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Abstract

In this work, Ba,_,Ag,Fe,0, (x=0.0, 0.2, 0.3, 0.5) nanoparticles have been prepared using the sol-gel auto-combustion
method providing the pioneering investigation of substitution of silver into barium ferrite, that is often associated
with magnetic applications. A broad inspection has been performed on structural, magneto-electric, dielectric, and
optical properties uncovering potential of Ag incorporated barium ferrite nano particles using X-ray diffraction, Vibrat-
ing sample magnetometer, Multiferroic system, Impedance Analyzer, UV visible diffuse reflectance spectroscopy, Fluo-
rescence spectrophotometer and Photoluminescence (PL) system. The chemical bonding and functional groups of all
samples were explored by Fourier transform infrared spectrometer as well as with RAMAN spectroscopy. The slight turn
in orthorhombic structure from (Pnma 62) to (Bb21m 36) was detected from pure BaFe,0, particles to Ag concentrated
samples and also illustrated in 3D visualization. The formation of spherical nanoparticles (46-32 nm) with designed com-
position (Bay gAg,,Fe,0, Bay;Ag, sFe,0,, BaysAg, sFe,0,) which was confirmed by Scanning electron microscopy and
Energy dispersive x-ray spectroscopy separately. The maximum magnetization value of 22.3 emu/g was revealed by the
BagsAgysFe,0, sample. The lowest energy band gap value of 1.5-1.8 eV was achieved by pristine and Ba, ;Ag, ;Fe,0,
making it eligible to operate within the ideal region of solar cell efficiency with reduced recombination losses. The PL
emission intensity was also observed in the visible spectrum at 573-576 nm for Ag concentrated samples suggesting that
material can efficiently absorb and release light in the solar spectrum’s most useful region. Significant leakage current
was indicated by the PE loop with high conductivity, indicating that the material has reduced resistance and enhanced
charge transport. Simulating solar illumination was used to evaluate the photovoltaic performance of nanoparticles,
producing response curves for photocurrent and dark current revealing the improved photo current with Ag infusion.
The valuable results of Ag-infused barium ferrites for dielectric, optical, and photovoltaic capabilities offered a fresh
concept for using magnetic nanoparticles modified by silver as an encouraging development in the PV applications.
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1 Introduction

Trends and the energy transition indicate that concerns over global warming, energy safety, and growing pollution in
the air are leading to a greater emphasis in recent years on shifting from fossil fuels to energy from renewable sources.
Numerous nations have set goals to increase the proportion of renewable energy in their energy stream, and since
technological improvements, renewable energy is becoming more affordable than conventional sources. Solar cells
and photovoltaic devices have grown significantly in recent years through their potential to capture the sun’s clean,
renewable energy. Such devices directly turn sunlight into power, providing an environmentally friendly alternative
to conventional fossil fuels [1, 2] and emphasizing the necessity to switch to cleaner forms of energy revealing the
importance of photovoltaic technology even more. The importance is based on the fact that photovoltaic technology
generates electricity by utilizing sunshine, an infinite and renewable resource. Unlike fossil fuels, solar energy does not
emit greenhouse gases or cause air pollution, making it an ecologically friendly energy source. The usage of photo-
voltaics considerably reduces the carbon footprint linked with power generation. Solar cells also subsidize qualifying
environment change and reach the targets of reducing global emissions by shifting the need for power generation
that is based on fossil fuel [3, 4]. Solar electricity can be used for a variety of purposes for its scalability and can be
harvested in isolated locations where installing standard electricity infrastructure is challenging or expensive [5, 6].

Extensive research into innovative photovoltaic materials has been conducted in an effort to overcome the short-
comings of conventional solar cells, as a result of the pressing demand for efficient and sustainable energy sources.
Numerous materials for photovoltaic solar cells based on nanoparticles have been discovered to improve efficiency
and cost-effectiveness. Due to their size and make-up, nanoparticles have distinctive features that enhance light
absorption, charge transport movement, and overall device efficiency [7, 8]. However, effectively incorporating
nanoparticles into solar cell technology requires careful consideration of elements, including manufacturing scal-
ability, compatibility, and stability [9-11]. The ability of a material to form pairs of electron-holes, which are necessary
for the operation of a solar cell, and to absorb light depends critically on its band gap. The band gap of the typical
photovoltaic material is between 1 and 1.8 eV [12].

An external electric field can inverse the spontaneous electric polarization that occurs in a type of material known
as ferroelectric materials. The potential of ferroelectric photovoltaic (FPV) materials to produce energy through
the photovoltaic effect, comparable to conventional solar cells, has been investigated. The creation of excitons
employing light photons absorbed by a substance is known as the photovoltaic effect [13]. These electron-hole
pairs can be separated in ferroelectric materials with spontaneous polarization, which generates photocurrent [14,
15]. Ferroelectric Materials are used in two ways commonly first by depositing thin films of materials on substrates,
e.g. (Pbgg;Lag o3) (Zrgs;Tigag) O3 [16] [KNbO3]1-x [BaNi V2 Nb %2 O3 1x [17], BiFeO; [18] BaTiO; [19]. There are, however,
just a few studies in this area that are pertinent to nanosized ferroelectric layers, including Si-doped HfO, [20], PLZT
[21], Pb(Zr,,Tigy)O5 decorated with nanoparticles of silver [22], Sb-doped AgO [23], BiFeO; [24-26] and Bi,Ti;0O,, [27].

Ferrites are a noteworthy family of materials that have long convinced industrial demand because of their vari-
ous technical uses. These are categorized as ferromagnetic materials based on how the ferrite materials respond to
a magnetic field, they are divided into two domains: soft and hard ferrites. However, if the structure of the ferrites is
considered, it may further divide them into four categories. Garnet, spinel, magneto plumbite, and orthoferrites are
the four groups. Each ferrite has a distinct role in the industry based on its structure and magnetic reaction. Hexafer-
rites and spinel have been extensively researched among ferrites because to their innovative and useful applications
[28, 29]. The spinel ferrites represented by MFe,O, are those in which M is readily substituted by various divalent ions
or by combining any divalent ions such as Co, Cu, Ni, Mg, Mn, Zn. The spinel ferrite nanomaterials, which are used
extensively in magnetic resonance imaging, photocatalysis, memory storage, drug targeted delivery, and other fields,
are distinguished by their high saturation magnetization and electrical resistivity, low eddy current, and low cost.
CuFe,0,, a member of the fascinating spinel ferrite group, is a material of great scientific interest and a highly sought-
after material for a variety of technological applications of energy conversion and storage due to its wide range of
remarkable physical properties, unique crystal structure, and appealing optical, electrical and magnetic properties
[30]. CoFe,0, has attracted the attention of numerous scientists from the search community because of its distinct
structure-magneto-optic properties with addition of having a controllable optical band gap, high coercivity with
low magnetization at normal temperature, great magnetic anisotropy in specific crystallographic [31, 32]. Similarly,
many studies have been conducted on different spinel ferrites e.g. ZnFe,0, [33-35] for improved effectiveness and
examining cytotoxicity in cancer, electrode material in supercapacitors, biomedical applications, CaFe,0, [36, 37] for
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electronic, biomedical, energy and spintronic applications, [38] NiFe,0, MnFe,O, and MgFe,0, [38-42] for electric,
magnetic, biocompatible, catalytic, human health, technology and electrochemical applications.

It is a well-renowned fact that by using a specific synthesis method and adding the right impurities, properties of
spinel ferrites are adjusted. The primary benefit of adjusting the characteristics of these materials lies in their capacity
to distribute the cations on various interstitial sites, specifically B and A sites, which are referred to as octahedral sites
and tetrahedral accordingly [43, 44]. The particle size is an impressive aspect of their properties; when the particle size
decreases, it changes to a single domain. Because of their unique uses in a variety of fields, from telecommunication to
medicine, we were motivated by this reputation to look into the magnetic and structural characteristics of crucial spinels
as well as the effects of incorporation of the noble metal and alkali earth elements on their structure.

Barium ferrite (BaFe,0,) has a comparatively narrow range of uses in photovoltaics. Regarding BaFe,0,'s optoelectronic
characteristics and appropriateness for effective absorption of light and charge carrier transport in photovoltaic devices,
there is a substantial research gap. However, due to their distinctive characteristics and prospective uses in various
industries, such as electronics, magnetics, and catalysis, these nanoparticles have gained attention gradually. The
composition of the dopant, the synthesis process, and the results of doped or substituted barium ferrite nanoparticles
will determine the specific uses and outcomes. These nanoparticles have been produced through various synthesis
techniques, each with unique features that may impact their prospective applications [45]. Here are several typical
ways of making BaFe,O, nanoparticles, their characteristics, and prospective uses such as the sol-gel method [46],
hydrothermal method [47], co-precipitation method [48], solid-state thermal decomposition process [49] etc. These
are important for capacitors and other electrical devices because they display high dielectric constants. Due to their
adsorption and catalytic capabilities, these nanoparticles have been investigated for their potential in removing heavy
metals and pollutants from water. The size of BaFe,0, nanoparticles can impact how they behave. Smaller nanoparticles
may exhibit improved magnetic behaviour and surface reactivity [50-52].

It is possible to modify the structural, optical, magnetic, and electrical characteristics of barium ferrite nanoparticles to
make them better suited for photovoltaic (PV) applications. The material’s optical properties can be changed by mixing
different compounds or by doping it with different elements [53]. Doping, substitution and incorporation can impact
carrier concentration, optical characteristics, and the band gap, which can control how well the material converts solar
energy. The following are some possible dopant kinds: non-metal dopants, transition metal dopants [54], and rare earth
dopants [55]; their effects are better light absorption, boosted charge separation and transportation, optimized band
gap, enhanced stability, and permanency, empowering versatile and flexible solar cell design [56, 57].

