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Co–NiFe2O4/GO nanocomposites
for photocatalysis: X-ray peak profiling,
electromagnetic and optical properties

Shahanaz Parvin,ab Md. Lutfor Rahman, *a Faisal Islam Chowdhury, b

Bristy Biswas,a Md. Farid Ahmed, a Moksodur Rahman, a Md. Al-Amin,c

Md. Kamrul Hossain,b Shirin Akter Jahana and Nahid Sharmina

This study presents the successful synthesis of Co0.5Ni0.5Fe2O4 nanoparticles and their composites with

silver (Ag) and graphene oxide (GO) using a facile ultrasonic assisted co-precipitation method. Powder X-

ray diffraction (PXRD) verified the creation of spinel ferrite structures, integrating Ag nanoparticles and

graphene oxide (GO). Crystallite sizes were calculated by detailed X-ray peak profiling using different

models including the classical Scherrer method, Munshi–Scherrer method, Williamson–Hall method,

size–strain plot method, Halder–Wagner method and conventional Rietveld refinement using GSAS-II

software as well as the crystal structure derived from VESTA software. Field emission scanning electron

microscopy showed spherical nanoparticles, with energy dispersive X-ray spectroscopy (EDX) verifying

the elemental composition. Magnetic analysis showed ferrimagnetic behaviour, with reduced saturation

magnetization in Ag and GO-modified samples but increased coercivity for GO-modified system. Optical

bandgap analysis via UV-DRS indicated bandgaps ranging from 1.95 to 2.03 eV for Ag and GO

composites. Dielectric properties were measured, showing a sharp decrease in the dielectric constant at

low frequencies, followed by stabilization. Photocatalytic tests revealed that Ag@Co0.5Ni0.5Fe2O4/GO

achieved the highest methylene blue degradation efficiency (96.59%) under visible light, attributed to

enhanced electron–hole separation and silver's plasmonic effects. These results suggest that

Co0.5Ni0.5Fe2O4-based nanocomposites, particularly Ag@Co0.5Ni0.5Fe2O4/GO, have potential for

photocatalytic and environmental remediation applications.
1. Introduction

In the dynamic landscape of materials science and nanotech-
nology, the quest for advanced materials with unique properties
has fueled extensive research endeavors. Nanocrystalline
materials are three-dimensional solids consisting of
nanometer-sized grains or crystallites. Their distinct structure,
dened by ultrane grains and a high density of crystal lattice
defects, imparts exceptional fundamental properties. These
unique characteristics make nanocrystalline materials prom-
ising candidates for developing advanced, next-generation
materials well-suited for diverse smart solutions.1,2

The development of efficient semiconductor-based photo-
catalysis has become a promising area of research for environ-
mentally friendly wastewater treatment. Given the negative
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environmental impacts of rapid industrialization, effective
sewage purication is crucial. As reported by the World Bank,
the textile sector is responsible for more than 20% of industrial
water contamination on a global scale.3,4 The wastewater
generated by this industry is laden with dyes and harmful
metals, and inadequate treatment of this effluent presents
signicant risks to both ecosystems and human well-being.5–7

Releasing dye-laden wastewater into the environment exacer-
bates pollution due to chemical processes like hydrolysis and
oxidation that take place in sewage systems. Beyond textiles,
dyes are also extensively utilized in industries such as leather
processing, plastics, and paper production. They are catego-
rized based on their chemical structures into types such as
acidic, basic, reactive, metal-complex, disperse, sulfur, phtha-
locyanine, and triphenylmethane. The environmental impact is
further intensied by the textile sector, particularly through the
release of wastewater containing positively charged dyes such as
methylene blue (MB) and rhodamine B (RhB).8,9 In recent years,
semiconductor materials, particularly binary and ternary metal
oxide semiconductors (MOS) and their composites, have made
notable progress in wastewater treatment technologies. Signif-
icant research efforts have concentrated on the photocatalytic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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properties of various binary MOS, such as TiO2, ZnO, and CuO,
which have gained attention for their effectiveness over the past
several decades.10–13 Despite this, the widespread use of these
photocatalysts in practical applications remains constrained
due to challenges such as their large bandgap energy and the
rapid recombination of photogenerated electron–hole pairs,
which limits their overall efficiency. Ternary semiconductor-
based photocatalysts, such as spinel ferrites, are well-known
for their promising photocatalytic properties. These materials
exhibit high activity, recyclability, stability, and controllable size
with smaller particles, making them signicant in both basic
research and technological advancements in nanoscience and
nanotechnology.14–17

Magnetic nanoparticles represent an important class of
nanomaterials with substantial applications in elds covering
disciplines like analytical chemistry, biosensing, and nano-
medicine. Nearly a decade and a half has passed since Pan-
khurst et al. published their landmark review on the use of
magnetic nanoparticles in biomedical applications.18 Despite
the ongoing challenges in designing magnetic nanoparticles for
nanomedicine, these materials continue to attract attention due
to their broad range of technological uses. Spinel ferrites are
especially notable within magnetic materials due to their
distinct chemical, structural, mechanical, and magnetic char-
acteristics. Among these, cobalt ferrite and nickel ferrite are
classied as hard and so magnetic materials, respectively.
Hard magnetic materials, such as cobalt ferrite, are character-
ized by high saturation magnetization and coercivity, while so
ferrites, like nickel ferrite, display lower values for both satu-
ration magnetization and coercivity. These properties make
them valuable in various applications depending on the
required magnetic behavior.19,20

Beyond photocatalysis, Ag-decorated (Co–Ni)Fe2O4/GO
nanocomposites display a synergistic portfolio of structural,
magnetic, dielectric and optical features. The spinel lattice
permits ne-tuning of crystallite strain (crucial for coercivity
engineering), while the Ag core–shell and GO sheets introduce
plasmonic hot-spots and high-mobility electron pathways that
benet both electromagnetic shielding and dielectric energy-
storage applications. Understanding how these physicochem-
ical attributes co-evolve with photocatalytic activity is therefore
essential for device integration in environmental remediation,
spintronic logic and microwave absorbers.

Spinel ferrites, represented by the molecular composition
XFe2O4, where X can be elements such as Mg, Ni, Cu, Zn, Fe, or
Co, are increasingly recognized as versatile magnetic materials
with broad uses.21 The spinel ferrite structure follows the cubic
arrangement (X)[Y]2O4, where (X) and [Y] refer to ions at the
tetrahedral and octahedral positions, respectively, within a face-
centered cubic (FCC) anion sub-lattice. In this structure, X2+

ions occupy the A-sites, while Fe3+ ions are located at the B-sites
for XFe2O4 compounds.

Unlike bulk materials, the nanostructured (Co–Ni)Fe2O4

framework oen exhibits a mixed spinel conguration, with (Co–
Ni)2+ and Fe3+ ions distributed between the A and B-sites.22,23 As
a semiconductor, (Co–Ni)Fe2O4 stands out due to its low cost,
ease of fabrication, and responsiveness to visible light, with
© 2025 The Author(s). Published by the Royal Society of Chemistry
a relatively low band gap extending from 1.6 to 2.1 eV. Its
abundance of photo-active sites makes (Co–Ni)Fe2O4 nano-
particles highly promising candidates for photocatalytic appli-
cations among all ferrites.24–27 This material is commercially
valuable, demonstrating strong size-dependent magnetic prop-
erties, excellent photochemical stability, and robust mechanical
durability.25,28 As a result, (Co–Ni)Fe2O4 nds extensive use in
various domains, including magnetic materials,29–31 gas
sensors,32 catalysts,33 photocatalysts,34–36 lithium-ion battery
materials,37–39 absorbents,40 and other advanced technologies.

