonance imaging (MRI).
Their compatibility with biological systems, along with the
capability to alter their surfaces, enables accurate targeting of
cancer cells, reducing side effects and enhancing the effect-
iveness of treatments [4]. Significantly, their super-paramagnetic
behaviour at room temperature (with a blocking temperature
below 300 K) ensures minimal residual magnetism, which is
crucial for MRI contrast agents [5].

Researchers also actively explored Cr-doped CoLiFNPs for
their potential in wastewater treatment and remediation. Their
high surface area and reactivity make them effective at adsor-
bing and breaking down pollutants [6]. In the energy sector,
they are being incorporated into cutting-edge battery techno-
logies and supercapacitors, taking advantage of their distinctive
electrochemical characteristics, including a high specific capa-
citance of up to 400 F/g and outstanding cyclic stability, maint-
aining over 90% of their capacitance even after 1000 cycles
[7]. The unique electrical characteristics, with a dielectric
constant (¢') ranging from 50 to 200, along with their magnetic
features, enable the development of advanced sensors used in
industrial automation [7], healthcare and environmental monit-
oring [8]. Thus, keeiping in mind about these facts, this study
aims to synthesize and comprehensively characterize chromium
substituted cobalt-lithium ferrite nanoparticles (CoLiFNPs)
using the sol-gel method. The sol-gel method combined with
auto-combustion is an effective way to obtain high-purity nano-
particles.

EXPERIMENTAL

The synthesis of Cr-substituted cobalt-lithium ferrite nano-
particles (CoLiFCr NPs) utilized the analytical-graded chemicals.
The raw materials include analytical grade cobalt nitrate
[Co(NOs),-6H,0] and ferric nitrate [Fe(NO;);-9H,O]. Lithium
nitrate was used to introduce lithium ions (Li*), which enhance
the magnetic properties and structural stability of ferrite.
Chromium nitrate [Cr(NO;);-9H,0] was added for the chromium
ions (Cr*") that substitute the iron ions in the octahedral [B]-
site, influencing the magnetic and electrical properties of the
material. Citric acid [C¢HsO7-H,O] acts as a chelating agent
and binds the metal ions togather to ensure a uniform mixture
and also controls the particle size during synthesis. The pH was
adjusted using ammonia solution, which facilitates the precipi-
tation of metal hydroxides. Acetone was employed in the washing
process to remove impurities and residual organics, while double
distilled water was used to maintain the solution purity and
prevent contamination. The accurately measured and combined

reagents in stoichiometric ratios were presumed to yield the
intended chemical composition and structural characteristics,
reducing impurities and ensuring optimal performance.
Synthesis of CoLiFCr NPs: In the sol-gel synthesis of
CopsLigpsFe, .Cr,O4 NPs (where x = 0.0, 0.2, 0.4 and 0.6), the
process began with precise measurement of metal precursors.
These precursors were hydrolyzed in an aqueous solution with
vigorous stirring and heating at 80 °C for 3 h to maintain a
neutral pH of 7 by gradually adding ammonia solution to the
nitrate solution. As the poly-condensation process continued,
water was slowly removed while the solution was stirred on a
magnetic hot plate. The transition from the sol phase to the
viscous gel phase was achieved gradually, with citric acid playing
akey role in complexing various metal ions to prevent selective
precipitation and ensure a uniform composition. As the mixture
of nitrate and citrate was heated further, its temperature rose
to 120 °C, triggered an auto-catalytic combustion reaction.
This reaction produces high temperatures, which help reduce
metal ions to their oxides and promote nucleation and crystalli-
zation in the gel. The dry-gel then underwent an exothermic
reaction known as auto-combustion that results in the formation
of agglomerated crystalline structures. The CoLiFCr nanopar-
ticles were dried and annealed at 650 °C for 4 h to monitor
crystallization and phase transformation, ensuring the desired
structural and magnetic properties were achieved [9].