BaFe,0, is occasionally classified alongside magneto plumbite type ferrite because of their similar magnetic
characteristics, which causes some misunderstanding. Their crystal structures, however, are essentially unlike. Many
researchers are extensively studying hexa barium ferrites (BaFe,,0,,) because of their massive dc resistivity, immense
magnetic characteristics, small dielectric, and eddy current loss [58] but focused on the mono type. The properties
of silver (Ag) nanoparticles can be tailored and used to improve photovoltaic traits and possibly boost solar cell
efficiency as per the literature study. Ag nanoparticles display localized surface plasmon resonance when incident
light excites the metal’s electrons. Increased photon absorption from plasmonic phenomena can boost cell efficiency
[59]. Ag nanoparticles have a wide range of light-scattering capabilities. This scattering can lengthen the path that
light takes inside the solar cell material, increasing the likelihood that photons will be absorbed and decreasing
reflection losses at the cell’s surface. The plasmonic characteristics of Ag nanoparticles lead to an improved local
electromagnetic field surrounding the particles, triggering stronger light-matter interactions [60]. It improves photon
absorption and higher production of excitons. It facilitates charge separation by speeding up the transport of elec-
trons between the semiconductor material and the nanoparticles. This may lower recombination losses and increase
the effectiveness of charge collection [61, 62]. Ag nanoparticles can affect the material’s band gap and energy levels
when appropriately incorporated into semiconductor materials. This may alter the material’s absorption spectra and
enable it to match a wider variety of solar wavelengths, leading to increased efficiency [63]. Typical indium tin oxide
(ITO) substrates can be replaced with transparent conductive Ag nanoparticle electrodes, allowing more sunlight to
reach the solar cell while maintaining good conductivity. Ag nanoparticle integration into photovoltaic technology
holds promise, but obstacles must be solved, including nanoparticle rigidity, scalability, and cost-effectiveness [64].
Ag nanoparticles'dimensions, distribution, and concentration must be carefully considered to increase efficiency.
Researchers are still investigating alternative approaches for incorporating them into solar cell configurations to
take advantage of Ag nanoparticles’specific features for enhancing energy conversion efficiency. Some key applica-
tions of silver nanoparticles in photovoltaic technologies and electronics are OLED displays and touchscreens as
transparent conductive oxides, back reflectors and antireflection coatings in solar cells, conductive ink makings for

@ Discover



Research

Discover Nano (2025) 20:80 | https://doi.org/10.1186/511671-025-04261-3
Table 1 Amount of chemicals Chemicals Amount for pristine NPs Amount for silver substituted
used for the preparation of NPs
pristine and silver-substituted
barium ferrite nanoparticles mol gm mol gm
Iron nitrate 0.2 8.08 0.2 8.08
Barium nitrate 0.1 261 0.08 2.10
0.07 1.82
0.05 1.30
Silver nitrate - 0.02 0.34
0.03 0.50
0.05 0.84
Citric acid 0.9 18.91 0.9 18.91
Ammonia ~30ml ~40 ml
Deionized water 100 ml (for each salt) 100 ml (for each salt)

printable electronics like flexible displays, wearable sensors, and radio frequency identification antenna (RFID) tags,
and circuit boards. Similarly, supercapacitors and batteries with electrode material [65-67].

Since Ag incorporated BaFe,0, nanoparticles has not yet been thoroughly studied for photovoltaic applications,
this work represented a major advancement in the development of effective and magnetic active photovoltaic
materials that can help for the application. By adding more free carriers, decreasing resistance, and encouraging
effective charge transport, Ag inclusion can improve electrical conductivity. By reducing electron-hole recombination
losses, this raises PV efficiency overall.

The study explores the use of the chemical element silver having high electrical conductivity in a magnetic host
matrix designed for efficient photovoltaic material, aiming to improve light absorption, electronic structure, and
dynamics of charge carriers. Our goal in this work was to create silver-substituted barium mono ferrite, which is
typically soft ferrite and categorized as perovskite with partial structure and sometimes cubic. The current work
presents the synthesis of BaFe, O, nanoparticles with silver (Ag) substitution using the sol-gel technique via auto
combustion. These silver-incorporated nanoparticles were studied magnetically, optically, structurally, and electrically
for PV applications. Several reports have described the structural, magnetic, and electrical properties of mixed silver
ferrites with other combinations but to the greatest extent of our acquaintance, no research has been done on
the impact of silver on the optical, magnetic, and electrical characteristics of BaFe,0, nano ferrites. To investigate
barium mono ferrite’s potential as a modern ferro magnetic material appropriate for photovoltaic applications, this
groundbreaking study integrates silver (Ag) addendum into BaFe,O, particles. The results of this study may open the
door to the creation of novel and effective new materials for solar energy conversion technology.

2 Materials and methods
2.1 Materials

Iron nitrate nonahydrate [Fe (NO;);. 9H,0] with (Mol. W: 404.00 g/mol) of minimum 99.0% ACS reagent purchased
by Sigma Aldrich, barium nitrate [Ba(NO;),. 5H,0] with (Mol. W: 261.36 g/mol) of assay minimum 99.0% purchased
by UNI-CHEMICAL REAGENTS, silver nitrate hexahydrate [Ag (NO;),. 6H,0], with (Mol. W: 169.87) of 99.8-100.5%
purchased by Sigma Aldrich and citric acid [CHgO,] monohydrate with (Mol. W: 210.14 g/mol) ACS, EMSURE purchased
by MERCK were the foremost precursors for nanoparticle’s formation. The pH was adjusted with MERCK's exceptionally
pure (25%) ammonia (NH;) solution. The following (Table 1) is the exact amount of chemicals utilized to obtain the
precise scheme of the particles.
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Scheme 1 Preparation process of pristine barium ferrite nanoparticles

2.2 Methods
2.2.1 Pristine barium ferrite NPs

Ba,_ Ag,Fe,0, nanoparticles were generated with a concentrations scheme of Ag (x=0.0, x=0.2,x= 0.3, and x=0.5)
by using the sol-gel auto combustion process. The synthesis process is fully demonstrated step-wise in scheme 1.To
strengthen the crystal structure of pure barium ferrite, the resultant powder was ground in a mortar and pestle and
then annealed in a muffle furnace (MAC5 A SHIMAX-1000 °C) for pristine barium ferrite nanoparticles.

2.2.2 Silver substituted barium ferrite NPs

The silver-substituted nanoparticles were prepared following the same scheme with the addition of silver nitrate
solution in the precursors as presented in Fig. 1. There were many important factors e.g. fuel, pH, and selection of
precursors taken care of the synthesis process in both cases that further affected the size, shape and properties of the
prepared nanoparticles. Citric acid effectively delays any pre-precipitation by directing the metal ions. Because of its
accessibility and affordability, it is the perfect fuel with metal ions to create nanoparticles in a balanced combustion
environment. The citric acid was used in [3:1] to the metal solution in the synthesis. The type of metallic salts utilized
in the synthesis decides this optimal ratio. Using a lower ratio frequently results in quick precipitation that produces
little particles, while using a bigger ratio slows down development and reaction rates that produce huge particles.
Additionally, because of this ratio, the fuel agent may balance heating throughout the combustion stage, converting
the liquid into the required nanoparticle [68]. The pH of the solution was tested by the pH paper (pH 0-14 Universal
Indicator SUPELCO) before and after the addition of ammonia. The acidic pH of the solution was balanced to a value
of 7 which is considered neutral. The pH balance prevents extra precipitates from forming, which could alter the final
powder’s and gel’s characteristics [69]. In the sol-gel process, it also influences the size and form of the particles; a
value of 7 is ideal for the regulated morphology. For the first stages of hydrolysis and condensation, pH 7 also provides
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Fig. 1 Schematic of sol-gel
process for the preparation

i : : Silver ;
of silver-substituted barium s Iifj:flrlum =
i i = itrate +—
ferrite nanoparticles oo | R
Dlwater [ | p|water

Ammonia
solution

Citric Acid

Auto-Combustion Heating at Mixing metal ions
85 to 90 degrees  Wwith citric acid (3:1)

Silver doped
barium ferrite
nanoparticles

Annealing at 950 degrees
for 4-hrs

a balanced environment. It is also thought to generate a regulated and effective combustion rate for the creation
of the intended magnetic nanoparticles [70]. The temperature was raised to 90 °C after an hour of constant stirring
while achieving the neutral pH of 7, and a rise in viscosity was seen. Since the transition between solution to gela-
tion happens so quickly, it is challenging to detect precise viscosity when the solution begins to solidify as a result
of shear thinning, hence viscosity testing is not a standard procedure in sol-gel. Although it is unavoidably a major
factor influencing the end product, temperature, reaction kinetics, and precursor concentration can all be used to
anticipate viscosity. Indirect indicators of viscosity include the solution’s appearance as translucent, hazy, and thick,
as well as the amount of time it takes for the solution to gel [71].