Among graphene oxide (GO) is a versatile nanomaterial that
has gained signicant attention due to its unique chemical
structure, tunable bandgap, and excellent dispersibility. It is
widely used as a precursor for graphene-based composites and
plays a crucial role in heterogeneous photocatalysis.41 GO's
oxygen-containing functional groups enhance its solubility and
provide active sites for surface modications.42 Applications of
GO span from semiconductor photocatalysts for organic dye
degradation43 to exible electronics and optoelectronics.44

Despite its advantages, challenges remain in controlling its
reduction process to achieve graphene-like properties while
maintaining stability.45

In contrast, silver nanoparticles (AgNPs) are highly valued for
their remarkable chemical characteristics, biosensing potential,
stability, and exceptional conductivity.46 Within the visible light
range, Ag NPs are especially noted for exhibiting local surface
plasmon resonance (SPR).47 The presence of silver on nano-
particles enhances the creation of oxygen vacancies at the
surface, offering more active sites for water molecule
interaction.48–50 By attaching silver nano-islands to exposed
crystal surfaces, energy levels become aligned, generating an
electric eld and a Schottky contact between the semiconductor
and metal. This arrangement supports directed electron
movement, where optimized Schottky barriers enhance the
injection and separation of hot electrons. Additionally, the
superior conductivity of silver plays a crucial role in facilitating
a Z-scheme electron mediator process by introducing a tertiary
semiconductor material.51

Wastewater purication via photocatalytic degradation is
typically conducted using ultraviolet (UV) light, with mercury
and xenon lamps being the most common UV light sources.52–54

However, these lamps pose several challenges, including high
energy consumption, the presence of toxic mercury, operational
difficulties, and costly installation. These limitations have
signicantly hindered the advancement of photocatalytic reac-
tors and the widespread application of photocatalytic
processes.55 To address these issues, researchers have increas-
ingly turned to more energy-efficient alternatives, such as
sunlight, LEDs and halogen lamps, as light sources for photo-
catalysis.56 In our study, we selected halogen lamps as the light
source to evaluate the activity of our composites.

2. Materials and methodology
2.1 Materials

The starting materials employed in the synthesis of cobalt–
nickel ferrite and its nanocomposites include Fe(NO3)3$9H2O,
RSC Adv., 2025, 15, 43238–43262 | 43239
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Ni(NO3)2$6H2O, Co(NO3)2$6H2O, C6H5Na3O7$2H2O, AgNO3,
NaOH, graphite, H2SO4, KMnO4, NaNO3, HCl, and H2O2. The
materials were of excellent purity and supplied by Merck, Ger-
many, except for AgNO3, which was obtained from Wako,
China. Deionized (DI) water was utilized throughout the
experimental process.
2.2 Preparation of graphene oxide

In the typical preparation process, 3.5 g of graphite and 1.75 g of
sodium nitrate were dispersed in 100 mL of concentrated
sulfuric acid (98%). The dispersion was cooled to approximately
5 °C using an ice bath and stirred for 2.5 hours. Over the next 2.5
hours, 12 g of potassium permanganate was gradually added
while stirring continued for an additional 2 hours. The cooling
bath was subsequently taken away, allowing the mixture to
gradually return to ambient temperature. Following that
approximately 120 mL of distilled water was gradually intro-
duced over the course of one hour, during which gas was
liberated, and the temperature was elevated to about 90 °C
using a water bath. Upon achieving this temperature, an addi-
tional 320 mL of water was incorporated, and the mixture was
continuously stirred for 1.5 hours, yielding a brown suspension.
The mixture was then treated with 30% hydrogen peroxide
(H2O2), and approximately 4 liters of warm distilled water were
added to further dilute the suspension. The precipitate was le
to settle under the force of gravity for 24 hours, aer which the
clear liquid on top was carefully decanted. To eliminate any
residual manganese and sulfate ions, 2 M hydrochloric acid
(HCl) was introduced into the mixture. The resulting suspen-
sion was thoroughly rinsed multiple times with distilled water
and subjected to high-speed centrifugation until the pH stabi-
lized at neutral (∼7). Finally, graphene oxide (GO) was obtained
through ltration and stored in a vacuum desiccator with silica
gel for several days before it was used for characterization and
composite formation (Fig. 1).57
Fig. 1 Graphical representation of the GO preparation method.

43240 | RSC Adv., 2025, 15, 43238–43262
2.3 Preparation of Ag@Co0.5Ni0.5Fe2O4/GO nanocomposite

Ag@Co0.5Ni0.5Fe2O4 nanoparticles were synthesized via the co-
precipitation technique. In a typical procedure, specic
amounts of Co(NO3)2$6H2O (0.5 M), Ni(NO3)2$6H2O (0.5 M),
and Fe(NO3)2$9H2O (0.5 M) were individually dissolved in
deionized (DI) water at a mole ratio of 0.5 : 0.5 : 2. These solu-
tions were then mixed in a beaker and stirred continuously
using a magnetic stirrer for 30 minutes. Following this, an
aqueous NaOH (5 M) solution was gradually added to the
mixture until the pH reached 12. Subsequently, AgNO3 (0.5 M)
and C6H5N3O7$2H2O (0.5 M), in an equivalent molar ratio (1 : 1)
to the ferrite, were introduced into the solution. The resulting
mixture was heated at 90 °C for 1 hour. The solution was then
rinsed with DI water and centrifuged until the pH stabilized at
7. The material was dried in an oven at 120 °C for 12 hours.
Finally, the dried product was calcined at 800 °C for 3 hours,
with a heating rate of 3 °C min−1, to obtain Ag@Co0.5Ni0.5Fe2O4

nanoparticles. For the preparation of the ternary composite,
30 wt% of graphene oxide (GO) and 3 g of Ag@Co0.5Ni0.5Fe2O4

were dispersed in 100 mL of DI water and subjected to ultra-
sonication for 120 minutes to ensure uniform dispersion. The
resulting mixture was dried in an oven and subsequently
ground into a ne powder to produce the nal composite,
Ag@Co0.5Ni0.5Fe2O4/GO. Co0.5Ni0.5Fe2O4/GO synthesis using
the same manner absence Ag. The synthesis of Co0.5Ni0.5Fe2O4/
GO was carried out in the same manner, but without the
addition of Ag. The schematic diagram illustrating the synthesis
process is shown in Fig. 2.
2.4 Characterizations

The synthesized nanocomposites were characterized for their
phase composition using a (Rigaku SmartLab SE) powder X-ray
diffractometer with high-intensity Cu Ka radiation (l = 1.5406
Å) over a 2q range of 10–80°. Surface morphology was investi-
gated using a (JSM-IT-800, JEOL, Japan) eld emission scanning
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Synthesis of Ag@Co0.5Ni0.5Fe2O4/GO nanocomposite.
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electron microscopy (FE-SEM). Magnetic properties were
studied at room temperature with a Vibrating Sample Magne-
tometer (VSM-8600, Lakeshore, USA) under an applied
magnetic eld up to 20 kOe. Dielectric and electrical properties
were measured using an impedance analyzer (65120B, Wayne
Kerr Electronics, UK) across a frequency range of 100 Hz to 20
MHz at room temperature, employing a dielectric measurement
xture. For sample preparation, the powders were homogenized
with a 5% aqueous solution of polyvinyl alcohol using a mortar
and pestle, then pressed into 10 mm diameter pellets under
a pressure of 5 kN. The pellets were calcined at 300 °C to remove
the binder by evaporation.
Fig. 3 PXRD pattern of GO, Co0.5Ni0.5Fe2O4, Ag@Co0.5Ni0.5Fe2O4, Co0.

© 2025 The Author(s). Published by the Royal Society of Chemistry
3. Result and discussion
3.1 X-ray diffraction (XRD) analysis

Fig. 3 presents the powder X-ray diffraction (PXRD) patterns for
the samples synthesized in this study. The diffraction signal
recorded at 2q = 11.8° corresponds to the (001) diffraction
plane, which validates the formation of graphene oxide (GO).
Additionally, the crystalline quality and phase purity of the
Co0.5Ni0.5Fe2O4 nanomaterials were evaluated through their
PXRD patterns, displaying distinct peaks at approximately 2q
values of 18.1°, 30.2°, 35.5°, 37.3°, 43.2°, 57.2°, 62.8°, 74.3°, and
75.7°. These peaks correspond to the (111), (220), (311), (222),
5Ni0.5Fe2O4/GO, and Ag@Co0.5Ni0.5Fe2O4/GO composites.