RESULTS AND DISCUSSION

Thermogravimetric analysis: The percentage weight
loss in relation to temperature (T) is depicted in Fig. l1a-d for
CoypsLigsFe, .Cr,Oy NPs (x = 0.0, 0.2, 0.4, 0.6). The thermo-
gravimetric analysis (TGA) reveals a weight loss occurring
around 250 °C, which likely indicates the elimination of impur-
ities and moisture. A key broad peak between 600-800 °C
signifies the complete crystallization of CogsLigsFe,. Cr,O4
NPs. After reaching this temperature range, there is no further
significant weight loss, implying that the material remains stable
without any decomposition. The differential thermal analysis
(DTA) curve points to approximately 600 °C as the ideal temp-
erature for achieving complete ignition and stable phase forma-
tion. The TGA and DTA results for CoggligsFe,..Cr,O4 NPs (x
= (.0) shed light on the thermal behaviour and stability of the
material. The TGA curve indicates an initial weight loss up to
around 250 °C, attributed to the removal of moisture and impu-
rities, suggesting the presence of adsorbed water or other volatile
components. A significant broad peak is observed between
600-800 °C, marking the crystallization of CoysLij4Fe,.Cr,O;
NPs, which indicates substantial structural transformations
leading to the crystalline phase. Beyond 800 °C, the absence
of significant weight loss confirms the thermal stability of
material, indicating that it has fully crystallized with no further
decomposition or reactions taking place. The DTA curve reveals
an endothermic peak reaching about 250 °C, which corresponds
with the initial weight loss in the TGA curve. This suggests that
heat is being absorbed as impurities and moisture are removed.
Additionally, there is an exothermic peak near 600 °C in the
DTA curve, which is linked to the crystallization process, signi-
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Fig. 1. (a-d) TGA-DTA plots for CoysLi4Fe,..Cr,Os FNPs (where x = 0.0, 0.2, 0.4 and 0.6)

fying energy release as the sample forms a stable crystalline
structure. After 800 °C, the DTA curve levels off, indicating
that no further thermal changes occur, thus confirming the stab-
ility of the crystalline phase as supported by the TGA results.

XRD studies: Employing CuKot radiation (A = 1.5409 A)
atroom temperature, with a normalization set at 40 mA current
and 40 kV voltage, the X-ray diffractometer (X PertPRO MPD
PANAlytical) was utilized to investigate the diffraction profiles
of CoLiFCr nanopatrticles (x=0.0, 0.2, 0.4 and 0.6). To evaluate
the phase purity and structural characteristics of CoLiFCr NPs,
the XRD pattern was captured across the 26 range of 20° to
80° at a scanning rate 2°/min. Fig. 2 displays the presence of
reflections such as (220), (311), (222), (400), (422), (511),
(440) and (533), signifying the crystalline phases present,
which closely aligned with JCPDS card No. 74-2081 and 44-
1485, confirming the FCC-type single-phase cubic spinel
structure of CoLiFCr NPs in space group Fd-3mO7, [10-12].
The steady nature of the XRD pattern, which shows no phase
shifts, along with the arrangement of atoms in the crystal lattice,
suggests that there may be a shift from order to disorder in the
cation sub-networks that drive structural changes.

Lattice constant: In CoLiFCr NPs, where x ranges from
0.0 to 0.6, the lattice constant generally decreases as the Cr
content increases. This phenomenon is primarily due to the
smaller ionic radius of Cr** in comparison to Fe**, resulting in
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. 2. X-ray diffraction pattern of CoLiFCr NPs (where x = 0.0, 0.2, 0.4
and 0.6)
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a contraction of the unit cell. For instance, the lattice constant
‘a’ for CogslipsFe,04 (x = 0) is typically measured at around
8.338 = 0.002 A, while for CogsLig4Fe, +Cros0, (x = 0.6), the
lattice constant decreases to approximately 8.291 = 0.002 A
(Table-1). This reduction in lattice constant is confirmed
through XRD analysis as shown in Fig. 3. The accurate deter-
mination of the lattice constant involves the application of
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TABLE-1

BRAGG’S ANGLE (26), LATTICE CONSTANT (a) A, THE CRYSTALLITE SIZE (D)

FOR THE CoLiFCr NPs (WHERE x = 0.0, 0.2, 0.4 AND 0.6)

@ A D (Sherrer) D (W-H)  Crystallinity Dislocation density Lattice strain Macrostrain