The reaction’s subsequent step, auto combustion, involves the self-sustaining burning of metal nitrates and organic
fuel in a gel precursor as shown in Fig. 1. Fire causes an exothermic redox reaction, which breaks down the gel quickly
and produces metal oxide nanoparticles [72]. In this instance, the xerogel thickened after 25 min, and self-combustion
continued for about 10 min unless all of the gel transformed to ashes that burned. After allowing the ashes to cool fully in
the beaker, they were roughly crumbled in a mortar and pestle, yielding was measured. The powder was then annealed in
a muffle furnace for four hours at 950 °C to enhance the silver-substituted barium ferrite nanoparticles’crystal structure.
After finely grinding the annealed powder on the following day, the yield was once more measured and a decrease was
seen. To prevent environmental moisture, the finished dark brown powder was marked and stored in a glass vial within
the desiccator. The pure and silver substituted nanoparticle’s potential chemical equation for the final product can be
expressed as follows:

Ba(NO;),.5H,0 + Fe(NO;).9H,0 + C4H,0g + NH; + heat + CO, + H,0 + side products
Ba—C¢H,04 + Fe —C¢H,04 + Ag—C¢H,04 + NH; — Ba;—,Ag,Fe,0, + co prods. + H,O + C. Ay.iivative

2.3 Techniques

An X-ray diffractometer (DRON-8 pXRD) analysis was performed to identify the structure of the acquired dark brown
powder. The FTIR Spectrometer (Bruker Alpha) was used to determine the functional groups of the obtained powder. All
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Fig.2 X-ray diffraction pat-
terns of the barium ferrite
nanoparticles and with silver
substitution
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of the powder samples were also gone through RAMAN Spectroscopy for compositional bonds by BWS415-532S-iRaman
(Newark, NJ, USA). The suspension of the resulting powder in deionized water enabled surface morphology analysis
using an SEM (JEOL-instrument JSM-6490 A) equipped with Energy dispersive x-ray spectroscopy EDS, and later grain
size was measured by ImageJ software. The nanoparticle’s powder weight of 0.05 gm of each sample was also inspected
separately for magnetic performance using VSM (NEWTECH PRO Il X9). The disc pellets were formed using a pressure
of 100 psi for 8 to 10 min and later annealed at 900 °C for 1 h for dielectric investigation utilizing Impedance Analyzer
(WAYNE KERR 6500B). The disc pellets had a powder weight of 0.462 gm, a diameter of ~13 mm, and a 2.00-2.31 mm
thickness. The optical characteristics of powder samples were investigated using a UV-visible diffuse reflectance (DRS)
spectrophotometer and later followed by a fluorescence spectrophotometer (Perkin-Elmer FL 6500). A multiferroic system
(RADIANT TECHNOLOGIES INC.) was used to evaluate the ferroelectric manners. The photoluminescence spectra were
recorded by HORIBA Scientific SampleMax sample compartment facilitated with HORIBA'S MicroHR spectrometer. The
photovoltaic behaviour was recorded by NEWPORT Oriel Sol3 A solar simulators (AM 1.5G filter standard) with 1 SUN
output power.

3 Results and discussion
3.1 Structural and surface analysis
3.1.1 X-ray diffraction (XRD)

Figure 2 reveals the patterns of silver substituted and pure barium ferrite nanoparticles'crystal structures attained at 950
°C temperature by annealing for 4 h. The XRD scattering was performed by Cu K-alpha radiation of 1.5406 A wavelength
in a 2-theta angle range of 10 to 80°. The XRD pattern exposed orthorhombic structure having a single phase with Pnma
E space group no. 62 for pristine BaFe,O, particles. The noticeable peaks patterned were (210), (111), (402), (212), (610),
(020), (004), (802), (422), (214), (614), (822) and (630) at 2-theta position of 18.8°, 20.0°, 28.1°, 28.4°, 32.7°, 33.2°, 42.6°,
43.5°,44.1°,54.8°, 56.5°, 58.0° and 59.0° for pure BaFe,O, crystal planes that entirely matched one to one to the JCPDS
No. 00-025-1191 and confirmed the formation of orthorhombic structure.
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Fig.3: 3D atomic radii
visualization of transition
of orthorhombic crystal a
structure from a Pmna-62 to
b Bb2,m-36 for pure barium
ferrite to Ag =0.5 substituted
nanoparticles

Table 2 Calculated lattice parameters of barium ferrite nanoparticles with silver substitution

Lattice Constants Standard Values Standard Calculated Values

A JCPDS 025-1191 Values
JCPDS BaFe,0, Bag gAgo,Fe,04 Bay 7Ago3Fe,04 Bay sAgy sFe,0,
046-0113

a 19.05 19.04 19.26 19.38 18.95 19.0

b 539 538 5.47 5.30 5.38 5.39

C 8.45 8.44 8.45 8.31 8.47 8.5

Standard Volume 867.44 865.72 877.37 853.55 863.52 870.48

(10% pm?3)

Standard density (g/cm3) 4.79 4.80 4.74 4.77 4.67 4.55

The other peaks were found at 26 =37°, 38.2°, 44.3°, 64.5° and 77.3° displaying the presence of Ag in samples for x=
0.2 to 0.5 and matched to JCPDS No. 01-087-0597 (Ag) for Ag substitution. The changing phase with the substitution of
silver was detected by a single peak (212) that appeared as a single merging peak of (212) and (402) in substituted sam-
ples. However, the orthorhombic crystal structure was the same maintained with Ag concentrations of x=0.2 and 0.3,
but the group was shifted from Pnma 62 to Bb2,m 36 with a slight difference in the sample where x= 0.5 as per JCPDS
score of 00-0046-0113. The potential configuration of Ba, Fe, and O on the atomic sites supplied as JCPDS 00-025-1191
of orthorhombic (Pnma-62) and Bb2,m-36 was illustrated in 3D by VESTA software in Fig. 3a, b to enhance comprehen-
sion arrangement of pure BaFe,0, and Ba, ;:Ag, sFe,0,. To the best of our knowledge, Fig. 3 is our attempt to provide a
potential concept for the atomic organization for pristine since the crystallographic database file for the precise crystal
arrangement and exact space group pairing for BaFe,0, was not available. Ba* typically occupies bigger, more open
places in the structural phase (Pnma-62) of the orthorhombic system, and the sites are octahedral rather than tetrahedral.
BaZ* ions are found in larger coordination positions because of their large ionic radius (1.34 A). Since Fe3* has an ionic
radius of 0.64 A, which is significantly less than that of barium, it will also be seen in octahedral. 0% typically occupies
tetrahedral or octahedral positions, depending on the coordination number. It is positioned to balance the coordination
and charge conditions of the surrounding cations [73]. In Pnma, tetrahedral sites are frequently smaller and less suitable
for larger ions [36] (Fig. 3a).

Figure 3b displays the Ba, ;Ag, sFe,0, crystalline structure for the Bb2,m-36 arrangement. The ionic radius of silver is
1.26 A so it covers the sites of barium ions at 4a. There are two types of barium atoms, with one ringing by seven atoms
of oxygen and the other by eleven, with the distance between Ba** and O~ ranging from 2.62 to 2.94 A. Each Fe* atom
is enclosed by tetrahedral surroundings made possible by four oxygen atoms [74]. Because Ba ions are relatively big,
they most likely fill large ionic sites, perhaps at higher-symmetry Wyckoff locations and Ag interacts with nearby oxygen
atoms when positioned interstitially, maybe at lower-symmetry locations. Fe>* may interact with oxygen to fill octahedral
or tetrahedral coordination. With the other atoms, 0%~ forms a conventional framework around the metal cations [75].

The peak positions for the host and substituted samples were nearly identical, with only a slight variation in the whole
width half maximum values indicating that Ag ions occupied sites of Ba at similar sites [76, 77]. The orthorhombic crystal
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Table 3 Calculgted str?l.cturél Samples Average Average Average Dislocation  Average
parameterls and crystallite size FWHM (rad.) Micro-strain Density Crystallize Size
by Sherrer’s formula of barium (€x1073) (6x1073) (nm™?) D (nm)
ferrite nanoparticles with
silver increasing concentration BaFe,0, 0.0039 0.369 0.942 43
Bay gAdo,Fe,04 0.0035 0.370 1.475 40
Ba,;Ado3Fe,04 0.0061 0.396 1.431 35
BaysAdosFe,04 0.0056 0.317 1.205 38

structure was used to obtain the lattice constants for the BaFe,0, and Ag substitute samples presented in Table 2. Using
Bragg's Law [78, 79] as given below, the value of interplanar spacing'd’'was computed as follows:

ni = 2dsiné (M
ni
d= .
2sin6 2

Here, the incident A is the x-ray’s wavelength, 1.5406, n is the order of diffraction, and the peak position #in radians are all
present. The computed values of various parameters [80, 81] like orthorhombic unit cell volume, lattice constants, and the
x-ray densities of pure and Ag-incorporated nanoparticles, are detailed in Table 2. The relation for the orthorhombic crystal
system is given as follows:

1 m k12
2 2 a

3)

It was found that the sample Ba, ;Ag, ;Fe,0, and pure BaFe,O, both closely matched the standard lattice constant, volume,
and density values of JCPDS 00-025-1191 and 00-046-0113. The constants"b"and"c"values were the same for all samples.
The lattice constant values, volume, and density were slightly different in Ba, ;Ag, sFe,O, but closer for Ba, ;Ag, ,Fe,0, and
Bay 7Adg3Fe,0,.

The substitution ions were proven to make changes in host structure by this. The average crystal size of all nanoparticles
was determined by the Debye-Scherrer formula [82], which is as follows:

094
" B cos b )

D is the crystalline size in (nm), K is the Scherrer constant, and FWHM is radians.