RSC Adv., 2025, 15, 43238–43262 | 43241
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(400), (511), (422), (440), and (622) crystal planes, respectively.
The observed peaks are align with the reference data (ICDD no.
22-1086) for the face-centered cubic structure characteristic of
spinel ferrite.58 In the case of the Ag@Co0.5Ni0.5Fe2O4/GO
samples, additional diffraction peaks associated with Ag
nanoparticles were identied in Fig. 3. The Bragg reection
peaks at 2q values of 38.1°, 44.3°, 64.42°, and 77.45° correspond
to the (111), (200), (220), and (311) planes of pure silver, in
accordance with the face-centered cubic structure (ICDD no. 04-
0783).59 While all reection planes pertaining to Co0.5Ni0.5Fe2O4

are distinctly observed, the reection planes for GO in the
Co0.5Ni0.5Fe2O4/GO composite are not detectable. The GO
content in the composites is considerably lower than that of the
dominant spinel ferrite, Co0.5Ni0.5Fe2O4. This low concentra-
tion weakens the diffraction signals from GO, oen rendering
them undetectable by the XRD instrument. Additionally, the
layered materials are extensively dispersed within the ferrite
matrix, resulting in signicant exfoliation. This high dispersion
disrupts the long-range crystalline order necessary for
pronounced XRD peaks, leading to the reduction or disap-
pearance of GO's characteristic peaks.60,61

3.1.1 From PXRD data, the peak prole analysis carried out
by following parameters. The average crystallite sizes were
determined using several techniques, including the Classical
Scherrer (CS) equation,62 Munshi–Scherrer (M–S) method,62

Williamson–Hall (W–H) analysis,62 Halder–Wagner (HW)
approach,57 and the Size–Strain Plot (SSP) method.35 These
methods are illustrated in Fig. 4–7, and the corresponding
results are summarized in Table 1.
Fig. 4 Munshi–Scherrer plots of (a) Co0.5Ni0.5Fe2O4, (b) Ag@Co0.5Ni0.5F

43242 | RSC Adv., 2025, 15, 43238–43262
3.1.1.1 Classical Scherrer (CS) method. The crystallite sizes
were calculated utilizing the conventional Scherrer method (DC-

S),63 which is governed by the following equation:

DC-S ¼ 0:9l

ðbhkl cos qÞ
(1)

In this equation, l signies the wavelength of the X-ray used,
while bhkl refers to the full width at half maximum (FWHM) of
the diffraction peak intensity corresponding to the specic
Miller indices. Additionally, q represents the Bragg angle at
which the diffraction occurs.

3.1.1.2 Munshi–Scherrer (M–S) method. The Munshi–Scher-
rer equation is derived by rearranging eqn (1) and applying
a logarithmic transformation to both sides.62

ln bhkl ¼ ln

�
0:9l

DM�S

�
þ ln

�
1

cos q

�
(2)

DM�S ¼ 0:9l

eintercept
(3)

By employing eqn (2) and (3), the crystallite size was obtained
from the intercept of a linear graph, where ln(1/cos q) is repre-
sented on the X-axis and ln b is displayed on the Y-axis.

3.1.1.3 Williamson–Hall (W–H) method. The average crystal-
lite size was also estimated using the Williamson–Hall (W–H)
model.62 In the W–H framework the observed peak width b (in
radians) is the vector sum of size-induced broadening Kl/D and
micro-strain broadening 43 tan q:
e2O4, (c) Co0.5Ni0.5Fe2O4/GO, and (d) Ag@Co0.5Ni0.5Fe2O4/GO.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Williamson–Hall plots of (a) Co0.5Ni0.5Fe2O4, (b) Ag@Co0.5Ni0.5Fe2O4, (c) Co0.5Ni0.5Fe2O4/GO, and (d) Ag@Co0.5Ni0.5Fe2O4/GO.
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bhkl cos q ¼ 0:9l

DW�H

þ 43 sin q (4)

where K = 0.9 (shape factor), l = 1.5406 Å (Cu Ka), D is the
volume-weighted crystallite size, 3 the lattice strain, and q the
Bragg angle. Plotting b cos q versus 4 sin q gives a straight line
whose intercept estimates D and whose slope yields 3. This
simultaneous deconvolution highlights the strain relaxation
imparted by Ag decoration and/or GO interlayers. Using eqn (5),
the crystallite size was calculated from the intercept as:

DW�H ¼ 0:9l

intercept
(5)

3.1.1.4 Size–strain plot (SSP) method. The Size–Strain Plot
(SSP) model was also employed to evaluate the crystallite size, as
described by eqn (6) and (7).35

ðDhklbhkl cos qÞ2 ¼
Kl

Dðdhkl2bhkl cos qÞ
þ
�3
2

�2

(6)

DSSP ¼ 0:9l

slope
(7)

The crystallite size was determined from the slope of the tted
line, which is obtained by plotting (db cos q)2 against (d2b cos q).

3.1.1.5 Halder–Wagner method. The Halder–Wagner model
is another method used to accurately determine crystallite size,
as expressed in eqn (8).57
© 2025 The Author(s). Published by the Royal Society of Chemistry
�
bhkl

tan q

�2

¼
�

Kl

DH�W

�
�
�

bhkl

tan q� cos q

�
þ 1632 (8)

A linear t is created by plotting (bhkl/tan q)2 against (bhkl/tan
q × cos q), and the slope of the resulting graph provides the
Halder–Wagner crystallite size.

Crystallite size estimations using multiple methodologies,
including the Scherrer equation, Williamson–Hall (W–H)
method, Size–Strain Plot (SSP), and Halder–Wagner (H–W)
approach, provided a comprehensive understanding of the
structural characteristics. The slight variations in crystallite size
across different models highlight the limitations of traditional
peak broadening methods in precisely quantifying nanoscale
particle sizes. Notably, the SSP and H–W techniques yielded
more reliable results, as evidenced by their higher regression
coefficients (R2) of 0.96814, 0.78402, 0.95021, and 0.98324 for
the samples Co0.5Ni0.5Fe2O4, Ag@Co0.5Ni0.5Fe2O4, Co0.5Ni0.5-
Fe2O4/GO, and Ag@Co0.5Ni0.5Fe2O4/GO, respectively,52 suggest-
ing that strain effects and instrumental broadening were
effectively accounted for. Notably, it was observed that the
crystallite size of the ferrite nanoparticles in the Ag-doped
Co0.5Ni0.5Fe2O4 is larger than that of the unmodied Co0.5-
Ni0.5Fe2O4 nanoparticles.64

Lattice constant ‘a’ was calculated using eqn (9)

a ¼ dhkl
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p
(9)
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Fig. 6 Size–strain plots of (a) Co0.5Ni0.5Fe2O4, (b) Ag@Co0.5Ni0.5Fe2O4, (c) Co0.5Ni0.5Fe2O4/GO, and (d) Ag@Co0.5Ni0.5Fe2O4/GO.

Fig. 7 Halder–Wagner plots of (a) Co0.5Ni0.5Fe2O4, (b) Ag@Co0.5Ni0.5Fe2O4, (c) Co0.5Ni0.5Fe2O4/GO, and (d) Ag@Co0.5Ni0.5Fe2O4/GO.

43244 | RSC Adv., 2025, 15, 43238–43262 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of crystallite size, lattice parameter, strain, and surface area of the materials

Sample no.

Crystallite size (nm) Lattice parameter

3 (10−4) S (m2 g−1)DC-S DM–S DW–H DH–W DSSP a (Å) V (Å3)

Co0.5Ni0.5Fe2O4 36.6 47.5 49.5 44.2 44.2 8.35922 584.11 4.33 48.49
Ag@Co0.5Ni0.5Fe2O4 55.4 80.9 121.6 77.5 77.5 8.33965 580.02 2.74 31.92
Co0.5Ni0.5Fe2O4/GO 25.5 30 32 31.6 31.6 8.35557 583.35 5.69 69.38
Ag@Co0.5Ni0.5Fe2O4/GO 48.1 58.6 56.8 48.8 48.8 8.34794 581.75 2.99 36.82
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The surface area and lattice strain (3) of the prepared sample
were calculated using eqn (10) and (11).65

S ¼ 6

DC�S �QX

(10)

3 = bhkl/tan q (11)

The bulk density (Qb) was determined based on the param-
eters of the pellets using the following equation.57

Qb = m/pr2t (12)

where m, r, and t represent the weight, radius, and thickness of
the pellets, respectively.

The percentage porosity (P) of the samples was calculated
using the following formula:

P = 1 − (bulk density/X-ray density) (13)

where the X-ray density (QX) was obtained from the Rietveld
renement.

