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Abstract: Nanotechnology has been a constant subject of innovation in the past
two decades. Novel innovations have been carried out to enhance the properties
of nanoparticles, especially by doping. It is one of the main ways to augment
the properties of a semiconductor. In the present paper, alkali (Na/K) doped co-
balt ferrite nanoparticles (NPs) were successfully synthesized and investigated
for their effectiveness for photocatalytic degradation of Methylene Blue (MB)
and Methyl Orange (MO), as well as antioxidant properties. So obtained Na/K
doped CoFe, O, were characterised for the evaluation of their structural, ele-
mental, morphological, and optical criteria via using standard characterisation
methods like XRD, SEM, EDX, TEM, and UV-Visible spectroscopy. The XRD
results showed the crystallite size of Na-doped CoFe,0, to be between 25 to 26
nm, while that for K-doped it was between 15 to 16 nm. The smaller crystallite
size of K-doped particles can be attributed to the fact that K has a larger ionic
radius than Na and causes more lattice strain, disrupting the lattice growth. The
morphological variations with the dopants and elemental composition have
been confirmed by using SEM-EDS and TEM results. The UV-Visible results
implied the absorption regions for Na/CoFe,O, with band gap energy between
1.65 to 1.5 eV, while for K/CoFe O, it is between 1 to 1.41 eV. Based on the
results, it was established that K/CoFe,O, exhibited greater photocatalytic and
antioxidant properties.

Keywords: Alkali metal, Antioxidant activity; Doped ferrites; Photocatalytic
activity

1. INTRODUCTION

In the past two decades, there has been immense research in nanotech-
nology. A lot of work has been reported around nanotechnology ap-
plications. In today’s research, the focus is on enhancing the physical
and chemical properties of nanoparticles (NPs) to increase their overall
applications. Ferrite NPs have been known to have a lot of applications,
especially in the biomedical field and photocatalysis (Velayutham et al.,
2022). In developing countries, access to clean drinking water is still an
issue. With the advent of industrialization, the problem of water pollu-
tion has increased manifold, especially regarding the disposal of waste-
water. The use of nanotechnology in water cleaning is very effective.
By water remediation, we can minimize or remove water contaminants
that are detrimental to our ecosystem as well as to human health (Elan-
sary et al., 2024). In the current times, due to immense advancements
in nanotechnology, water remediation techniques include nanofiltration
methods, nano-adsorbents, the use of nano zero-valent iron, nano bioc-
ides, etc. (Khlyustova et al., 2020). Water pollution, especially due to
the discharge of organic pollutants like dyes, has been of great concern,
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carrying out the process of dye degradation by pho-
tocatalysis using metal NPs. Several modifications
have been made, and one of them is by doping.
Doping is a physical change and includes the de-
liberate insertion of one element into the crystal lattice
of another element. It is the most compatible method
to enhance the characteristics of NPs (Shenoy et al.,
2022) and a convenient way of calibration to enhance
the properties of NPs with the retention of their high
surface areas (M. Matar et al., 2025). As has been
reported in the case of TiO, NPs, doping with metals
leads to shortening of the band gap, which enhances
their photocatalytic activity. The improvement in
the photonic activity of TiO, was observed with the
incorporation of dopants, and photocatalytic activ-
ity was increased considerably (Girija et al., 2022).
Further, it enhances the physical characteristics of
NPs, as several NPs require fine-tuning to achieve
targeted functions (Albalah et al., 2020). Through a
literature survey, it has been reported that the incor-
poration of Neodymium in CeO, (Ceballos-Sanchez
et al., 2024), Zirconium in CeO, (Rai & Kanagaraj,
2022) increases antioxidant properties. Even modi-
fication of NPs with essential oils has been reported
to increase their antioxidant properties (Lépez-Cano
et al., 2023). After going through all the literature
survey it is concluded that doping is a good way to
increase antioxidant and photocatalytic activities of
NPs and alkali metals act as good dopants as they
have low ionisation energies and therefore their va-
lence electrons can be easily introduced to generate
an electron excess system (Hameed et al., 2023).
Doping with alkali metals has been reported to in-
crease the stability of nanocages in Bi-alkali metal
doping, reduce energy gap between HOMO and
LUMO (Sohail et al., 2021), improve thermal and
moisture stability of NPs (Manjunatha et al., 2024)
and can further accelerate light absorption, improve
sensing ability of metal sensors (Kausar et al., 2021).
As is well known, antioxidants in general have
great significance in various fields. In the human body,
they help to reverse the damage caused to cells by ox-
idation and help in reducing the probability of certain
diseases related to the heart, cancer, inflammation
of joints, vision loss, Parkinson’s, and Alzheimer’s
disease (Shah et al., 2023). In addition to this, they
are used in pharmacology, packaging technology, the
food industry, cosmetics, etc., as they help to increase
the shelf life of food, prevent discoloration, and in-
crease oxidation stability (Mozafari & Barbati, 2024;
Tahir et al., 2015). NPs help antioxidants reach their
targets through encapsulation (Khalil et al., 2019),
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passive and active targeting (Amani et al., 2017; Peng
et al., 2025), etc. Antioxidant activity of NPs includes
several methods and mechanisms, like scavenging of
nitrogen and oxygen species, quenching various free
radicals (Samrot & Noel Richard Prakash, 2023),
radical trapping (Valgimigli & Pratt, 2015), etc. One
of the most significant contributions of NPs is that
they can be used to convey antioxidants in a more ef-
fective, stable, and targeted manner than natural and
feigned antioxidants.