Table 2 depicts various crystallographic parameters that show the structural characteristics of the produced nanoparticles.
The rise in Ag concentration in the unadulterated BaFe,0, nanoparticles decreased the average particle size between 43
and 35 nm. This crystallite size likewise approved the nano range of obtained particles. This change in size may be caused
by the Ba*2 having a greater ionic radius (r) of 135 r(pm) compared to the Ag*? 115 r(pm) [83].

The improvement that occurs with increasing Ag concentration is shown in Table 3 due to the computation of additional
parameters, full-width half maximum, micro strain, and the density of dislocations [84] of the structure. Since the dislocation
density and crystallite size have opposite relationships, a rise in dislocation density with increasing Ag concentration may have
resulted from a reduction in the size of the crystallite of nanoparticles. The sample with Ag =0.2 has the highest density and
Ag =0.3 has the smallest crystallite size. This computed shift in values also showed that the deformation in the lattice caused
by the concentration of Ag got worse with further increasing concentration. As a result, a bond arrangement that increases
internal pressure to compress lattice parameters and decrease crystallite size is absent. As shown in Table 3, this increase in
micro strain was caused by the reduction in particle size [85]. The more insightful information about the size of crystallites,
strain and peaks broadening was also explored by using Williamson Hall plots for all the samples using the relations:

prcosf = e(4sin) + % 5)

@ Discover



Research
Discover Nano (2025) 20:80 | https://doi.org/10.1186/511671-025-04261-3
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where left side of the Eq. (5) represents the y-intercept that is taken on y-axis and the first part on the right side of the
equation 4sind is drawn on the x-axis of the WH plot. The ‘¢’ represents directly to the strain present and the part % is
used to calculate the crystallite size ‘D’in nm. The relation (4) is compared to the straight-line equation y = mx + c for
the parameters. Figure 4 displayed the WH plots drawn likewise method by using a Gaussian fitting model on the XRD
data, By, or FWHM, or total broadening owing to crystallite size and lattice strain, which was computed in radians. K is
the form factor, which was 0.9. The X-ray wavelength is £=0.15406 nm.

The above data (Table 4) showed that crystallite size gradually decreased from 46 nm as Ag substitution increases
up to 0.3 Ag content, then slightly increases at the greatest content of Ag =0.5. Lattice deformities and strain-induced
suppression of grain growth caused by Ag inclusion, which interfered with the long-range crystal periodicity, are
responsible for this drop. A slight improvement in crystallite size (36 nm) at the largest Ag concentration, however,
raises the possibility of strain reduction mechanisms or the coalescence of small crystallites. At the same time, Ag
substitution caused the lattice strain (g) to increase, peaking at 0.3 Ag concentration (2.7 x 1073). Increased defect
density and lattice spin were indicated by the increase in strain, which might be brought on by the substitution of Ag
ions into the BaFe,O, lattice. Nevertheless, strain somewhat lowers at the maximum Ag =0.5, most likely as a result
of structural modifications that better accommodate the dopant and cause partial strain relaxation. However, varia-
tions in the particle size obtained using the W-H and Sherer approaches were noted due to underlying assumptions
and mathematical formulations. The crystallite size, as determined by the W-H plot, is often greater than the value
derived from the Scherrer equation [86]. The reason for this disparity is that whereas the W-H figure considers both
size and strain contributions to peak broadening, the Scherrer equation only takes size into account. By separat-
ing the effects of strain and crystallite size, the W-H plot enables a more thorough understanding of the material’s
characteristics. However, the Scherrer formula fails to differentiate between strain and size, which may result in an
oversimplified interpretation of the material’s microstructure. These methods show how, in the field of materials
research, microstrain, crystallite size, and element inclusion interact intricately.

3.1.2 Scanning electron microscopy (SEM)

Figure 5a—d left column shows SEM micrographs of spherical-shaped pure and Ag-substituted barium ferrite nanopar-
ticles. Micrographs were taken from X50, 000 to X80, 000 magnification to study surface morphology, and the Image
J program was used to determine the distribution and size of the particles. The outcomes following the completion of
Image J's processing for each micrograph are shown in the right column of Fig. 5a—d. Some aspects that affect the final
quantitative results'quality are a high-resolution image and a thorough comprehension of the sources of measurement
uncertainties. The image was binarized following the correction of the file entered into Image J, which involves recali-
brating the pixel size initially obtained with the SEM micrographs. It can be seen from Fig. 5 from a to d (right column) a
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Table 4 Crystallographic Samples Williamson Hall Calculation
parameters calculated by
Willaimson Hall methods Average Crystallite size (nm) Average
Microstrain
(1073)
BaFe,O, 46 1.5
Bay sAg,,Fe,0, 42 2.0
Bay,Ag,sFe,0, 32 2.7
Bay sAg,sFe,0, 36 2.1

decrease in the width of columns of the histogram can be observed with reducing particle size. The particle size of pure
barium ferrite nanoparticles 229 nm decreases with silver addition (22.0 nm, 60.7 nm, and 39.8 nm), satisfying the XRD
results also. The minimum value in the contrasting histogram corresponding to the associated image must be adjusted
appropriately to define the particle boundaries as precisely as feasible. The next essential step was to separate or exclude
the agglomerated particles in sample Ag =0.3 when the binarized and calibrated images are produced, and particle size is
bigger than 0.2 and 0.5 samples. The agglomerated NPs were manually eliminated from the image due to their decreased
quantity. Because of the light-saturated effect at the NPs’boundary caused by the in-lens detector’s great sensitivity to
sample interface electrical charge, there is a notable exaggeration of the NP size [87].

Ag and Ba have different ionic radii, and grain size is considerably reduced; Ag concentration rises in BaFe,O,
nanoparticles [88, 89]. Along with increased Ag concentration, grain distribution also declined. The Kirkendall effect also
clarified that the variations might reduce the grain size of the host compound particle in diffusing rates between pure and
incorporated elements [90, 91]. There were no signs of a porous structure or highly developed porosity on the particles’
generally smooth surface. This finding was consistent with the ferrite nanoparticles'overall shape, which is typically non-
porous or exhibits modest porosity. The ferrite nanoparticle synthesis method is also one of the elements that might
influence porosity, and the sol-gel process frequently produces non-porous nanoparticles, as seen in this instance [92].

3.1.3 Energy dispersive X-ray analysis (EDX)

The activation of the EDS x-ray spectrometer, a feature found in the most advanced using energy-dispersive X-ray analy-
sis to evaluate the nanoparticle’s compositional elements as presented in Fig. 6 (a-d). According to Kim et al. [93], the
separated nanoparticles are placed on an appropriate substrate that does not obstruct the nanoparticles’ability to be
characterized. With a traditional SEM/EDX system, the possibility of a qualitative analysis by EDX and detecting each of
the nanoparticles is quite low. For many years, a 10 mm? active regions EDX detector has been used. However, the com-
ponential EDX maps of nanoparticles can be successfully produced with conventional EDS detectors when the SEM'’s
transmission mode is considered to significantly reduce the contribution of the traditional large substrate [94]. Figure 6
displays EDX maps of each sample, including silver substituted and barium mono-ferrite nanoparticles. SEM/EDX pro-
duced data regarding a sample’s composition, including the elements present and their concentration and distribution.
All the elements, such as Iron (Fe), Silver (Ag), Barium (Ba), and oxygen (O), were discovered. All the above components
and Ag distribution were found in the utilized adsorbent analysis, indicating a uniform distribution of active adsorption
sites. Together with the compositional maps, the EDS’s computed weight percentage and atomic percentage are also
tabulated in Table 4. The EDX results in Fig. 6 (a-d) demonstrated that no contaminants were discovered in the composi-
tion. The synthesized barium ferrite’s stoichiometric ratio closely resembled the EDX values. It also confirmed that the
synthesis’s stoichiometry matches the measured quantity of each precursor used [95].

A glass substrate composed of Na, Si, Al, or Ca was used to test the particles. Later, the substrate was coated with
gold (Au) to make it conductive. These distinctive peaks in the 1.5-2.5 keV range were typically seen in the EDS spectra
and were left unidentified since labelling alters the intensity percentage of the primary elements [96]. The 4.5-5.6 keV
range’s unlabeled peaks are also for Ba. Typically, the silver (Ag) peaks are seen between 0.2, 2.6, and 3.0 keV [97, 98] as
depicted in Fig. 6. Theoretical weight percentage and atomic percentage were computed using the following relations
to verify the production of specimens of the proposed scheme:
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Fig.5 SEM micrographs a
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These calculated values for each element were tabularized in Table 5 after being compared to the data provided by
EDS.

The intended compositions of the pure and Ag-substituted nanoparticles were confirmed by a close match
between the presumed weight and atomic proportions of each element—Ag, Ba, Fe, and O—and the EDS data
according to the sample’s scheme. The consistency of the EDS data shows that the Ag concentration has increased
in both weight and atomic ratios. This uniformity shows that the creation of the targeted nanoparticles is at the
appropriate level, reflecting the elemental ratios required for optimal photovoltaic application. The precision of
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Table 5 .Comparison of Sample Elements Theoretical Data EDS Data
theoretical and EDS values of
compositional elements for Weight % Atomic % Weight % Atomic %
pristine and silver-substituted
NPs BaFe,0, Ba 439 143 4238 13.1
Fe 35.7 28.6 337 253
(0] 204 57.1 235 61.6
Bay sAG,Fe,0, Ba 35.9 114 426 16.0
Fe 364 28.6 384 353
(6] 20.7 57.1 14.5 46.6
Ag 7.0 29 45 2.2
Bay,Ago3Fe,0, Ba 31.9 100 375 139
Fe 36.7 28.6 423 384
(0] 21.0 57.1 14.2 45.0
Ag 10.7 43 6.0 2.8
Bay sAgosFe,0, Ba 23.0 7.1 30.0 10.1
Fe 374 28.6 47.7 39.6
(0] 21.5 571 16.5 47.8
Ag 18.1 7.1 5.8 2.5

the nanoparticle composition is strengthened by this alignment of the two data, which also validates the effective-
ness of the synthesis process and the SEM/EDS configuration [99]. This relationship is significant because it dem-
onstrates that to enhance the parent nanoparticles'characteristics for the intended use, the included silver should
be distributed correctly in the nanoparticles. Additionally, this accuracy is necessary to maximize the electrical,
magnetic, optical and photovoltaic features to improve the functionality of the silver-incorporated barium ferrite
nanoparticles [100].