Using PXRD data, various parameters related to tetrahedral
(A-sites) and octahedral (B-sites) congurations, such as ionic
radii (IrA, IrB), bond lengths (BLA–O, BLB–O), and hopping
lengths (HLA, HLB), were also calculated by applying eqn (14)
and (15), (16) and (17), and (18) and (19), respectively.66–68

IrA ¼
�
u� 1

4

�
a

ffiffiffi
3

p
� r

�
O2�� (14)

IrB ¼
�
5

8
� u

�
a� r

�
O2�� (15)

Bond length; BLA�O ¼
�
u� 1

4

�
a

ffiffiffi
3

p
(16)

Bond length; BLB�O ¼
�
5

8
� u

�
a (17)

HLA ¼ a
ffiffiffi
3

p

4
(18)

HLB ¼ a
ffiffiffi
2

p

4
(19)

Here, a represents the lattice constant, r(O2−) denotes the
radius of the oxygen ion (0.135 nm), and u is the oxygen ion
parameter (0.375) for an ideal spinel ferrite.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The dislocation density (d) was calculated from the crystallite
size values using the relationship

d = 1/D2 (20)

It is well-established that dislocation density is indirectly
related to crystallite size. Consequently, in this case, the dislo-
cation density exhibited a random variation similar to that
observed in the crystallite size values.69

The crystalline percentage was assessed through the XRD
deconvolution approach, utilizing OriginPro 24 soware to
quantify the integrated area of the crystalline peaks alongside
the total integrated area, which encompasses both crystalline
and amorphous contributions beneath the XRD peaks. The
calculation is performed using the following formula:

Crystallinity ð%Þ ¼ Sc

St

� 100 (21)

In this context, Sc refers to the integrated area corresponding to
the crystalline peaks, whereas St indicates the total integrated
area beneath the XRD peaks.70

The lattice constants and cell volumes were extracted from
the powder X-ray diffraction (PXRD) data. The determined cell
constants for the Co0.5Ni0.5Fe2O4, Ag@Co0.5Ni0.5Fe2O4, Co0.5-
Ni0.5Fe2O4/GO, and Ag@Co0.5Ni0.5Fe2O4/GO samples were
found to be 8.35922 Å, 8.33965 Å, 8.35557 Å, and 8.34794 Å,
respectively. Correspondingly, the cell volumes were calculated
as 584.11 Å3, 580.02 Å3, 583.35 Å3, and 581.75 Å3. These lattice
parameters closely align with the standard values (ICDD no. 22-
1086), which are recorded as 8.3479 Å and 581.75 Å3. Further-
more, the surface area (S) and lattice strain (3) were derived from
the PXRD data, as summarized in Table 1. The percentage
porosity (P) of the samples was estimated using X-ray density
measurements. The table also includes values for bulk density,
dislocation density, and percentage crystallinity. Additionally,
several tetrahedral and octahedral parameters of the spinel
ferrite were obtained from the PXRD data to assess the inu-
ence of graphene and silver on the Co0.5Ni0.5Fe2O4 nano-
particles, as outlined in Table 2.58

Rationale for multiple peak-broadening models: a single
line-prole method seldom captures the full microstructural
picture. The classical Scherrer equation yields a quick rst
estimate but conates size and strain broadening. Williamson–
Hall separates the two contributions assuming isotropic strain,
whereas the Munshi–Scherrer linearisation improves statistical
robustness for broad peaks. Size–strain plot and Halder–Wag-
ner further account for anisotropic broadening and
RSC Adv., 2025, 15, 43238–43262 | 43245
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Table 2 Summary of bulk density, porosity, ionic radii, bond length, hopping length, dislocation density and crystallinity of the obtainedmaterials

Sample id
Bulk-ray
density (rb) (g cm−3)

Porosity,
P (%)

Ionic radii
(nm)

Bond length
(nm)

Hoping length
(nm)

Dislocation density
(lines per m2) × 1014

Crystallinity
(%)IrA IrB BLA–O BLB–O HLA HLB

Co0.5Ni0.5Fe2O4 3.364 37 0.04598 0.07398 0.18109 0.2089 0.3619 0.2955 7.48 85.84
Ag@Co0.5Ni0.5Fe2O4 4.212 23 0.04555 0.07349 0.18056 0.2084 0.3611 0.2948 3.26 87.45
Co0.5Ni0.5Fe2O4/GO 2.667 51 0.04590 0.07389 0.18090 0.2089 0.3618 0.2954 15.34 92.79
Ag@Co0.5Ni0.5Fe2O4/
GO

2.937 45 0.04573 0.07369 0.18073 0.2087 0.3614 0.2951 4.3 95.41
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instrumental convolution; their higher R2 values (0.95–0.98) in
our data underscore their reliability. Using this multi-model
ensemble therefore cross-validates crystallite size while
revealing latent strain and anisotropy effects that single models
overlook.

Conventional Rietveld renement was conducted to
precisely evaluate the crystal structure and lattice parameters of
the PXRD patterns, utilizing the space groups Fd3m for Co0.5-
Ni0.5Fe2O4 and Fm3m for silver (Ag).71 The rened PXRD
patterns, along with the resulting crystal structures derived
from the renement data, are presented in Fig. 8 and 9,
respectively, as obtained through VESTA soware. The quality
of the empirical data tting was determined using several
metrics, including the unweighted prole RF2-factor, weighted
prole R-factor (RF), expected R-factor (Rexp), and Goodness of
Fit (GoF), all of which were required to be below 10%.72 The
parameters from the Rietveld renement, along with the lattice
constants for the synthesized samples, are compiled in Table 3.
Furthermore, a polyhedral representation of the Co0.5Ni0.5Fe2O4

spinel structure, created with VESTA soware, is displayed in
Fig. 9. The lattice parameters extracted from Rietveld rene-
ment closely matched reference values, indicating minimal
structural distortion upon Ag and GO incorporation. However,
the slight reduction in lattice constant for the Ag@Co0.5Ni0.5-
Fe2O4/GO composite suggests potential lattice contraction due
to Ag incorporation, whichmay introduce additional strain. The
dislocation density, which is inversely proportional to crystallite
size, followed an expected trend, with the Ag-containing
composites exhibiting lower defect densities, implying an
improvement in crystallinity.
3.2 Morphological and compositional analysis of elemental
constituents

The morphological features and particle size distribution of
Co0.5Ni0.5Fe2O4 and its modied counterparts were investigated
using Field Emission Scanning Electron Microscopy (FE-SEM).
The resulting FE-SEM micrographs are displayed in Fig. 10,
and recorded particle diameters, as summarized in Table 4,
exhibit a systematic variation in response to both Ag incorpo-
ration and GO incorporation. The pristine Co0.5Ni0.5Fe2O4

nanoparticles demonstrated an average diameter of 50.57 nm,
indicative of well-dened, nanoscale features with minimal
agglomeration. However, upon Ag incorporation (Ag@Co0.5-
Ni0.5Fe2O4), a slight increase in particle size to 51.76 nm was
43246 | RSC Adv., 2025, 15, 43238–43262
observed. This enlargement can be attributed to the incorpo-
ration of Ag nanoparticles, which induce localized lattice strain
and facilitate particle growth due to surface diffusion effects.
Such trends are consistent with previous studies on noble
metal-doped ferrites, where Ag incorporation has been reported
to increase grain size due to its impact on nucleation kinetics
and crystallite coarsening during synthesis.73,74

In contrast, the addition of graphene oxide (GO) into the
Co0.5Ni0.5Fe2O4 matrix resulted in a size reduction to 46.60 nm
(Co0.5Ni0.5Fe2O4/GO), suggesting that GO restricts nanoparticle
growth during the synthesis process. This reduction in size is
likely driven by GO-induced connement effects, where the
high surface area of GO acts as a barrier to grain growth, thereby
limiting coalescence during crystallization.75 Additionally, the
oxygen-containing functional groups on GO sheets may
enhance interfacial interactions, leading to reduced mobility of
the ferrite particles and further inhibiting growth. A more
pronounced effect was observed in the Ag@Co0.5Ni0.5Fe2O4/GO
nanocomposite, where the particle diameter signicantly
decreased to 37.50 nm. The combined inuence of Ag incor-
poration and GO interaction appears to exert a synergistic
effect, further restricting particle size. The observed trend
suggests that GO nanosheets effectively suppress ferrite grain
growth, and the presence of Ag facilitates defect formation,
which may impede particle aggregation and accelerate nucle-
ation, leading to ner nanoparticles.75,76