Cobalt Ferrite NPs are of great importance to
researchers due to their numerous applications,
viz., high coercivity, chemical stability, morphol-
ogy, crystalline anisotropy, and so on (Tahir et al.,
2023). Among various methods used to synthesize
NPs, the co-precipitation method leads to good con-
trol over particle size and uniformity, thus enhanc-
ing their properties (Kanagesan et al., 2016; Zhao
et al., 2024). In the present work, we are studying
the photocatalytic and antioxidant activity of Na
and K-doped Cobalt ferrite NPs. A total of six sam-

ples, ViZ. Na(ooonc Fezo4(oA098)’ N Co(voos)
Fe O

274(0.096)° (0.001)C0(0A001)
Fe O

274(0.098) (0.001) 0(0003) €, 4(0.096)’ an T N0.001)
C05005,F€,0 40,004 have been prepared by keeping the

concentration of dopant same in all the samples. The
objective of this work is to study and compare the
effect of these two alkali metals as dopants. K" and
Na* ions are monovalent and are larger as compared
to Co?* and Fe*, so there is substitutional doping pri-
marily (Jhala et al., 2024) affecting interstitial sites,
which leads to significant lattice distortion.

Further, as Cobalt ferrite has an inverse spinel
structure, which enhances its a hard ferrite material
having moderate magnetizing properties so the intro-
duction of Sodium and Potassium as dopants can lead
to modification in its physical and chemical assets by
redistributing Co*" and Fe®*" ions between tetrahedral
(A) and Octahedral sites (B), creation of Oxygen va-
cancies which increase surface reactivity beneficial
for catalysis, and also it enhances biocompatibility
which facilitates its biomedical use (Bhardwaj et al.,
2024). These potential characteristics make Na and
K promising dopants for research, especially for pho-
tocatalytic and antioxidant applications. Generally, it
has been observed that many transition metals, such
as Zn, Mn, Ni, Co, Cu, etc., are common dopants and
much work has been reported on them, especially
their applicability in altering magnetic properties,
electrical conductivity. Amongst alkaline and alkali
metal dopants, Mg, Ca, Ba, Sr, and Li are relatively
common; most reported applicability is regarding

0(0.001) a(o.oon

Co

a(0.001) (0.005) e, 4(0.094y
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improving and altering material properties for en-
hancing resistivity, electrical conductivity, etc. Na
and K have been taken as dopants here as they are
relatively uncommon, contributing to the novelty of
the work, although they are available in abundance,
economical, and have low toxicity, which makes
them environmentally friendly and a good choice as
potential dopants. It is interesting to study how they
act as dopants in Cobalt Ferrites. Cobalt Ferrites have
photocatalytic and antioxidant properties, and it is
relatively novel to compare the effect of doping by
Na and K on these properties.

Most of the reported data is based on doping of
transition and rare earth metals, and there is a dearth
of systematic and comprehensive studies based on
doping of Na and K. This study aims to fill these re-
search gaps. Largely, transition metal and rare earth
ions have been used as dopants due to their charge
balancing, magnetic properties (Kalia & Prasad,
2023) but here, monovalent and non-magnetic ions
are being used in a magnetic spinel system, so it will
be interesting to investigate their effects and might
lead to new insights in the future.