The acknowledged limits of EDS in identifying heavier substances like Ba and Ag, which are affected by
X-ray absorption effects, were the cause of the observed differences in elemental percentages. The process of
normalization affected and the semi-quantitative character of EDS analysis were blamed for the overestimation of
Fe and O.The dependability of our synthesis was supported by XRD and SEM, which verified phase clarity without
secondary phases in spite of these variances. Our composition also stayed within the anticipated range because
our results were consistent with published literature.

3.2 Vibrational and RAMAN studies
3.2.1 Fourier transform infrared spectroscopy (FTIR)

Pure and Ag-substituted samples have been examined using FTIR to identify the presence and movement of chemi-
cal bonds. The IR spectra’s 4000-400 cm™' range (Fig. 7) was measured, although the peaks were only visible after
500 cm™". According to the findings in Fig. 7, the initial pair of peaks at 470, 497, 622 and 773 cm™! with minor
shifting from pristine to Ag concentrated sample represent vibrational stretching brought on by metals Fe3*0~2
and Ba?*O~2in octahedral and tetrahedral sites, respectively [101]. In ferrites, bands at low frequencies (450 cm™h
were linked to the vibration stretching of oxide of metal bonds at octahedral sites. In contrast, bands at high fre-
quencies (500-630 cm™") were associated with tetrahedral sites [102, 103]. For such kind lattice vibration beneath
1000 cm™, the oxygen ions produced the bands in opposition to the metal ions. The formation of barium ferrite
with an orthorhombic structure and the peak at 765.96 cm™' were confirmed (Ba-0) [104, 105]. The following peaks
(1095.0, and 1117.7 cm™") that shift slightly in the range 800 to 1200 cm™ are associated with Ba%*, Fe3* and Ag*?,
metal-oxygen-metal manner of fingerprint, which is consistent with the prepared crystalline orthorhombic in
the structure of MFe,O, nanoparticles [106]. The next set of peaks in each sample shows the absorption of nitrate
ions and corresponds to vibrations of bending at 1423-1438 cm™' [107]. Peaks at 1627-1632 cm™' and widespread
absorption at 3418-3428 cm™' were caused by the bending and stretched vibrations generated by the -OH bond for
collected water and other hydroxyl function groups adsorbed on the nanoparticle surface [108, 109]. The remaining
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little peaks in the 2300-2950 cm™ range can be attributed to the CO, absorption from surrounding air and the C-O
vibrational stretching mode of the acetyl group found in the Ag specimens [110, 111].
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3.2.2 Raman spectroscopy

Valuable information can be swiftly and readily obtained by Raman analysis (Fig. 8). It can be applied to quickly define any
sample’s structure and chemical form, solid, slurry, or powder. It is possible to predict the cation order in ferrite oxides,
which permits additional structural connections that influence the magnetic behaviour of the infused or substituted
ferrite nanoparticles [112].

According to the author’s review of the literature, only a few studies are using Raman spectroscopy for a single phase
of BaFe,0,, which means that the factor analysis of groups from the Bilbao crystallographic server [113] is the only
source from which an estimation of all Raman-active vibrational modes can be made. BaFe,0O, usually has 16 Fe ions, 8
Baions, and 32 O ions in its unit cell of orthorhombic structure. The 16 Fe ions are located at crystallographic site 8b but
are displaced from the typical structure at distinct positions [105]. It is estimated that 12 combinations of raman active
vibration modes at the I' point denoting the brillouin zone center and I equals 3B, +3B, +3 A, +3 A,. Three stages of
the transition phase can be identified by examining the outcomes of the Raman spectrum in the 110 cm™ to 1200 cm™
range in Fig. 8. All the raman peaks are seen in the first transition step under the findings of the phase identification using
XRD [114]. The scheme of Ba,_,Ag,Fe,0, in Fig. 8 originated from the first step, where every vibrational mode resembles
the BaFe,0, raman active modes. Several prominent Raman peaks can be observed in substituted and pure samples at
positions 205,493 and 607 cm™', 117, 205, 210, 319, 329, 683, 900, and 1082, 1060. 1056 and 1045 cm™'. These peaks are
linked to the fingerprint position of the BaFe,O, phase. Even though numerous Raman peaks at positions 204, 233, 209,
915,930, 1060, 1056 and 1045 cm™' are somewhat displaced and expanded compared to the original composition, these
are connected to the system’s anharmonic potential’s asymmetrical vibration [115]. In AB,O, ferrites, AO, tetrahedra often
have modes above 600 cm™', while octahedral BO, typically has modes below 600 cm™, as reported by Veronica et al.
[116]. The tetrahedral coordination’s equal elongation of oxygen atoms along metal-oxygen links causes A, ; mode. E4
results from the oxygen’s symmetric bending with the metal ion in the AO, unit, while T, ¢ ;) results from the tetrahedron’s
translational movement. T, 4 ) results from uneven stretching of metal and oxygen of the octahedral group, whereas
T, 43 is induced by asymmetric bending of oxygen. The Raman patterns in the spectrum (Fig. 8) appeared to be doubled
because of the inversion; this is especially noticeable when viewing the A; ; mode. The degree of inversion is correlated
with the mode intensities [117]. The A, ; modes of Fe-O bonding at the bipyramidal 2b site and the tetrahedral 4f1
site were responsible for the 607 and 683 cm™' peak values, respectively. E, 4 vibrations were responsible for the peaks
at 205,204,210 and 233 cm™', and E, 4 Vibrations were responsible for the peaks at 310, 319, and 329 cm™' [118]. For
spinel ferrites, Raman movement is usually observed between 300 and 600 cm™', with expanded characteristics peaking
between 630 and 690 cm™', overriding the primary A, 4 Raman mode. This behaviour was seen in silver samples, and it
may be related to the plasmonic effects of Ag nanoparticles producing a surface-enhanced raman spectroscopy-like
effect that is applied to conquer weak scattering [119, 120].
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3.3 Magnetic, dielectric and ferroelectric behavior
3.3.1 Vibrating sample magnetometer (VSM)

Using VSM, the M-H hysteresis loops obtained for Ag-substituted nanoparticles and BaFe,0, were analyzed for their
magnetic characteristics, presented in Fig. 9. Table 5 shows how the magnetization of both kinds of remanent and
saturation, coercivity, and squareness ratio was determined by an applied field of around 1T at room temperature.
BaFe,0, particles were calculated to have a saturation magnetization of 1.4 emu/g and a retentivity of 0.8 emu/g.
This pure sample had a coercivity of 2038 Oe. Table 5 also shows that for the sample Ba, sAg,,Fe,0, squareness
ratio, retentivity, as well as saturated magnetization were all increased to 0.60, 3.9 emu/g and 6.6 emu/g, respectively,
with a decreased coercivity of 1820 Oe. At the same time, the coercivity was further decreased to 1587 Oe for the
sample Ba,,Ag, ;Fe,0, having remanent magnetization with 8.4 emu/g and 14.5 emu/g saturation magnetization.
It demonstrated that magnetic characteristics improved as Ag concentration increased [121, 122]. In the sample
Bay 5Ag, sFe,0, the coercivity grew once again with a value of 1731 Oe while the M, value increased once more to 22
emu/g with rising remanent magnetization of 12.3 emu/g tagging highest among all the samples. For each sample,
the residual ratio followed random trends. Improvements in the sample’s magnetization and coercivity (Ag =0.5)
concentration demonstrated that it had the best ferromagnetic characteristics. At lesser sizes, stated to be 100-300
nm, single-domain behaviour can be seen in barium ferrite nanoparticles. Unlike larger particles that might change
into multi-domain structures, the particle in this condition functions as an isolated magnetic entity, which might
increase magnetism [123]. Ag infusion may disrupt the super exchange interactions among Fe ions in both octahedral
and tetra sites by affecting the Fe3*/Fe2* ratio. This results in improved saturation magnetization (M;) by altering the
magnetic interactions and changing the charge ordering [124]. A reduction of magneto crystalline anisotropy may
result from structural distortions or an increase in Fe?* concentration, as indicated by a drop in coercivity (Hc) with Ag
substitution. A core-shell magnetic structure may also be induced by Ag inclusion, which could affect interchange
bias effects at the boundaries of grains. Ag incorporated may result in oxygen vacancies and defects that alter local-
ized spin interactions and promote Fe2*/Fe3* exchange, improving magnetic softness. These flaws might also serve
as pinning centers, affecting the coercivity and motion of the domain wall.