The progressive decrease in particle size with GO modica-
tion has crucial implications for the magnetic and electro-
chemical behavior of these nanocomposites. A smaller particle
size enhances the surface-to-volume ratio, which can inuence
interfacial charge transfer, catalytic efficiency, and exchange
interactions in magnetic systems. Additionally, size reduction
enhances coercivity, as smaller particles exhibit greater shape
anisotropy, further reinforcing the correlation between
morphology and magnetic properties.75–79 The FE-SEM analysis
conrms that Ag and GO serve distinct roles in structural
evolution, with Ag incorporation favoring particle coarsening,
while GO incorporation restricts growth and induces surface
modication effects. This ne-tuning of nanoparticle size
provides a strategic pathway for optimizing performance in
spintronics, energy storage, and high-frequency magnetic
applications.79

The FE-SEM-determined particle size was larger than the
crystallite size (C–S plot method) due to crystallite aggregation,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Refined PXRD pattern of Co0.5Ni0.5Fe2O4, Ag@Co0.5Ni0.5Fe2O4, Co0.5Ni0.5Fe2O4/GO and Ag@Co0.5Ni0.5Fe2O4/GO.
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grain boundary diffusion, and synthesis-induced growth. While
the C–S plot estimates the coherent diffracting domains, FE-
SEM accounts for physical particle size, leading to this
discrepancy.60,75,76

EDX analysis (Table 5) conrms the successful incorporation
of Ag and GO. The pristine Co0.5Ni0.5Fe2O4 maintained a Fe :
© 2025 The Author(s). Published by the Royal Society of Chemistry
Co : Ni ratio of 1.95 : 0.56 : 0.50, aligning with the expected
spinel structure. However, Ag doping (Ag@Co0.5Ni0.5Fe2O4)
increased O content (39.68%) while reducing Fe, Co, and Ni
levels, suggesting partial oxidation and cation redistribution.
The presence of Ag (11.66%) indicates its integration into the
ferrite matrix. For GO-modied composites, C (13.07%) and O
RSC Adv., 2025, 15, 43238–43262 | 43247
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Fig. 9 The crystal structure of Co0.5Ni0.5Fe2O4, derived from the
refined data, was visualized using the VESTA software package.
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(26.70%) content conrmed GO integration, which restricted
grain growth and inuenced magnetic/electronic properties.
The Ag@Co0.5Ni0.5Fe2O4/GO composite exhibited higher Ag
(14.11%) and enhanced C/O levels, suggesting GO stabilizes Ag
nanoparticles, preventing agglomeration.60 These composi-
tional changes impact superexchange interactions, charge
transfer, and anisotropy, crucial for magnetic and electronic
applications (Fig. 11).
3.3 Magnetic properties analysis

The saturation magnetization (Ms) in relation to the external
magnetic eld (H) for Co0.5Ni0.5Fe2O4, Ag@Co0.5Ni0.5Fe2O4,
Co0.5Ni0.5Fe2O4/GO, and Ag@Co0.5Ni0.5Fe2O4/GO nano-
composites was evaluated at room temperature within an
applied magnetic eld ranging from −20 000 to 20 000 Oersted
(Oe). The M–H curves, depicted in Fig. 12, exhibit the charac-
teristic ferrimagnetic behavior typically associated with spinel
ferrites. The magnetic properties of Co0.5Ni0.5Fe2O4 and its
modied composites were analyzed to understand the impact of
Ag incorporation and GO incorporation on saturation magne-
tization (Ms), remanent magnetization (Mr), and coercivity (Hc),
are summarized in Table 6. The pristine Co0.5Ni0.5Fe2O4 sample
exhibited a coercivity of 517.17 Oe and a saturation magneti-
zation (Ms) of 69.39 emu g−1, indicating strong superexchange
interactions among Fe3+, Co2+, and Ni2+ ions. The relatively high
Table 3 Parameters from Rietveld refinement and figures of merit
Ag@Co0.5Ni0.5Fe2O4/GO

Sample no. Rexp (%) Rwp (%) RF (%)

Co0.5Ni0.5Fe2O4 1.05 6.26 4.95
Ag@Co0.5Ni0.5Fe2O4 1.51 9.13 7.21
Co0.5Ni0.5Fe2O4/GO 1.06 6.37 5.07
Ag@Co0.5Ni0.5Fe2O4/GO 1.451 9.31 6.99

43248 | RSC Adv., 2025, 15, 43238–43262
remanence-to-saturation ratio (0.42) suggests a well-dened
single-domain or pseudo-single-domain structure, which is
commonly observed in spinel ferrites with high magneto-
crystalline anisotropy.80–82

However, upon Ag incorporation (Ag@Co0.5Ni0.5Fe2O4),
coercivity decreased to 488.32 Oe, and Ms exhibited a substan-
tial reduction to 23.07 emu g−1. This signicant drop in
magnetization can be attributed to the substitution of non-
magnetic Ag ions into the ferrite matrix, which dilutes the
superexchange interaction and disrupts the Fe3+–O2−–Fe3+

coupling, leading to a more magnetically so behavior. Studies
have reported that Ag incorporation in CoFe2O4 leads to
decreased coercivity and Ms due to structural distortion and
reduced anisotropy energy. Additionally, the anisotropy
constant decreased signicantly from 13 957.5 erg cm−3 to
1580.8 erg cm−3, conrming the weakening of magneto crys-
talline anisotropy, which is consistent with earlier ndings on
Ag-doped spinel ferrites.80,83,84

In contrast, the incorporation of graphene oxide (GO) into
the Co0.5Ni0.5Fe2O4 matrix (Co0.5Ni0.5Fe2O4/GO) resulted in
a notable increase in coercivity to 820.93 Oe, while Ms only
slightly decreased to 60.64 emu g−1. The increase in coercivity is
attributed to strong interfacial interactions between GO sheets
and ferrite nanoparticles, which introduce additional pinning
effects and strain-induced anisotropy, impeding domain wall
motion.78–80 This phenomenon aligns with previous studies,
where GO incorporation in ferrite nanocomposites resulted in
enhanced coercivity due to increased anisotropy and interfacial
strain effects. Furthermore, the anisotropy constant increased
substantially to 18 396.7 erg cm−3, supporting the claim that GO
incorporation enhances structural anisotropy. Interestingly,
remanence magnetization exhibited a slight increase (30.12
emu g−1), indicating improved uniaxial anisotropy. However,
when Ag-incorporation ferrite was further modied with GO
(Ag@Co0.5Ni0.5Fe2O4/GO), coercivity drastically decreased to
207.63 Oe, andMs further dropped to 19.55 emu g−1. The sharp
decline in coercivity suggests that GO, in combination with Ag,
introduces additional disorder, weakening exchange coupling
and promoting multi-domain formation, which is oen
observed in hybrid systems with reduced magnetic anisot-
ropy.78,79,85 The reduction inMs is consistent with reports that Ag
and GO, when co-integrated into ferrite matrices, lead to dilu-
tion of the magnetic phase and increased lattice defects,
thereby decreasing overall magnetization. The signicant drop
in anisotropy constant (658.8 erg cm−3) further supports the
for Co0.5Ni0.5Fe2O4, Ag@Co0.5Ni0.5Fe2O4, Co0.5Ni0.5Fe2O4/GO and

GoF

Lattice parameter

X-ray density (rX) (g cm−3)a (Å) V (Å3)

5.98 8.3540 583.01 5.362
6.03 8.3757 587.57 5.507
5.99 8.3806 588.607 5.389
6.04 8.3347 578.98 5.383

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 FE-SEM images and particle size histogram of (a and b) Co0.5Ni0.5Fe2O4, (c and d) Ag@Co0.5Ni0.5Fe2O4, (e and f) Co0.5Ni0.5Fe2O4/GO and
(g and h) Ag@Co0.5Ni0.5Fe2O4/GO.
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hypothesis that the combined effect of Ag incorporation and GO
incorporation results in a highly magnetically so material,
suitable for applications requiring low-coercivity
nanocomposites.
© 2025 The Author(s). Published by the Royal Society of Chemistry
These ndings highlight the contrasting roles of Ag and GO
in tuning the magnetic properties of ferrite nanocomposites.
While Ag incorporation reduces coercivity and saturation
magnetization by introducing non-magnetic ions that disrupt
RSC Adv., 2025, 15, 43238–43262 | 43249
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Table 4 FE-SEM particle size analysis of Co0.5Ni0.5Fe2O4 andmodified
nanocomposites