2. MATERIALS AND METHODS

2.1. Materials

All the chemicals like Fe (NO,),. 9H,0, Co(NO,), -
6H,0, polyethylene glycol (PEG), NaNO,, KNO,,
KOH, methyl orange (MO), methylene blue (MB),
DPPH, and ascorbic acid have been purchased from
Merck, India, and no additional purification has been
carried out.

2.2. Synthesis of cobalt ferrite NPs

Nanoparticles (NPs) were synthesized using the
co-precipitation method, following the procedures
described by Houshiar et al. (2014) and Sangsuri-
yonk et al. (2022), with minor modifications. A to-
tal of six samples were prepared with the following

compositions: (0 001)C0(0 001) ezo4(0 098)° Na(vom)
Co Fe O

(0 003)" 2 4(0.096) (0 001)C0(0 005) 204(0094)’
Co Fe O

(0.001)" —24(0.098) (. 001)CO(OAOOS)Fezod(OAOBG)’ and
Fe O Co

K(0A001)C0(0.005) 24(0.094)" To prepare Na 0.001) —~(0.001)
Fe,0, g0z @ 0.098 M solution (3.95871 gm/100 ml)

of ferric nitrate nonahydrate (Fe(NO,), - 9H,0) was
prepared in distilled water. The solution was heated
and stirred at 70°C using a magnetic stirrer. Once the
temperature stabilized, 100 ml of 0.001 M solution

(0.001)
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(0.0291 gm/100 ml) of cobalt nitrate hexahydrate
(Co(NO,), - 6H,0) was added gradually, followed by
100 ml of 0.001 M sodium nitrate (NaNO,) solution
(0.008499 gm/100 ml).

For the synthesis of Na(O_OODCo(OAm) e,0 10,0967
the sodium dopant concentration was kept constant
at 0.001 M, while the cobalt nitrate concentration
was increased to 0.003 M (0.087309 gm/100 ml).
Accordingly, the ferric nitrate concentration was ad-
justed to 0.096 M (3.877 gm in 100 ml) to maintain
a total metal ion concentration of 0.1 M. Similarly,

Na ;101G 005 F€,0 40004y WS prepared using 0.005
M cobalt nitrate (0.1455 gm/100 ml) and 0.094 M
ferric nitrate (3.797 gm/100 ml).

The potassium doped cobalt ferrites, K 6.000C0%0.001)
Fe O K 001/C0 0,005, F€,0

274(0.098) (0.001) " (0.003) 4(0.096) and (0.001)

C04005F€,0, 0004y WeTE synthesized using 0.001 M
(0.01011 gm/lOO ml) potassium salt (KNO,) as the
dopant. The concentrations of cobalt and ferric ni-
trate used were the same as those in the correspond-
ing sodium doped samples.

It is important to note that in all six samples, the
atomic percentage of Na* and K* is 1%, correspond-
ing to a mole fraction of 0.01. During synthesis, the
pH was adjusted to between 11 and 12 using 1 M
KOH solution. Approximately 40 ml of base was re-
quired to achieve the desired pH. polyethylene glycol
(PEG) was used as a surfactant to aid in the uniform
dispersion of particles. After pH adjustment, the re-
action mixture was stirred continuously for 3 hours.
The resulting nanoparticles were washed thoroughly
with distilled water and ethanol, then dried in a vac-
uum oven. Finally, the dried samples were calcined
at 800°C for 3 hours.

Co

2.3. Characterization

The formation of the Na/K/CoFe,O, samples was
tested using spectroscopic techniques. The structural
determinations were done by using Powder X-ray
diffraction (PXRD). Scanning electron microscope
(SEM), Transmission electron microscope (TEM),
and energy dispersive X-ray (EDX) were used to
determine the morphological attributes and elemen-
tal composition. The UV-visible spectrophotometer,
ranging from 200-800 nm, was used for checking
the absorbance-related properties of the samples.

2.4. Photocatalytic Activity

The photocatalytic activity was tested under irradi-
ation of UV light instead of sunlight, according to
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the study by Kumar et al. (2023). A photocatalytic
chamber, which consisted of a UV lamp lying 5-7
cm above the reaction mixture. A magnetic stirrer for
continuous stirring of the reaction mixture was used
to study the photocatalytic activity. This whole appa-
ratus was enclosed inside a dark box so that UV light
might not escape the setup. A 100 ml solution of MO
and MB was treated with different amounts of (5, 15,
and 25 mg) Na/CoFeO, and K/CoFe,O, NPs. The
reaction was observed over 100 min at an interval of
10 min. It was observed that with the progress of the
reaction, there was a decrease in the absorbance of
A, values for MO and MB.