The other factor of surface-to-volume ratio also dramatically rises as the particle size falls. This increased surface
area may result in improved surface magnetic interactions, which may favorably affect the magnetization as a whole
[125]. Therefore, a decrease in particle size combined with structural improvement from Ag substitution would be the
determining factor for improved magnetic characteristics. According to previous research, microstructure also affects
the hysteresis curve’s size and shape, including magnetization and coercivity. The increased magnetic behaviour
with substitution demonstrated greater homogeneity and structural density while reducing particle size [126, 1271].
However, the relationship between crystal size and coercivity is frequently ambiguous in the case of sol-gel-produced
barium ferrite nanoparticles because these magnetic properties depend on the synthesis method, the temperature
at which it is annealed, and particle or grain size. In the current study, all samples underwent a 4-h annealing process
at 950 °C. With increasing concentration of Ag, the average particle/grain sizes were reduced from 229 to 22 nm
and the crystallite size from 43 nm to 24.5 nm according to XRD and SEM examination [128, 129]. The magnetism of
ions in both tetrahedral and octa lattice locations is the source of magnetization in spinel ferrites. This distribution
of cations and, consequently, the characteristics are significantly impacted by the production technique, annealing
temperature, and substitution procedure as reported [130].

According to reports, When Ag” ions are added to the host system, they frequently take up positions that host
ions would normally occupy. Because Ag* has a larger ionic radius than Ba2*, this substitution resulted in an increase
in interatomic distances, which may impact the lengths of bonds and angles that are crucial for magnetic interactions
aligning with super exchange Goodenough Kanamori rule [131]. In ferrites, spin canting lowers net magnetization.
This canting is probably lessened by Ag incorporated, which makes the Fe?* moments more parallel and raises Ms.
This is consistent with the Yafet-Kittel hypothesis M, « Cosf which states that larger magnetization is the result of a
decrease in canting angle 6. Larger grains soften the magnetic response by reducing pinning sites, in accordance
with Herzer’s hypothesis given as H, « Z—l Coercivity would have dropped if initial incorporation had lowered K1 as

observed from pristine to Ag =0.3. As a result, the thermal impact caused the coercivity to drop as the crystallite size
decreased. Since the Ag substituted samples’crystallite sizes fall within a single domain, coercivity decreases as
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Table6 Measured magnetic i) Ms (emu/g) Mr (emu/g) S =Mr/Ms Hc (Oe)
parameters of barium
ferrite and silver-infused BaFe,0, 14 0.8 057 2038
nanoparticles Bap 5AdyFe,0, 6.6 3.9 0.60 1820
Ba,,Ag,5Fe,0, 14.5 8.4 0.58 1587
Ba, sAggsFe,0, 22 12.3 0.55 1731

crystallite size decreases following the relation H, = g% with D and H_ crystallite size and coercivity while g and h
are constants [132].

The material’s microstructure also affected the area and form of the curve of hysteresis that combines coercivity and
magnetism [133]. As a result, it was discovered that the coercive power, magnetism, and retentivity of barium ferrite
nanoparticles produced using the gel-to-glassy and sol-gel processes were the highest, respectively. However, it was
found that these magnetic traits were at their lowest during mechanical alloying and combustion processes, as described
[134]. Conclusively, saturation magnetization may also be impacted by the composition and synthesis process (e.g.,
changing the iron-to-barium ratio). For instance, by increasing crystallinity and decreasing defects, improving these
factors during synthesis might result in better magnetic characteristics in smaller particles [135] (Table 6).

3.3.2 Dielectric properties

The dielectric characteristics of barium ferrite and Ag-substituted nanoparticles have been studied at room temperature.
The results are depicted in Fig. 10a-f. In comparison to Ba, gAg, ,Fe,O, and Ba, ;Ag, ;Fe,0, samples, it was found that the
real part of the dielectric constant (¢’) (Fig. 10a) of pure BaF and Ba, sAg, sFe,0, was higher at low frequency and lower
at high frequency. The conduction mechanism, increased charge carrier mobility, and higher pressure are all thought
to be the causes of this phenomenon [136]. Contrary to all Ag substituted samples, the imaginary part of dielectric con-
stant (¢”) (Fig. 10b) and tangent loss (8) of dielectric (Fig. 10c) of pure BaF were larger at low frequency but decreased
as frequency increased. This behaviour could be explained due to the dominance of relaxation-type dielectric action
at low frequencies. Depending on the material and circumstances, there can be a wide range of relationships between
the frequency and dielectric constant for nanoparticles [137]. A Koops phenomenological theory could explain why the
dielectric constant decreases with frequency. According to theory, the drop in polarization and the difficulty of the con-
ductive particles and boundaries of grains complying with the changing field at higher frequencies cause the dielectric
constant to fall with frequency. Polarization of space charge evident at low frequencies, resulting from the buildup of
charges at flaws and grain boundaries. Confirmation of interfacial polarization effects was seen by the greater dielectric
constant at low frequencies from pristine to high concentrated Ag sample [138].

Ferrites’non-conducting grain boundaries interfere with the mobility of charges when an electric field is applied [139].
So, in barium ferrite samples with increasing amounts of Ag substitution, the dielectric loss likewise decreased and then
increased. The possibility of a material exhibiting ferroelectricity would also decrease with increasing dielectric loss.

Of all the samples, the sample of Ag =0.3 showed the best dielectric characteristics (Fig. 10). The material’s capacity for
preserving electrical power in an electric field is indicated by the real component of the electric modulus (M) in Fig. 10d,
e relates to the material’s energy storage capacity. However, the imaginary part of the electric modulus (M") represents
the transformation of electrical energy into heat and is connected to the material’s internal energy dissipation or loss.
Pure samples showed better storage capacity but with minor differences, and the dissipation loss in substituted samples
was less, which is useful. Figure 10f presents a Cole-Cole plot for all the samples'relative behaviour. The imaginary axis
represents the material’s conductivity, and the real axis represents its static dielectric constant. Polarization in dipolar
connected to the unequal distribution of charges in Fe2*/Fe3* jons in BaFe,0, influenced dielectric dispersion and
exhibited relaxation behavior in the Cole-Cole plot as shown in Fig. 10f. The Cole-Cole plot is an invaluable tool for
comprehending dielectric materials and their properties in the framework of ferroelectrics and other materials with
complicated dielectric behaviour. It is employed in the analysis of materials'dielectric relaxation [140]. The broader or
more erratic semicircle implies many relaxation periods or a spread of relaxation times, and a well-defined semicircle
implies a single relaxation time in substituted samples. It can be observed that polarization of ions originated when
an external field caused the Ba%*, Fe?*, and O%* ions to be displaced and deduced from the examination of the electric
modulus, where ion migration effects are indicated by relaxation peaks. The adaptation of the dielectric characteristics
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Fig. 11 ACimpedance and AC conductivity of pristine and silver-substituted barium ferrite nanoparticles

as vacancies of oxygen in the sample may have decreased while increasing the concentration of Ag might be attributed
to the phenomenon of dielectric relaxation. According to reports [141], the size of the reduction nanoparticle and the
phenomenon of bounce conduction involving Fe3* and Fe*? ions in ferrites affected the dielectric characteristics.

The AC impedance and conductivity are also shown in Fig. 11a, b. In the context of magnetic nanoparticles, impedance
can provide insight into the charge carrier mobility and interfacial properties. Important information for PV applications,
such as polarization effects, relaxation durations, and dielectric response, is indicated by the frequency-dependent
impedance [142]. On the other hand, defect-assisted transport, band conduction, or tiny polaron hopping are the pri-
mary conduction mechanisms that are revealed by temperature-dependent AC conductivity study. A substance’s AC
conductivity, which is correlated with frequency and impedance, indicates its ability to conduct electricity upon exposure
to an alternating electrical field and more AC conductivity usually implies more charge carrier mobility. It was also pos-
sible to see an inverse relationship between AC conductivity and AC impedance. While the impedance is larger at low
frequencies and decreases at high frequencies, the AC conductivity increases with the frequency trend. The conductivity
of the pure sample was good, but it dropped with the subsequent concentration of Ag =0.2. The AC impedance abruptly
changed, becoming lower in pure and Ag =0.3 and higher in Ag =0.2 and 0.5. High AC impedance for low frequencies
can be linked to grain boundaries. For ferrite nanoparticles, the frequency-dependent impedance spectrum shows that
conduction is encouraged by the applied AC field [143]. The current studies were carried out at room temperature, but
minimal conductivity and high impedance are recorded at low temperatures. Doping or substituting and particle size
control the applied alternating field’s ability to boost AC conductivity in magnetic nanoparticles as it rises with frequency
[144]. Conductivity rises, and the hopping length falls as the number of ferrous ions on octahedral sites rises, increas-
ing the dielectric constant. The infused foreign element decreases the number of Fe?*/Fe3* ion pairs and the resulting
alteration in the cationic distribution, which is influenced by particle size, can be utilized to alter the AC conductivity,
which improves with frequency and qualifies the nanoparticles for application in PV [145]. Overall, the material’s dielec-
tric properties can influence how charge carriers are carried and separated. Selecting materials with a high dielectric
constant can help reduce charge carrier recombination. This is significant because a lowered recombination rate allows
more electrons to reach the electrode, increasing the photo voltaic cell’s efficiency [146, 147]. All things considered, the
infusion of Ag and reduced sizes of particles in barium ferrite changed structural properties which comprise strain in the
lattice and dislocation density, which have an immediate impact on AC conductivity, dielectric loss, AC impedance and

the dielectric constant. Because the material’s dielectric characteristics and microstructural characteristics are closely
related, these modifications can increase the material’s suitability for specific high-frequency applications [148].