Sample Diameter (nm)

Co0.5Ni0.5Fe2O4 50.57
Ag@Co0.5Ni0.5Fe2O4 51.76
Co0.5Ni0.5Fe2O4/GO 46.60
Ag@Co0.5Ni0.5Fe2O4/GO 37.50
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magnetic interactions, GO enhances coercivity and anisotropy
in pure ferrite by strengthening interfacial pinning effects.
However, the combination of Ag and GO suppresses anisotropy
and exchange coupling, making the material more magnetically
so. The observed trends provide crucial insights into
designing magnetically tunable nanomaterials for applications
in high-frequency electronics, magnetic storage, and electro-
magnetic interference shielding. The study of Ag@Co0.5Ni0.5-
Fe2O4/GO suggests potential for low-coercivity, high-
performance ferrite composites, particularly in biomedical
applications such as targeted drug delivery and magnetic reso-
nance imaging, where so magnetic behavior is
advantageous.77,80,84

The observed enhancement in both remanent and satura-
tion magnetization in specic samples can be attributed to the
strategic distribution of metal cations between the octahedral
and tetrahedral coordination sites within the spinel lattice
structure. A critical parameter for evaluating magnetic domain
congurations is the squareness ratio (S), dened as the ratio of
remanent magnetization (Mr) to saturation magnetization (Ms).
This ratio provides insights into the domain behavior of
a material, ranging from 0 (characteristic of superparamagnetic
systems) to 1 (indicative of a purely ferromagnetic state).86 The
calculated S values, as outlined in Table 5, consistently remain
below 0.5, suggesting that the samples predominantly exhibit
a single-domain or pseudo-single-domain magnetic congura-
tion. According to the Stoner–Wohlfarth (S–W) model, an S
value exceeding 0.5 signies the presence of multi-domain
structures, while an S value below this threshold is typically
associated with single-domain magnetic behavior.87 The
tunability of the magnetic characteristics of Co0.5Ni0.5Fe2O4

nanoparticles is strongly inuenced by morphological varia-
tions and particle size, both of which signicantly modulate
magnetocrystalline anisotropy and exchange interactions.

Conversely, the decline in saturation magnetization (Ms)
observed in GO-integrated nanocomposites can be attributed to
Table 5 Elemental composition determined by EDX for Co0.5Ni0.5Fe2O
GO

Sample name

Atom (%)

C O Fe

Co0.5Ni0.5Fe2O4 0 25.58 48.22
Ag@Co0.5Ni0.5Fe2O4 0 39.68 36.05
Co0.5Ni0.5Fe2O4/GO 13.07 26.70 38.70
Ag@Co0.5Ni0.5Fe2O4/GO 12.33 35.77 26.70

43250 | RSC Adv., 2025, 15, 43238–43262
a reduction in Fe 3d state spin polarization combined with the
inherent non-magnetic nature of graphene sheets. The presence
of GO increases the effective surface area of the composite
material, consequently enhancing surface disorder and di-
srupting exchange interactions, which leads to a further
reduction in Ms.88 Moreover, an increase in surface area facili-
tates a transition toward superparamagnetic-like behavior,
thereby diminishing the net magnetic moment (mB) and further
lowering saturation magnetization. The magnetic moment was
computed using the following expression eqn (22):

mB ¼ Mw � Ms

5585
(22)

where Mw represents the molecular weight of the sample. The
incorporation of Ag induces a progressive decline in magnetic
moment (mB), exhibiting a trend similar to that of saturation
magnetization, as presented in Table 5.89 Furthermore, the
anisotropy constant (K), a fundamental parameter governing
the stability of magnetic moments, was determined using the
relation (23):

K = (Ms × Hc)/0.96 (23)

The K values, as summarized in Table 5, reveal a decreasing
tendency with increasing graphene oxide (GO) concentration in
the Co0.5Ni0.5Fe2O4/GO nanocomposites.60 This trend signies
that GO effectively diminishes magnetocrystalline anisotropy,
leading to a transition toward a more magnetically so state.
Such tunability in magnetic behavior holds signicant impli-
cations for applications in high-frequency electronic devices,
spintronic systems, and biomedical imaging technologies,
where controlled magnetic responses are crucial for optimized
performance.

3.4 Optical properties analysis

Diffuse-reectance spectra were transformed via the Kubelka–
Munk function F(R) = (1 − RN)2/(2RN). Under the assumptions
of an ideal, innitely thick, randomly scattering layer and weak
absorption, F(R) is proportional to the absorption coefficient a.
The Tauc relation (F(R)hn)2 = A(hn − Eg) for indirect transitions
was therefore employed to estimate Eg for all samples.

The UV-DRS analysis of the mixed ferrite and their
composite nanorods, illustrated in Fig. 13a, shows signicant
absorption across the 200–800 nm wavelength range, with
a notable absorption edge identied at 418 nm. The optical
band gap energy (Eg) of these materials was calculated using the
4, Ag@Co0.5Ni0.5Fe2O4, Co0.5Ni0.5Fe2O4/GO and Ag@Co0.5Ni0.5Fe2O4/

Ratio Co : Ni : Fe : AgCo Ni Ag

13.83 12.37 0 0.56 : 0.5 : 1.95 : 0
5.59 7.03 11.66 0.40 : 0.5 : 2.57 : 0.83

11.13 10.40 0 0.54 : 0.5 : 1.86 : 0
5.18 6.13 14.11 0.43 : 0.5 : 2.18 : 1.15

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 EDX spectra of (a) Co0.5Ni0.5Fe2O4, (b) Ag@Co0.5Ni0.5Fe2O4, (c) Co0.5Ni0.5Fe2O4/GO and (d) Ag@Co0.5Ni0.5Fe2O4/GO.

Fig. 12 Room temperature magnetization curves of Co0.5Ni0.5Fe2O4, Ag@Co0.5Ni0.5Fe2O4, Co0.5Ni0.5Fe2O4/GO and Ag@Co0.5Ni0.5Fe2O4/GO
nanocomposite.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 43238–43262 | 43251
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Table 6 The magnetic parameters like coercivity, remanent, saturation magnetization squareness ratio, magnetic moment and anisotropy
constant

Sample
Saturation mass
magnetization (emu g−1)

Coercivity
(Oe)

Remanent mass
magnetization (emu g−1)

Squareness
ratio

Magnetic
moment (mB)

Anisotropy
constant

Co0.5Ni0.5Fe2O4 69.39 517.17 29.63 0.42 2.914 13 957.5
Ag@Co0.5Ni0.5Fe2O4 23.07 488.32 6.06 0.26 0.969 1580.8
Co0.5Ni0.5Fe2O4/GO 60.64 820.93 30.12 0.49 2.546 18 396.7
Ag@Co0.5Ni0.5Fe2O4/GO 19.55 207.63 3.86 0.19 0.821 658.8

Fig. 13 Diagrams of (a) the UV-vis absorbance spectrum (b) [F(R)hn]2 versus photoenergy and (c) narrow scale plot of [F(R)hn]2 versus photo-
energy for the produced nanocomposites.
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Tauc method.90 For the pure mixed ferrite, the Eg was deter-
mined to be 1.95 eV (Fig. 13b). In contrast, the Eg values for the
Co0.5Ni0.5Fe2O4/GO, Ag@Co0.5Ni0.5Fe2O4, and
43252 | RSC Adv., 2025, 15, 43238–43262
Ag@Co0.5Ni0.5Fe2O4/GO composites exhibited slight increases
to 1.97 eV, 2.00 eV, and 2.03 eV, respectively. The narrower scale
plot of [F(R)hn]2 versus photoenergy has been shown in Fig. 13c
© 2025 The Author(s). Published by the Royal Society of Chemistry
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to make the band gap clear and understandable. This incre-
ment is likely due to a decrease in visible light absorption
within the composites, as evidenced by the absorption spectra.