X a dx (nm) (nm) (%) 3% 10° (nm™) ex 107 10

0.0 8.338 5.1798 29.74 64.8 40.36 1.129 0.394 18.1

0.2 8.328 5.1776 25.03 324 42.90 1.595 0.469 152

0.4 8.306 5.1692 22.32 32.1 41.85 2.006 0.527 133

0.6 8.291 4.8072 18.90 25.1 50.39 2.799 0.625 10.4

24.00
8.336 - If we assume the sample is mono-domain and free of
strain, the crystallite size D3, for CoLiFNPs sample with x =
— 8.328 0.0 was found to be around 29.74 nm. This size gradually
g— decreased to about 18.90 nm with increasing Cr** co-substitution
= (Table-1). The x = 0 sample exhibited interesting behaviour in
& 8.320 e X - .
@ terms qf crystallite size, which warrgnts fur.ther discussion [1 §].
S . There is a general trepd of decreasmg lattice §onstant (a) w1t.h
c a decrease in crystallite size Ds;;. This behaviour can be attri-
-§ buted to the lattice striving to reach a state of minimum energy
S 8.304+ as the crystallite size decreases. This phenomenon aligns with
observations reported in several studies. The reduction in
8.296 crystallite size with Cr** substitution likely results from the
T T T T strain and defects introduced by the smaller Cr** ions (0.615
0.0 0.2 0.4 0.6

Composition x
Fig. 3. Lattice constant of CoLiFCr NPs (where x = 0.0, 0.2, 0.4 and 0.6)

Bragg’s law to the indexed peaks obtained from the XRD
pattern, with a specific formula utilized for calculating the
lattice constant in cubic structures [13,14] as eqn. 1;

a= (h2+k2+12)-_L (1)
sin®

where h, k and 1 are the Miller indices of the crystal planes; A
is the wavelength of X-ray source and 6 is the diffraction angle.
The incorporation of Cr** ions in Co-Li ferrite nanoparticles
(x=0.2,0.4 and 0.6) leads to a decrease in the lattice constant,
trending towards approximately 8.291 + 0.002 A. This reduction
is primarily due to the smaller ionic radius of Cr** (0.615 A)
compared to that of Fe** (0.645 A). The decrease in the lattice
constant can also be attributed to the conversion of ferric ions
(Fe**), which have a higher ionic radius (0.76 A for high-spin
d® ions), to ferrous ions (Fe*") with a lower ionic radius (0.64
A). The dual effect of Cr** substitution and the conversion of
Fe ions results in the observed contraction of the crystal lattice.
Crystallite size (Ds11): The crystallite size (D) of the citric
acid assisted sol-gel produced CoLiFCr NPs was estimated
using the Debye-Scherrer’s formula, which is particularly
effective for well-defined and distinct peaks, such as (311)

peak. The formula is given by Basak et al. [15] as eqn. 2:

_ kA
3= BcosO (2)
In eqn. 2, D represents the volume-averaged crystallite
size; B denotes the full width at half maximum (FWHM) of

(311) peak; A stands for the X-ray wavelength; 0 indicates the
diffraction angle and k is a shape factor, usually taken as 0.89.

A) replacing the larger Fe** ions (0.645 A), causing the lattice
to contract and form smaller, more stable crystallites [17].

X-ray density values (dy): The X-ray density (d,) is a theo-
retical density calculation based on the crystal structure and
composition of the material. For CoLiFCr NPs, the X-ray density
was measured in the range of 5.1798 g/cm® to 4.8072 g/cm’.
This variation is influenced by the specific composition and
crystallographic parameters of the nanoparticles. The X-ray
density is determined using eqn. 3 [18]:

q = ZM

TNV ()

The quantity Z represents the number of formula units
contained within a single unit cell. The symbol M denotes the
molar mass of each formula unit; N, represents Avogadro’s
number (6.022 x 10* mol™); V signifies the volume of unit
cell substitution of Cr ions, which can affect the molar mass
and unit cell volume, thereby influencing the X-ray density
[19] (Table-1). The Archimedes method is utilized to determine
the bulk density (dg) of sintered CoLiFCr NPs, which gives an
accurate measurement of density of the material while consi-
dering any porosity or structural imperfections in the sintered
sample. To determine the bulk density, a formula (eqn. 4) was
utilized, which takes into account the volume of material and
the weight of sample in both air and when immersed in a liquid:

W
dy = +pn id 4
Wdry - Wsuspended ’ ( )

where W,y denotes the weight of dry sample; Wypenaea denotes
the weight of sample when suspended in fluid. The density of
fluid, typically water (Pipia), is equivalent to 1 g/cm®, which is
the same as the density of water (pipis = 1 g/lcm®). A significant
disparity between (dy) and (dg) indicates a higher level of porosity
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or other structural defects within the material. CoLiFCr NPs,
the X-ray density values ranged from 5.1798 g/cm® to 4.8072
g/cm?, highlighting the influence of Cr substitution. The appar-
ent porosity (P%) values were computed from the X-ray
density (dy) and bulk density (dg) values using the following

relation:
P=1- [d—BJ x100
dx

The porosity of CoLiFCr NPs was found to be up to 22.5%,
but with the substitution of Cr, it drops and lays down to 16.5%,
indicating grain expansion and fewer grain boundaries. Table-2
shows the cell volume (V), porosity (%), hopping length (La),
(Lg), tetrahedral bond (dax), octahedral bond (dgx), tetra edge

(daxe) and octa edge (dsxe) shared and unshared for the CoLiFCr
NPs(a=b=c).

Williamson-Hall extrapolation: The Williamson-Hall
(W-H) method is a comprehensive approach to analyze peak
broadening in XRD patterns, caused by both crystallite size
and lattice strain. The crystallite size (t) of CoLiFCr NPs (x =
0.0-0.6) was carried out from the obtained XRD data by extra-
polating the Williamson-Hall function (W-H Plot) method, to
re-evaluate the Debye-Scherrer values. The linear fitted graphs
were plotted against (B.cos 0) and (4€sin 0) for the preferred
prominent peaks of XRD pattern (Fig. 4) and expression can
be represented in eqns. 5-10 [20,21]:

Total broadening = Crystallite size broadening +
Strain broadening

TABLE-2
CELL VOLUME (V), POROSITY (%), HOPPING LENGTH (L,, L), TETRAHEDRAL BOND (d,x), OCTAHEDRAL BOND (dgx), TETRA
EDGE (d,xz) AND OCTA EDGE (dgxz) SHARED AND UNSHARED FOR THE CoLiFCr NPs (a=b) (WHERE x = 0.0, 0.2, 0.4 AND 0.6)

X V) A P% Ly Lg dax dpy daxe dpxe dpxe LN Iy
0.0 579.67 22.50 2.516 2.437 1.891 2.035 3.088 2.805 2.948 0.571 0.713
0.2 577.59 22.47 2.514 2.435 1.889 2.033 3.085 2.802 2.945 0.569 0.711
0.4 573.02 22.34 2.514 2.434 1.889 2.032 3.084 2.802 2.945 0.569 0.711
0.6 569.92 16.50 2.507 2.428 1.882 2.025 3.074 2.792 2.935 0.562 0.704
0.0090 0.0090
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Fig. 4. Williamson-Hall plot for the CoLiFCr NPs (where x = 0.0, 0.2, 0.4 and 0.6) nanoparticles
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Bobs = BD + BS (5)

The observed peak broadening B, in an XRD pattern is a

combination of broadening due to finite crystallite size Bp and
broadening due to lattice strain Bs.

The broadening due to crystallite size is given by Scherrer

equation:
kA
= 6
Py Dcos6 ©®)
The shape factor k is generally around 0.89 for spherical

particles. The variable A represents the wavelength of X-ray,
D indicates the size of crystallite and 0 refers to Bragg angle.

kA
Br

" Dcos6
The broadening due to lattice strain is proportional to the
strain €

+4¢etan 0 7

B. =4¢etan® (8)
Substituting Bp and PBr into the total peak broadening
equation, we get

B, cosO= % +4€sinOcosO 9)

Bcos@=k—§+4esin9 (10)

By using the Williamson-Hall method, the crystallite size
(D) and the lattice strain (€ ) can be extracted from the XRD
peak broadening. This approach allows for a more detailed
analysis of the micro-structural properties taken from the slope
and kM/L y-intercept of the fitted line represent the particle
size. While the crystallite size determined by the Williamson-
Hall (W-H) plot aligns with that obtained using the Scherrer
method, the variation in crystallite size is influenced by the
strain correction factor included in the Williamson-Hall method,
which is absent in the Scherrer method as shown in Table-3.