2.5. Antioxidant Activity

The antioxidant properties of NPs are well known.
The antioxidant properties of Na/CoFe,O, and K/
CoFe,O, NPs were studied by using the DPPH as-
say method (Kaushal et al., 2024). DPPH has nitro-
gen carrying an odd electron, and its stable nature
makes it an excellent chemical for studying the rad-
ical scavenging activity of antioxidants. The method
is based on the spectrophotometric measurement of
the change in concentration of DPPH because of its
reaction with the antioxidant. A 2 mL methanolic
solution was prepared, and DPPH was added at var-
ious concentrations (25, 50, 100, 200, 400, 800 pg/
ml) through the serial dilution method. After dilu-
tion, the samples were kept in the dark for approx-
imately 30 min. The samples were subjected to the
UV-visible spectrophotometric technique to chalk
out the radical scavenging activity. The wavelength
was set at 517 nm. Ascorbic acid was taken as the
standard. It is to be noted that the experiment with
each of the six samples was repeated three times to
have a more concise value of percent scavenging by
NPs, and the average values were replicated to have
more precision and accuracy.

3. RESULTS AND DISCUSSION

3.1. XRD Results

The XRD analysis confirmed the phase and purity
of pure and doped CoFe,O, as shown in Fig. 1. The
diffraction peaks of CoFe204 were exhibited at 26 =
25.4°,34.19°, 36.86°, 42.21°, 50.65°, 55.37°, 63.59°,
and 65.107° which were indexed to the planes 111,
220, 311, 400, 422, 511, 440 and matched well with
JCPDS No.- 22-1086 (do Carmo Dias et al., 2024)
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and the most intense peak was observed at 34.19°.
The most intense peak for Na-doped CoFe,O, was
observed at a little shifted distance, as observed in
Na(O'OOUCom'Om)Fe 0] N C Fe O

2°74(0.098) a(04001) 0(0.003) 2°74(0.096)
and Na(O.OOUCo(O'OOS)FeZO 10,004y where the most in-
tense peak was at 35.35°, 36.52°, and 35.52°, respec-
tively and this is possibly due to the compressional
strain that contracts the lattice shifting the peak to a
higher angle (Harrington et al., 2021). In the case of
K-doped CoFe,O,vizK , . C Fe O K

(0.001) 0(0.001) 2°74(0.098)° © “(0.001)
C FeQOA(O.O%), and K Co Fe. O the

o(0.003) (0.001) (0.005)™ T2 4(0.094)
conspicuous peaks are observed at 33.13, 32.91 and
32.74 degree and which means there is shifting of
the peaks to a little lower theta values indicating the
expansion to a higher lattice parameter which can be
caused by uniform strain (macro strain) throughout
the material (Prasetya et al., 2020). Using the Scherer
equation (1) and Bragg’s relation (2), crystallite size
and the interplanar spacing were calculated:

KA
- 1
b Bcos @

_ nA
- 2sinf @

where D is the crystallite size in the direction perpen-
dicular to lattice planes, K is a constant, A is the x-ray
radiation wavelength in A, 6 is the peak angle, f is
the FWHM (Full width at half maximum), and d is
the interplanar spacing. It was observed from Table
1 that there has been a decrease in the crystallite size
with the incorporation of Na and K as the dopants be-
cause larger radius ions replaced smaller radius ions.
The decrease in crystallite size upon doping involves
various key factors like lattice strain, site occupancy,
crystal distortion, inhibition of crystal growth due to
the introduction of imperfections and boundaries, and
altered surface energy (Barkat et al., 2022; Singha &
Singh, 2020). The K-doped CoFe,O, has a smaller
size, which can be attributed to the fact that the potas-
sium ion has a larger ionic radius than the sodium ion
and thus the former creates more lattice strain, which
in turn disrupts crystal growth. The K* ions cause
higher lattice distortion, limiting crystal growth, fur-
ther in spinel structures K* may favour certain sites or
interstitial positions that they cannot occupy fully due
to size mismatch and this creates structural disorder
that hinders regular arrangement and crystal growth
(Hossain et al., 2018; Khanna & Verma, 2014). Also,
when the concentration of dopant, i.e., Na, remains
the same but that of parent constituents increases,
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there is an increase in lattice parameter, and the same
is the case with K-doped NPs. This can be attributed
to the fact that there is reduced atomic packing density
as parent molecules occupy lattice sites, increasing
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lattice, weakened bonding as high parent molecule
concentration reduces bond strength, strain relaxa-
tion, and electronic structure modification (Nordin
et al., 2015; Xiao et al., 2022).