The slight blue-shi (1.95 / 2.03 eV) is attributed to
quantum-size connement and the tensile strain introduced by
the Agjferrite and GOjferrite interfaces. Although a wider band-
gap narrows visible-light absorption, three cooperative effects
override this drawback: (i) surface-plasmon resonance (SPR) of
Ag injects hot electrons into the CB of the ferrite, (ii) GO acts as
an ultrafast electron highway suppressing e−/h+ recombination,
and (iii) the higher CB potential (aer upshiing) favours cO2

−

radical generation. Together these factors yield net higher MB-
degradation efficiency despite the bandgap widening. The
combination of a low band gap and nanoscale particle dimen-
sions signicantly enhances the photocatalytic performance of
the nanorods when subjected to solar irradiation.90 It is postu-
lated that the photocatalytic activity benets from robust
absorption over a wide spectral range, which spans both UV and
visible light.91 The observed red shi in the absorption band
Fig. 14 (a) Dielectric constant (30) as a function of frequency (log f), (b)
Nyquist plots obtained for Co0.5Ni0.5Fe2O4, Ag@Co0.5Ni0.5Fe2O4, Co0.5N

© 2025 The Author(s). Published by the Royal Society of Chemistry
broadens the photoexcitation spectrum, enabling the photo-
catalyst to absorb a greater number of incident photons, thereby
improving its overall photocatalytic efficiency.
3.5 Dielectric properties analysis

Fig. 14a illustrates the uctuation in the dielectric constant of
the materials across an extensive frequency range, spanning
from 20 Hz to 20 MHz. The observed data indicates a signicant
reduction in the dielectric constant reaching up to 1 kHz, fol-
lowed by a more gradual decline as the frequency increases.

At approximately 10 kHz, the dielectric constant stabilizes,
indicating the onset of dielectric dispersion. The relatively high
dielectric constant observed at lower frequencies can be
attributed to heterogeneous conduction present in the
composite materials. The overall decrease in dielectric constant
with increasing frequency implies that the polarization
behavior of the ferrite is intricately linked to the conduction
pathways, which are inuenced by the localized motion of
dielectric loss tangent (tan d) as a function of frequency (log f), (c) the
i0.5Fe2O4/GO and Ag@Co0.5Ni0.5Fe2O4/GO.

RSC Adv., 2025, 15, 43238–43262 | 43253
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electrons in the presence of an electric eld. This movement is
further facilitated by the electron exchange between Fe2+ and
Fe3+ ions.92

This movement governs the polarization behavior of ferrite
material. Polarization is well-established as diminishes the
intensity of the electric eld within the medium. The reduction
in polarization as frequency increases may stem from the
inability of electronic interactions between Fe2+ and Fe3+ ions to
keep up with the alternating electric eld at higher frequen-
cies.93 Consequently, the dielectric constantly experiences
a notable decrease with the rise in frequency. This dispersion
phenomenon aligns with the Maxwell–Wagner model of inter-
facial polarization and can be interpreted through Koop's
phenomenological theory.58,94,95 The presence of free charge
carriers within the material plays a signicant role in this
behavior. As the frequency increases, the contribution of
polarization from space charges diminishes because these free
charge carriers are unable to respond swily enough to the
changing electric eld. As a result, only dipolar polarization
remains signicant, which accounts for the stable value of the
real component of the dielectric properties observed in the
frequency range of 10 kHz to 20 MHz.96 The addition of gra-
phene oxide (GO) results in an enhanced dielectric constant,
likely due to its superior conductivity, as well as the improved
polarization and conductivity within the nanocomposites,
which collectively enhance their overall dielectric characteris-
tics.97,98 The observed decline in the dielectric constant of the
ferrite with the incorporation of silver (Ag) nanoparticles can be
attributed to the interference these nanoparticles introduce into
the polarization of the ferrites. This disruption in polarization
ultimately leads to a reduction in the dielectric constant
values.99 Incorporation of highly conductive Ag nanoparticles
forms interfacial space-charge regions that partially screen the
local electric eld inside ferrite grains. This screening reduces
dipole density—and hence 30—by hindering Fe2+ 4 Fe3+

hopping polarisation, explaining the observed drop in dielectric
constant upon Ag addition.

Fig. 14b shows the frequency-dependent behavior of the
dissipation factor, also known as the dielectric loss tangent (tan
d), for the materials under study. The behavior of tan d closely
parallels that of the dielectric constant, exhibiting a decline as
frequency increases, which is attributed to diminished polari-
zation under higher alternating current (AC) elds. At elevated
frequencies, particularly near 8 kHz, the values of tan d reach
a plateau. This frequency-dependent variation in tan d is asso-
ciated with the conduction mechanisms in ferrites and aligns
with Koop's empirical model.100,101 The curve for the loss factor
is believed to be affected by domain wall resonance. According
to Rezlescu's model, when the movement of domain walls is
constrained, losses are minimized at higher frequencies. A
minor irregularity was noted at lower frequencies, which, per
Rezlescu's model, could result from the distinct impacts of both
positive (p) and negative (n) charge carriers on the relaxation
peak. This behavior is further inuenced by the electrical
interactions between Fe2+ and Fe3+ ions. Moreover, the dielec-
tric loss tangent is intricately linked to conductance; higher
conductance values typically lead to increased dielectric
43254 | RSC Adv., 2025, 15, 43238–43262
losses.71,102 It is also acknowledged that dielectric loss can stem
from factors such as grain boundaries, impurities, and defects
present within the crystal lattice. This phenomenon occurs as
polarization trails behind the applied alternating electric eld,
resulting in energy dissipation within the material.58,93

Fig. 14c displays Nyquist impedance plots for Co0.5Ni0.5Fe2-
O4, Ag@Co0.5Ni0.5Fe2O4, Co0.5Ni0.5Fe2O4/GO, and Ag@Co0.5-
Ni0.5Fe2O4/GO, illustrating how the inherent low conductivity of
ferrites inuences the behavior of grain boundaries. This limi-
tation in conductivity hampers the movement of Fe2+ and Fe3+

ions at lower frequencies. However, with increasing frequency
of the applied electric eld, the conductive grains respondmore
actively, promoting ion mobility. Gaining insight into this
conduction mechanism is essential for identifying its primary
source, whether it arises from the grains, the grain boundaries,
or stray charges present within the electrode. Impedance spec-
troscopy is an essential method for distinguishing the indi-
vidual roles of bulk (grain) and grain boundary components in
the material's total conductivity. The plots exhibit a single
semicircular arc in the high-to-medium frequency range,
accompanied by a slanted line in the low-frequency domain.
The semicircular arc is indicative of charge transfer resistance
(Rct).103 Notably, in the impedance spectra of the ferrite mate-
rials, a pattern emerges in which the diameters of the semi-
circles diminish with the incorporation of graphene oxide (GO).
This reduction in diameter suggests an enhancement in
conductivity due to the addition of thesematerials, which aligns
with our previous ndings. The semicircle's diameter reects
the resistance to interfacial charge transfer, where a smaller
diameter indicates faster charge transfer and reduced charge
recombination. Such improvements in charge dynamics
signicantly bolster catalytic activity.104,105
3.6 Photocatalytic activity