FTIR studies: Fig. 5 illustrates the FTIR spectrum of
CoLiFCr nanoparticles (NPs) and identified the absorption
frequencies v, (425 cm™, 428 cm™, 428 cm™, 443 cm™) and
Vv, (535 cm™, 530 cm™, 537 cm™, 537 cm™) for functional
groups in CoLiFCr NPs. At 443 cm™, the metal-oxygen (M-O)
bonds are typically found in spinel structures; at 537 cm™,
additional metal-oxygen interactions or lattice vibrations are
represented; at 886 cm™', C-H bending vibrations from organic
residues or stabilizers may be related; at 1633 cm™!, C=0
stretching vibrations may be from organic components in the

250 -
> 3 ©
200 N 2 Q
8 & 2 S
3 100 T %
E 50 - g % 0y,
2, J
] 5041 —— 06 o
F 00l —04 08
-1004 0.2 Q
15604 —0.0
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4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 5. FTIR spectra of CoLiFCr NPs (where x = 0.0, 0.2, 0.4 and 0.6)
nanoparticles

synthesis process; and at 3292 cm™, the stretching vibrations
of O-H suggest the existence of hydroxyl groups [22,23].

Morphological studies

TEM studies: The qualitative analysis of CoLiFCr NPs
was conducted using transmission electron microscopy (TEM)
at the FEG TEM 200 kV Lab, IIT Bombay, with a Philip CM-
120 instrument operating within a voltage range of 20-200 kV.
It was observed that due to their magnetic properties, CoLiFCr
NPs tended to aggregate into quadrate-shaped structures from
the same batch. This aggregation pattern, as depicted in Fig.
6a-b showed a nano-sized distribution that aligned well with
the calculations based on XRD data. The formation of pore
structures within these agglomerates contributed to the relat-
ively high surface area of nanoparticles [24]. The self-assembly
behaviour of these magnetic nanoparticles (MNPs) indicated
a preference for nearly spherical shapes when assembled. How-
ever, irregular nanoparticle compositions were rarely observed
in TEM images of CoLiFCr NPs sample. These findings high-
light the substantial influence of chromium substitution on the
morphology and dimensions of cobalt lithium nanoparticles,
underscoring the essential role of experimental parameters in the
synthesis and characterization processes of such nanoparticles.

UV-Vis spectra: The absorbance spectra of chromium-
substituted cobalt-lithium ferrite nanoparticles are illustrated
in Fig. 7, highlighting their absorption properties within the
ultraviolet-visible region of the electromagnetic spectrum. The
UV-Vis spectroscopy reveals that various compositions (x =

TABLE-3
FWHM AND THE W-H PARAMETERS FOR THE TYPICAL CoLiFCr NPs (WHERE x = 0.0)

20 8(°)  Radian (6) dzgh(/é) rm%) Cos DB‘CgfeN D (nm) Beosd 4sin®
3030 5.15 0264 0262 0.005 0.965 31382 3138 0.004 104
35.71 17.85 0312 0.280 0.005 0.952 297.52 29.75 0.005 1.22
37.42 1871 0.326 0.243 0.004 0.947 344.64 34.46 0.004 1.28
43.40 21.70 0.379 0.288 0.005 0.929 296.11 29.61 0.005 1.47
53.82 26.91 0.469 0.348 0.006 0.892 255.98 25.59 0.005 1.81
57.37 28.68 0.500 0.361 0.006 0.877 250.29 25.02 0.006 1.91
62.99 31.49 0.549 0.348 0.006 0.853 267.11 26.71 0.005 2.08
74.44 37.22 0.649 0.517 0.009 0.797 192.86 19.28 0.007 241
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Fig. 6. HR-TEM image (a) and histogram (b) of (a) CoLiFCr NPs (x = 0.2)
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Fig. 7. UV-Vis absorbance spectra of CoLiFCr NPs (where x = 0.2, 0.4
and 0.6)

1200

0.2, 0.4 and 0.6) display unique absorption peaks, which signify
the electronic transitions occurring within the nanoparticles.
The absorbance spectra exhibit significant absorption peaks
spanning from approximately A =296 nm to A = 477 nm for x
=0.2,A=289nmtoA =477 nm forx=0.4 and A =281 nm to
A =477 nm for x = 0.6 (Table-4). These absorption peaks corres-
pond to transitions between energy levels within the nano-
particles, offering valuable insights into their optical properties
such as band gap energy and particle size distribution [25].