3.3.3 Multiferroic system

Using the Multiferroic system, the pristine barium ferrite and Ag substituted (x =0.2, 0.3, 0.5) samples were analyzed at
room temperature. The samples were taken in the form of free-standing films prepared by solution casting method as
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Fig. 12 PE loops for pristine and silver substituted barium ferrite nanoparticles at room temperature

per the requirement of a multiferroic system used. The ferroelectric nature of the samples shown in Fig. 12a—d was veri-
fied for each sample independently by (P-E) loops that are polarization and electric field hysteresis.

Good ferroelectric behaviour was indicated by Fig. 12a, which showed a clearly defined hysteresis loop with
comparatively large polarization values. In Fig. 12b, the loop is not as defined and the value of polarization are much
lower than the pristine one. As polarization further diminishes in Fig. 12c and the loop grows more linear, it may
indicate a higher leakage or conduction current. In part 12 d, the loop approaches total linearity, which is similar to
the behaviour of a material with conductivity with little ferroelectricity or a lossy dielectric. For conduction analysis,
the polarization values drop as the hysteresis loops get more linear from the pristine sample to Ag (x =0.5). This
implies that the samples’ conductivity (or leakage current) is gradually rising. Since conduction paths dominate the
material’s response, a linear loop with less polarization indicates more conduction and less ferroelectric property
[149]. Increased electrical conductivity results from charge carriers moving more freely in materials where conduction
channels predominate. This is frequently seen in material that has changed from ferroelectric to more conductive
states when charge carrier mobility overcomes polarization’s effects [150]. Ferroelectrics usually show hysteresis loops,
which are typified by a persistent polarization upon removal of the external field. Materials with low polarization,
on the other hand, lose this distinctive behaviour, indicating a shift to a phase where conduction predominates.
Ferroelectric materials offer an inside electric field (caused by polarization) that facilitates charge separation and
improves photovoltaic performance, making them attractive for PV applications [151]. The decreasing polarization
and progressive linear loops show that the samples’conduction rises from pristine to the highest concentration
of silver substituted. Sample A’s low conduction and strong ferroelectric characteristics make it the ideal option
for photovoltaic applications. But the magnetization of samples was increased from (x =0.0) to (x =0.5). Stronger
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Fig. 13 Measured absorbance of barium ferrite and silver substituted nanoparticles

ferromagnetic behaviour was shown by increasing magnetization, while ferroelectric characteristics deteriorated as
demonstrated by the smaller polarization loops. The efficiency of ferroelectricity for PV applications may be decreased
by higher conduction as indicated by the PE loop for the sample Ag (x =0.5). Higher magnetization may improve
some magnetic capabilities, but it may also result in leakage currents, which would be bad for PV performance. The
advantages of magnetization may be overshadowed by short-circuiting the device due to excessive conduction
channels. Because of their special polarization characteristics, ferroelectric materials are renowned for their capacity
to produce high open-circuit voltages. By raising the voltage supply under illumination, a feature can improve the
effectiveness of solar cells, which is advantageous for PV applications [152]. Furthermore, the crystal structure—
including imperfections and anisotropic of single or multiple domains—determines the overall magnetized and
polarized properties of the nanoparticles. In our instance, fewer nanoparticles resulted in higher magnetization. This
suggests that reduced polarization due to size-based restrictions on smaller nanoparticles may impair the material’s
ability to maintain a stable polar structure [153].

So, it can be concluded that a decrease in ferroelectricity and higher conduction in Ag (x =0.3) and (x =0.5) reduce
the ideal value for PV applications, even if magnetism increases. The optimal compromise was found in a pristine barium
ferrite sample, which maintains controllable conduction levels while supplying enough ferroelectricity for efficient charge
separation. As a compromise, Ag (x =0.2) may also merit more investigation if magnetoelectric coupling plays a role. The
continuing research of ferroelectric material optimization research for photovoltaic applications is to balance polarization
and conductivity. To maximize photocurrent production and overall device efficiency, this balance must be struck [154].
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Fig. 14 Calculated energy band gaps of barium ferrite and silver substituted nanoparticles

3.4 Optical and photovoltaic response
3.4.1 UV-visible diffuse reflectance spectroscopy

By using UV-visible spectroscopy, the optical characteristics of absorbency and energy gaps between bands were exam-
ined. Figure 13 shows the absorbance spectra of Ag-substituted and pure BaF nanoparticles. The shift in the absorbance
curves between 600 and 800 nm was related to the change in electronic structure in the conduction and valence bands.
Compared to pure barium ferrite, the absorbance in Ag samples (x =0.2, 0.3, 0.5) was higher and was observed in the
visible spectrum range. Pure BaFe,0, had an absorbance of 1.8%, which rose dramatically to 34% with Ag =0.2. It then
progressively dropped to 30% for A= 0.3 and valued 24% for Ag =0.5. Ag-induced electronic states and improved optical
transitions were probably what caused the initial rise in photon absorption. The localized surface plasmon resonance
effects could be generated by Ag inclusion, increasing light absorption even more. The development of extra defect
states, which increases carrier recombination and lowered absorption efficiency, was responsible for the subsequent
drop in absorbance at high incorporated levels [155]. The potential for presence of Ag creation at greater content caused
light scattering losses. This phenomenon was typical of substituted oxide materials, where high infusion concentrations
cause defect-induced non-radiative recombination to decrease absorption efficiency in many reported studies [156].
Figure 13 (a-d) portrayed the energy levels for all the samples. Direct bands were used to determine the energy bands
(Eg). Following is the relationship of Tauc (ahv)2 = A(hv - Eg). Here,A'is absorbance,A’'(absorption coefficient) =2.303 x
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(absorbance)x(energy), and 'hv’(planks constant x the frequency of light) = 1240/wavelength in Eq. 4. Here, 2=n for the
direct band gap. It does, however, have several restrictions and error-prone areas. For modified semiconductors, the Tauc
approach, for instance, may provide a reduced estimate of the bandgap energy and result in some inaccurate findings
[157,158].

Figure 14a shows that the straight band gap value of pure BaFe,O, was 1.51 eV. For Ba, gAg, ,Fe,0, and Ba, ,Ag, sFe,0,,
the band gap increased to 2.0 eV and then 1.8 eV respectively corresponding to non-monotonic changes. The band gap
of Bay sAg, sFe,0, was again increased by 1.86 eV with an increasing Ag =0.5 concentration. The sample Ag =0.3 had the
lowest band gap among substituted samples. Figure 15 shows the absorbance (%) and energy bands (eV) divergence
due to increasing Ag concentration. Of all the samples, the Ba,, ;Ag, ;Fe,0, sample with the narrowest band gap exhib-
ited the highest level of light absorption. Ag* incorporation modified the electronic structure, possibly inducing cation
redistribution or structural distortions that widen the band gap. Stronger Fe3"-0 hybridization due to lattice strain may
shift conduction/valence bands. Quantum confinement effect due to decreasing crystallite size (43 — 40 nm) [159, 160].
Defective states such as Ag-Fe disorder and the oxygen occupancy produced mid-gap states at increasing Ag content,
which lowered E; in the sample Ba, ;Ag, ;Fe,0, by improving carrier delocalization. As the crystallite size continues to
shrink to 35 nm, the band structure can change. On the next when crystallite size grew to 38 nm with the subsequent
minor increase afterwards (1.86 eV in Ag =0.5) was observed largely restoring the previous band structure. The E; might
have been somewhat elevated by secondary phase development or Ag clustering [161].

Additionally, it is stated that the Ag ions drove the Fe*" ions through octahedral points to tetrahedral in the ferrite
structure, causing a lattice distortion in the structure that followed increased stresses and lattice constants with decreased
band gaps. The electrical structure of materials, especially their band gaps, can be impacted by lattice distortions. Lattice
deformation and band gap fluctuation have complicated interactions depending on the type of material used and
distortion. Increased lattice distortion can sometimes reduce the band'’s width while having the opposite effect [162,
163]. The XRD results in Table 1 also supported increased lattice constants and micro strain. Numerous academic studies
have investigated how Ag affected the optical characteristics of ferrite nanoparticles. The findings demonstrate that the
production technique and Ag concentration affect the optical characteristics [131].