The photocatalytic performance of the synthesized samples –

Co0.5Ni0.5Fe2O4, Ag@Co0.5Ni0.5Fe2O4, Co0.5Ni0.5Fe2O4/GO, and
Ag@Co0.5Ni0.5Fe2O4/GO – was assessed for their ability to
degradation of methylene blue (MB) dye under visible light
exposure. The absorption spectra of the dye solution, as shown
in Fig. 15a–d, were recorded at various time intervals while
employing these different catalysts. A signicant reduction in
the intensity of the MB absorption peak at 660 nm was noted as
the exposure time increased, with the peak eventually vanishing
aer 180 minutes of irradiation. In contrast, the blank sample,
which did not contain any catalyst, exhibited only minimal self-
decomposition of the MB dye when subjected to visible light.
The sequence of photocatalytic efficiency for the tested mate-
rials was: Ag@Co0.5Ni0.5Fe2O4/GO > Co0.5Ni0.5Fe2O4/GO >
Ag@Co0.5Ni0.5Fe2O4 > Co0.5Ni0.5Fe2O4. Aer 180 minutes of
light exposure, the intensity of the absorption peak at 660 nm
nearly vanished for all samples, with degradation efficiencies of
55.57%, 67.02%, 70.94%, and 96.59%, respectively, as shown in
Fig. 15e. The signicant improvement in photocatalytic effi-
ciency for Co0.5Ni0.5Fe2O4/GO is attributed to the incorporation
of graphene oxide (GO) into the nanocomposite, enhancing
electron–hole pair separation due to the high electron transfer
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Spectral absorption during the photocatalytic degradation of MB by (a) Co0.5Ni0.5Fe2O4, (b) Ag@Co0.5Ni0.5Fe2O4, (c) Co0.5Ni0.5Fe2O4/
GO, (d) Ag@Co0.5Ni0.5Fe2O4/GO, (e) % degradation for corresponding samples, (f) changes in (C/C0) with respect to irradiation time, and (g) the
first-order kinetics fitting for MB degradation.
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capability of the Co0.5Ni0.5Fe2O4 nanoparticles.106 Furthermore,
the incorporation of graphene into Co0.5Ni0.5Fe2O4/GO and
Ag@Co0.5Ni0.5Fe2O4/GO signicantly improves the efficiency of
electron–hole pair separation, which contributes to the
© 2025 The Author(s). Published by the Royal Society of Chemistry
enhanced photocatalytic performance observed in Ag@Co0.5-
Ni0.5Fe2O4/GO.88 This improved activity can be credited to the
SPR (surface plasmon resonance) effect exhibited by the silver
nanoparticles (Ag NPs). This phenomenon not only enhances
RSC Adv., 2025, 15, 43238–43262 | 43255
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the catalytic activity but also facilitates the formation of addi-
tional active sites through the deposition of plasmonic metals
onto Co0.5Ni0.5Fe2O4.107

Fig. 15f illustrate that the degradation process adheres to
a pseudo-rst-order reaction mechanism, with the reaction rate
constants (k) determined for each of the synthesized samples.
Among them, the Ag@Co0.5Ni0.5Fe2O4/GO composite demon-
strated the most signicant reaction rate, with a constant of k =
0.01665 min−1. In comparison, the Co0.5Ni0.5Fe2O4/GO sample
showed a slightly lower rate of k = 0.00717 min−1, while the
Ag@Co0.5Ni0.5Fe2O4 yielded a rate of k= 0.00692 min−1, and the
Co0.5Ni0.5Fe2O4 sample presented an equivalent rate of k =

0.00507 min−1 when subjected to halogen light irradiation.58

The proposed degradation mechanisms are shown in Fig. 16.
The synthesized Ag@Co0.5Ni0.5Fe2O4/GO nanocomposite

exhibited the highest photocatalytic efficiency, achieving
96.59% degradation of methylene blue under visible light irra-
diation, surpassing the efficiencies reported in other studies, as
shown in Table 7. This superior performance is attributed to the
synergistic effects of silver's surface plasmon resonance (SPR)
and the enhanced electron transfer capabilities of graphene
oxide. The Co0.5Ni0.5Fe2O4/GO composite also exhibited signif-
icant improvement over the pristine Co0.5Ni0.5Fe2O4, reinforc-
ing the role of graphene oxide in suppressing electron–hole
recombination. Compared to other reported ferrite-based
nanocomposites, the Ag@Co0.5Ni0.5Fe2O4/GO nanocomposite
outperforms similar systems, such as MgFe2O4 and NiFe2O4/g-
C3N4, which showed slightly lower degradation efficiencies
within shorter reaction times.108
Fig. 16 Dye degradation mechanism on Ag@Co0.5Ni0.5Fe2O4/GO cata
cascade, (b) photocatalytic charge transfer case with LSPR effect of Ag, (c

43256 | RSC Adv., 2025, 15, 43238–43262
Photocatalytic charge-transfer cascade has shown in Fig. 16a
and b. Under visible irradiation the localised surface-plasmon
resonance (LSPR) of Ag nanoparticles produces hot electrons
with energies up to z2 eV above the Ag Fermi level (EF z 4.26
eV). These electrons surmount the 0.35 eV Schottky barrier and
inject into the conduction band (CB) of Co0.5Ni0.5Fe2O4 (ECB z
−0.65 V vs. NHE). Simultaneously, graphene oxide (GO, work
function 4.7 eV) acts as an ultrafast electron “highway”,
extracting CB electrons within a few picoseconds and shuttling
them to dissolved O2. The resulting space-charge layer at the
Agjferrite interface traps photogenerated holes in the valence
band (VB), suppressing e−/h+ recombination even though the
dark charge-transfer resistance (Nyquist semicircle) is margin-
ally higher for the Ag-decorated sample.

Reactive-oxygen-species (ROS) formation and pollutant
degradation (Fig. 16c). CB electrons reduce O2 to super-oxide
radicals (cO2

−, E° = −0.33 V). Proton-coupled electron transfer
yields HO$

2=H2O2, which further decomposes to cOH radi-
cals.113,114 Concurrently, VB holes (EVB z +1.55 V) oxidise
surface-adsorbed H2O (or OH−) to cOH. These ROS attack the
azo bond and aromatic rings of methyl-blue (MB), forming low-
molecular intermediates that mineralise to CO2, NO3

− and
SO4

2−. The dual pathway—plasmonic hot-electron injection
plus GO-mediated charge shuttling—explains why Ag@Co0.5-
Ni0.5Fe2O4/GO outperforms the bare ferrite/GO composite
despite its larger dark-state. Comparable mechanisms have
been reported for Ag/TiO2–RGO,115 Ag-loaded ZnO–graphene
hybrid nanocomposites116 and Ag@ZnFe2O4/graphene.117
lyst under halogen light irradiation. (a) Photocatalytic charge transfer
) reactive-oxygen-species (ROS) formation and pollutant degradation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Comparative study of photocatalytic performance

Composites Dye Medium Time % degradation Ref.

MgFe2O4, 30 mg Methylene blue, 10 ppm Visible light 120 87.3 108
NiFe2O4/g-C3N4, 20 mg Congo red, 20 ppm UV-vis 90 92.5 108
CoFe2O4/TiO2, 15 mg Methyl orange, 25 ppm Solar light 150 89.6 109
Mn0.6Zn0.4Fe2O4/g-C3N4, 20 mg Methylene blue, 20 ppm Sunlight 150 94.2 110
MgFe2O4, 25 mg Rhodamine B, 10 ppm Visible light 120 85.7 111
SFGCN nanocomposite, 30 mg Methyl orange, 15 ppm Solar light 180 91.4 112
Co0.5Ni0.5Fe2O4/GO, 25 mg Methylene blue, 10 ppm Visible light 180 70.94 This work
Ag@Co0.5Ni0.5Fe2O4/GO, 25 mg Methylene blue, 10 ppm Visible light 180 96.59 This work
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4. Conclusion

Co0.5Ni0.5Fe2O4 nanoparticles and their composites with silver
(Ag) and graphene oxide (GO) were successfully synthesized
using a facile co-precipitation method. Structural analysis via X-
ray diffraction conrmed the formation of cubic spinel ferrite
structures with crystallite sizes ranging from 25.5 nm to
80.9 nm. Morphological characterization revealed uniformly
distributed, spherical nanoparticles anchored on GO sheets,
with an average particle size of 37.5 nm, as observed through
FE-SEM imaging and conrmed by EDX spectroscopy.

Magnetic measurements indicated ferromagnetic behavior
with systematic variations attributable to the incorporation of
Ag and GO. Notably, the Ag@Co0.5Ni0.5Fe2O4/GO nano-
composite exhibited exceptional photocatalytic performance,
achieving a 96.59% degradation efficiency of methylene blue
under visible light irradiation. This enhanced activity is attrib-
uted to the synergistic effects of Ag's plasmonic properties and
GO's conductive network, which collectively reduce the
bandgap energy, facilitate efficient charge separation and
transfer, and suppress electron–hole recombination. These
ndings advance the understanding of how integrating noble
metals and graphene derivatives with magnetic nanoparticles
can signicantly enhance photocatalytic properties. This work
paves the way for developing highly efficient and durable pho-
tocatalysts for wastewater treatment and broader environ-
mental purication technologies. Future research could explore
scaling up the synthesis method and evaluating the nano-
composite's effectiveness against a wider range of pollutants,
potentially expanding its applicability in environmental
technologies.
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