TABLE-4
UV-VIS ABSORPTION AND ENERGY GAP (E,) OF
CoLiFCr NPs (WHERE x = 0.2, 0.4 AND 0.6)

x A (nm) A (nm) A (nm)
0.2 296 394 477
0.4 289 394 477
0.6 281 394 477

Dielectric properties: An extensive analysis was cond-
ucted on the dielectric properties of Cr-substituted Co-Li ferrite

NPs within a frequency range from 50 Hz to 5 MHz, specifi-
cally focusing on compositions with x values of 0.0, 0.2 and
0.6. The study involved the measurement of dielectric constant
(¢) and dielectric loss (€”) expressed in the relation: € =€’ —je”;
and tan J values to assess the electrical characteristics of the
nanoparticles, revealing interesting trends across different com-
positions and frequencies [26]. The nanoparticles with x=0.2
displayed high € values at 50 Hz, indicating strong polarization
capabilities, while those with x = 0.6 exhibited a decrease possi-
bly linked to the structural changes affecting polarization. The
dielectric loss values (¢”) and tan d values showed frequency-
dependent behaviours typical of dielectric materials, with higher
losses observed at lower frequencies, highlighting the energy
dissipation and efficiency of the nanoparticles. Fig. 8a illus-
trates the inverse relationship between the dielectric constant
(¢) and frequency (50 Hz < f £ 5 MHz), revealing its expo-
nential nature as derived from as eqn. 11 [27]:

o = Cpxt
—SOA (11)

The dielectric properties of CoLiFCr NPs were examined
using various parameters including capacitance (Cp), polished
pellet thickness (t), cross-sectional area (A) and the permittivity
of free space (g9 = 8.85 x 1072 F/m). The dielectric loss €” was
determined using equation €” = €’ x tan d and it was observed
that €” decreased exponentially with the frequency, as shown
in Fig. 8b. The reductions in both €” and €” at lower frequencies
can be attributed to the relaxation polarization caused by inter-
facial effects and electron displacement. This phenomenon is
consistent with the Maxwell-Wagner interfacial polarization
model, which explains the presence of Fe**, Fe** and Cr’* ions
at the octahedral [B]-site in the ferrite structure. The dissipation
factor D =¢€”/¢’ was used to calculate the dielectric loss tangent
(tan 0) of CoLiFCr NPs and it was found that tan 6 decreased
with increasing frequency. Fig. 8c, demonstrates that tan &
is particularly high at lower frequencies, which could be attri-
buted to increased resistance associated with the grain boun-
daries.



142 Nawpute et al. Asian J. Chem.
] 3000 3.0
1000 a ©) ——0.0
——0.2
o £ 2500 - 5 2.5
£ 800 % 0 g —v—0.6
s 2 H
g % 2000 | £ 20
% 600- = 2
= 9 8
3 £ 1500+ s 154
2 400 2 2
g & 1000- £ 1.0
2 3
& 200- 2
500 - 2 0.5
a
04
04 0.0
2 3 4 5 6 7 2 3 4 5 & 7
Log f (Hz) Log f (Hz) Log f (Hz)

Fig. 8. Variation dielectric constant (€”) (a), variation dielectric loss (€”) (b) and variation dielectric loss tangent (tan J) (c) with frequency of

CoLiFCr NPs (where x = 0.0, 0.2 and 0.6)

The dielectric parameters are summarized in Table-5. Apart
from polarization lag, the higher tan d values at lower frequ-
encies may also be influenced by factors such as doping concen-
tration, lattice defects and material inhomogeneity [28].

DC-resistivity property: Fig. 9 illustrates the DC-
resistivity and related electronic properties of Cr-substituted
Co-Li ferrite NPs, (x=0.0, 0.2, 0.4 and 0.6), were investigated
to understand their electrical conductivity characteristics. These
properties were evaluated using the activation energy (AE),
charge carrier concentration (n), drift mobility (lq) and diffu-
sion coefficient (D) at 860 K. The activation energy (AE) was
determined using the Arrhenius equation [29] (eqn. 12):

AE= L 1np_
o)

T
where p is the resistivity; kg is the Boltzmann constant and T
is a absolute temperature (K). The activation energy (AE), which
indicates the energy required for charge carriers to transition
from the valence to the conduction band, ranged from 0.067
eV for x =0.0to 0.178 eV for x = 0.6 as depicted in Table-6.
This suggests that the higher levels of chromium substitution
increase the energy barrier for charge carriers. The charge carrier
concentration (n) was found to decrease slightly from 0.2142
x 102 cm™ for x=0.0t0 0.1638 x 10* cm™ for x = 0.6, indica-
ting a trend towards fewer mobile charge carriers with increa-
sing Cr content. Drift mobility (4 and diffusion coefficient
(D) measurements at 860 K showed the variations across the
compositions, with values of L, ranging from 0.0192 x 10~
cm® V™' 57" t0 0.0225 x 10 cm? V™' s and D ranging from
1.6522 x 107 cm*s to 2.1962 x 107”7 cm*/s. These parameters
collectively contribute to understanding the electrical transport
properties of Cr-substituted Co-Li ferrite nanoparticles, essen-