3.4.2 Photoluminescence and fluorescence spectrum

Figure 16a—c shows the photoluminescence spectra of pure and Ag-substituted BaF nanoparticles to support their
photovoltaic and optical characteristics. With a wavelength for excitation of 405 nm and an intense power source pulse
of 100 kW, the frequency was set at 100 Hz. The range of the emitting window was set at 400 to 780 nm. The PL spectra
also have been fitted with gaussian model to precisely deconvolute the emission peaks. A more accurate examination
of the material’s defect states and recombination mechanisms is made possible by this fitting. Figure 16b possessed the
emission spectrum regarding wavelength and concentrated emission intensity measured by fluorescence spectroscopy.
The fluorescence mode of this emission measurement revealed the optical material’s concentration. All the samples
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reflected the broad emission lines, which were the same in the visible spectrum. Ba, sAg, sFe,0,, Ba,;Ag, ;Fe,0, and
Ba, gAg,,Fe,0, showed 36, 50, and 77 concentrations at 607 nm, respectively. BaFe,0, had a strong concentration
intensity peak, also seen at 607 nm with a value of 104. Ba, sAg, sFe,0, and Ba, ;Ag, ;Fe,0, had minimal emission. The
increased material concentration indicates that the arrangement of the structures is highly concentrated within, pre-
venting the solar panel’s incident light from being spread evenly. The solar panel may sustain damage from the excited
electrons’excessive production of thermal energy when light is always directed at the same spot [164]. On the other
hand, in Fig. 16a, when the concentration of Ag was increased from x=0.3 to 0.5, it seemed to enhance the stimulation
of photons in barium ferrite. While the strong peak demonstrated the rapid recombination caused by structural defects
with substitution [165], the lower emission intensity indicated a low percentage of the electron- hole pair recombina-
tion. Photoluminescence behaviour can be predicted by adjusting ferrite nanoparticles’physical properties, size, and

Table 7 .Meafsgre.d opfticall Materials Direct Band Absorbance (%) Fluorescence Photoluminescence
prc:jpe':lrtles o b a.rlumderrlte Gap Eg Concentration intensity at emission at wavelength
and silver-su stitute (@V) 607 nm (nm)
nanoparticles
BaFe,0, 1.51 1.04 104 573 yellow light
BaysAgy,Fe,0, 2.0 33 77 576 yellow light
Ba,,AgysFe,0, 1.8 29 50 576 yellow light
Ba,sAgysFe,0, 1.86 24 36 573 yellow light
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Fig. 17 Dark and photo current of pristine and silver substituted nanoparticles

composition. Due to their adaptability, materials can be created with precise emission wavelengths and intensities,
making them useful for photovoltaic applications [166]. Calculated as% = % = 2.1eV, the energy band for photons
associated with the emission of PL at 573 and 576 nm corresponded to yellow light (Table 7) that was matched to the
band gap detected by UV-visible results (Fig. 13). The reported phase change in ferroelectric materials is also responsible
for the abrupt increase in the emission intensity of PL spectrum from pure barium ferrite samples to those substituted
with Ag. Consequently, the photoluminescence response for the barium ferrite and Ag-substituted samples generated
emission in the visible region, which is significant for optical devices [167-170]. A chromaticity diagram from the CIE 1931
version [171] has also been added (Fig. 16¢) to show the colorimetric characteristics of the light that is emitted. The CIE
diagram offered important information about the possible optoelectronic uses of the materials that were synthesized.
A more thorough understanding of the optical characteristics was ensured by these additions, which improved the PL
analysis's clarity and comprehensiveness. The charge carrier activities within the material are influenced by the size of
the crystallite and optical characteristics as well, which were strongly related to the change in PL intensity of emission
across various compositions. Because it predicted longer-lived charge carriers, the pure sample’s BaFe,0, comparatively
lower PL emission intensity at 573 nm suggested a lower rate of radiative recombination, which is advantageous for
photovoltaic applications [172, 173].

The Ba, gAg, ,Fe,0, composition had the maximum PL intensity at 576 nm after Ag substitution, indicating a boost in
centers of recombination that might result in improved electron-hole pair annihilation. At 576 nm, the Ba, ;Ag, sFe,0,
showed somewhat lower intensity, indicating either better charge separation or a potential decrease in non-radiative
defects. The Ba, sAg, sFe,0, sample eventually returned to a reduced PL emission at 573 nm, which was comparable to
the pristine sample. This advocated that charge carrier dynamics have recovered, favoring photovoltaic performance.
This pattern was consistent with the reported variation in crystallite size, where a reduction in size generally increases
defect-related recombination and quantum confinement effects. The Ba sample with Ag =0.3 concentration seemed to
be the most promising option for photovoltaic applications because its band gap of 1.8 eV is closer to the optimal range
for the absorption of sunlight (1.1-1.9 eV) and provided the best steadiness between reduced recombination losses and
charge separation while maintaining carrier lifetime [174]. In addition, this sample maintained a higher absorbance than
the Ag =0.5, which guaranteed improved visible light collection with a size of 35 nm, might offering a good dispersion
of grain boundaries, lowering recombination losses while allowing for efficient charge transfer.

3.4.3 Photo current measurement
By evaluating I-V characteristics by using a solar simulator (AM 1.5G filter standard) with 1 SUN output power at room
temperature, the PL effect and the reduction of band gaps on the photovoltaic behaviour of pure BaF and Ag substituted

nanoparticles were investigated and shown to Fig. 17a, 16b. The nanoparticles were deposited as thin films and tested
as part of the I-V testing process. The active material, PVA, cetyltrimethylammonium bromide CTAB and DI water were
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Table 8 P.ho.tovoltaic Compound Samples Vo (MV) I (UA) Fill Factor
characteristics under (FF) = Vin Xl
illumination of pristine VXl

and silyer sul?stituted NPs ITO ~0.09 0.083 ~03-08
deposited thin films

BaFe,0, -1.93 0.116 0.14810
BagsAdg,Fe,0, 0.6 -0.125 0.69444
Bag,AdysFe,0, 0.65 -0.111 0.71394
BagsAdysFe,0, 0.7 -0.097 0.734693

combined to create a solution in the first stage. Thin films were prepared using spin coating with 2000 rpm and 60 s
after the uniform slurry of the nanoparticles was applied to the conductive side of ITO glass, which was chosen as the
photoanode substrate. The three layers were deposited with small intervals of gap. The films had an active area of 2x 1
cm? out of a total slide of 2 x 2 cm?, and masking tape was used to cover the remaining substrate area. To establish good
adhesion after evaporating the solvent, the films were initially allowed to air dry before being put in the heating oven
at 100°C for a few minutes. After that, each film was annealed at 250°C for 1 h in the muffle furnace to achieve a good
structure. At a voltage being applied of 100 mV, the standard values for |-V curves were initially obtained using simply
ITO glass with no active coating, and the voltage frame was set from —2.00 to 2.00. The measurement result was used as
the substrate’s reference value. The ready films of each sample pristine to (x =0.5) were then taken one at a time, and the
current-voltage curves were analyzed using the solar simulator system’s two probes by connecting the electrical contacts.

The |-V characteristics of Ag substituted thin films and pristine BaF for the dark current without illuminating light on
processed films are shown in Fig. 17a. With a modest depth current, the photovoltaic behaviour curves were visible.
The curves for photocurrent in the occurrence of a visible light source are shown in Fig. 17b. The concept of producing
current by activation of photons through the outermost layer of pure BaF and increasing Ag concentration thin films
was implemented. The films Ba, sAg, ,Fe,0, and Ba, ;Ag, sFe,0, generated a higher photocurrent than others. The open-
circuit voltage is shown on the graph at the position when the current is zero. Better performance is typically indicated
by a higher V,_since it allows the solar cell to produce a greater voltage differential, which increases power output. The
short-circuit current is shown on the graph at the point when the voltage is zero. The solar cell may produce more current
when its I is higher, which also increases its power production. The fill factor (FF) is higher when the current-voltage
curve near the maximum power point (MPP) is steeper. The FF indicates the degree to which the power output of the PV
cell reaches its theoretical maximum [175]. Table 8 shows the photovoltaic attributes, such as short circuit current (I,
and open circuit voltage (V, ), which were assessed using photovoltaic analysis utilizing EC Lab software.

According to reports, when the ferro magnetic material was exposed to the applied voltage, the dipole moment was
boosted, increasing the current that is induced and efficiency. The phase change, dielectric constant, and coercivity are
also linked to the induction of charges in photo-ferroelectric materials. Since the internal domain will align appropriately,
the slight dielectric losses and constant may increase the induced current [42, 176]. This study attempted to investigate
low band gaps and the photovoltaic response of barium ferrite nanoparticles with Ag substitution, which may be
considered to contribute to the development of carefully considered photo ferromagnetic materials for solar applications.

4 Conclusions

In this study, pure BaFe,O, nanoparticles that had increasing concentrations of Ag substitution (x=0.2, 0.3, and 0.5) were
successfully synthesized by sol gel method. The incorporation of Ag was efficiently observed improving all the examined
properties for the application. The nanoparticle’s size decreased from 46-35 nm with marginal strain and grain size was
reduced from 229 to 22 nm revealing the influence of Ag on carrier mobility, influencing the optical, magnetic properties.
Substitution reduced coercivity while increasing the magnetization from about 1.4 emu/g to 22 emu/g, upgrading the
strong magnetic collaborations with Ag presence. Ag substituted BaFe,O, achieved an adjustable band gap (1.5-2.0
eV), while light absorbing capacities were improved by a considerable increase in absorbance from 1.8% to 34% which
allowed the nanoparticles for effective solar energy absorption—a crucial component of photovoltaic applications.
Bay,Ag,;Fe,0, that depicted the ideal value of 1.8 eV band gap. Higher Ag concentrations caused PL quenching, which
indicated less charge carrier recombination and encouraged photogenerated current efficiency exhibiting the emission
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spectrum at a visible wavelength of 573-576 nm, a yellow light region ideal for PV devices, and the lowering fluorescence
concentration with substitution of silver showing material’s suitability for the application. The substantial leakage current
that was detected by PE loops emphasized the necessity of additional electrical property optimization prior to the
manufacturing of a workable device. Pure sample BaFe,0, had the highest photocurrent, according to photovoltaic
testing, whereas Ba, gAg, ,Fe,0, had the second-highest I, value and the same current density trend. The material’s
potential as a photoactive material in PV devices highlighted by the improved photocurrent at optimal Ag concentration
of x= 0.2 which validated better charge separation. Based on assessed attributes from all the measured properties
compared to other previously researched ferroelectric and magnetic materials, this study attempted to present the
barium mono ferrite BaFe,0, as a potential material for photovoltaic applications. To improve electrical performance
and confirm its effectiveness in actual solar device, more research is needed.
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