12)

log p (Q.cm)

1.5

1.4 1.6

T
1.3
1000/T (K)
Fig. 9. DC-resistivity plots of CoLiFCr NPs (where x =0.0, 0.2, 0.4 and 0.6)

tial for applications in electronic devices and magnetic materials
requiring controlled electrical conductivity and mobility charac-
teristics [28].

Conclusion

Cr**-substituted cobalt-lithium-based iron chromium
oxide nanoparticles (CoLiFCr NPs) were effectively synthesized
via the citric acid-assisted sol-gel auto-combustion method,
utilizing a nitrate to citric acid ratio of 1:3. The X-ray diffraction
analysis of CoLiFCr NPs revealed distinct Bragg reflections
at the indices (220), (311), (400), (422), (511) and (440), which
were matched with JCPDS card Nos. 74-2081 and 44-1485,
thereby validating the establishment of a single-phase cubic
spinel structure. Elemental analysis verified the stoichiometric

TABLE-5
VALUES OF DIELECTRIC CONSTANT (¢"), DIELECTRIC LOSS (¢”) AND DIELECTRIC
LOSS TANGENT (tan 6) FOR CoLiFCr NPs (WHERE x = 0.0, 0.2 AND 0.6)

At 50 Hz At 5 Hz
X
4 e’ tan & 4 e’ tan &
0.0 786.3362 2062.5837 2.62303 23.4205 6.8392 0.29202
0.2 1014.6090 3089.9511 3.04546 50.4154 48.0146 0.95238
0.6 648.0085 1134.5721 1.75086 -19.1635 -1.3664 0.0713
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TABLE-6
ACTIVATION ENERGY, CHARGE CARRIER CONCENTRATION, DRIFT MOBILITY AND
DIFFUSION COEFFICIENT OF CoLiFCr NPs (WHERE x = 0.0, 0.2, 0.4 AND 0.6)

X AE activation Charge carrier Drift mobility (u,) Diffusion coefficient (D)
energy (eV) concentration (n) (cm™) (cm? Vs cm?/s (860 K)

0.0 0.067125 0.2142 x 10% 0.0205 x 10* 2.1962 x 107

0.2 0.073933 0.1935 x 10% 0.0225 x 10* 2.1698 x 107

0.4 0.079716 0.1725 x 10% 0.0192 x 10* 1.6522 x 107

0.6 0.178887 0.1638 x 10* 0.0207 x 10* 1.7222 x 107

discharge of Fe**, Fe** and Cr** ions. The lattice constant (a)
was determined to decrease from 8.338 + 0.002 A to 8.291 +
0.002 A after Cr substitution, due to the smaller ionic radii of
Cr**ions compared to Fe™* ions. The X-ray density values ranged
from 5.1798 g/cm’® to 4.8072 g/cm’, reflecting the influence
of Cr substitution. The crystallite size (D) was estimated from
the full width at half maximum (FWHM) using the Debye-
Scherrer formula, showing a decrease from approximately
29.74 nm to 18.90 nm after Cr’* co-substitution, as confirmed
by the Williamson-Hall (W-H) method. FTIR spectra of
CoLiFCr NPs indicated the presence of metal-oxygen (M-O)
bonds, characteristic of spinel structures, with key peaks at
443 and 537 cm™. TEM images revealed moderately spherical,
proportionally aggregated nanoparticles, indicating a high
surface area with an agglomerated distribution. The dielectric
constant (€") was seen to be decreased with the increasing
frequency (50 Hz < f < 5 MHz), consistent with Maxwell-
Wagner interfacial polarization. The UV-Vis spectra showed
absorption at A = ~ 296 A and ~394 A, with no significant
changes upon Cr deposition. The DC-electrical properties of
CoLiFCr NPs were investigated by analyzing their DC resis-
tivity, highlighting the impact of Cr** substitution on conduc-
tivity. This study highlights the structural, micro-structural,
dielectric and magnetic properties of Cr-substituted Co-Li
ferrite nanoparticles, demonstrating the potential for tuning
material properties through the precise compositional modifi-
cations.
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