Figure 1. XRD patterns of Na and K-doped cobalt ferrite samples
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Table 1. Structural parameters for Na and K-doped cobalt ferrite samples

Crystallite Size (D) Interplanar
Samples (nm) Spacing (d) (nm) | Lattice Parameter
Na50,.C0001 F€:040.05) 25.55 2.085 5.86
Na 501, C00.00,F,040.096) 25.98 2.331 6.00
Na g 00,.C00005F€:040.000 28.63 2331 7.18
K(o.om)C0(0_001)Fe204(o.093) 15.49 2.149 5.80
K(O_OO1)00(0_003)Fe204(0_0%) 15.95 2.178 5.86
K(O.Om}Co(O_OOS)FeZOw.O%) 16.18 2.429 5.89

3.2. SEM and EDX Results

SEM-EDX has been carried out to study the mor-
phological and elemental analysis of the samples.
The micrographs indicated spherical and irregular
morphology of doped NPs (Fig. 2). The morphol-
ogy exhibited by samples doped with Na showed
faceted and spherical-like particles (Abd El-Salam
et al., 2023). As indicated in Fig. 2 (d—f), the mor-
phology of K-doped cobalt ferrites was irregular
with higher surface roughness than Na-doped NPs

https://doi.org/10.37819/nanofabh.10.2069
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due to the disruption of uniform crystal growth
(Dippong et al., 2023). There is a tendency for ag-
glomeration in K-doped samples of cobalt ferrites
due to higher surface energy and strain-induced
defects as compared to Na-doped samples, which
show less aggregation, leading to better-dispersed
particles (Lopez-Ortega et al.,, 2015). The EDX
spectra showed peaks for Na, K, Co, Fe, and O
elements in Fig. 2. The strong peaks exhibited by
elements confirmed the chemical composition of Na
and K-doped cobalt ferrites.

Nanofabrication (2025) 10 | 5
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Figure 2. SEM-EDX micrographs of Na and K-doped cobalt ferrite (a—f) samples
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3.3. TEM Results

The average size of the doped NPs was computed
using TEM analysis. The morphological results were
well-aligned with the SEM outcomes. The TEM re-
sults showed that the average particle size ranges be-
tween 60-68 nm forNa .. Co  Fe O Na

(0.001) —(0.001) " “24(0.098) (0.001)
C Fe, 0, 06y and Na . Co g . Fe,0 (Fig.

0(0.003) (0.001) (0.005)" 727 4(0.094)
3 (a—c)). Similarly, the average particle size range for
K(O.OOI)CO(O4001)FEZO4(O.098)’ K(O.OOI)C0(0.003)Fe204(04096)’ and

000500005, F €O 400,00 falls in the range between
2666 nm (Fig. 3 (d—f)). The discrepancy between
particle sizes measured from XRD patterns and
those observed in TEM images can be attributed to
the different aspects each technique evaluates. XRD
analysis estimates crystallite size using the Scherrer
equation, which reflects the dimensions of a single
coherent, diffracting domain. In contrast, a single
particle observed in TEM may consist of multiple
crystallites due to agglomeration or polycrystalline
structure (Hassanzadeh-Tabrizi, 2023; Holder &
Schaak, 2019; Pelka et al., 2024). Therefore, particle
size—representing the overall physical dimensions of
aggregated crystallites—is typically larger than the

crystallite size (Mongkolsuttirat & Buajarern, 2021;

https://doi.org/10.37819/nanofabh.10.2069
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Weight Atomic

Element o% %

OK 82.81 92.39
KK 15.51 7.08
Fe K 1.44 0.46
CoK 0.24 0.07

Totals

100

Eleme Weight Atomic
nt % %
OK 27.65 55.84
KK 967 799
FeK 59.56 34.46

CoK 311 1.7
Totals 100

Full Scale 22063 cts Cursor 0.000

2 3

Sabur & Gafur, 2024). This difference accounts for
the variation observed between crystallite and particle
sizes in the Na/K/CoFe O, nanoparticles. On compar-
ing particle size in cobalt ferrites because of doping
by Na and K, there is a decrease in particle size when
cobalt ferrites are doped by K. This can be attributed
to the reason that K* ions are much larger, causing
lattice strain when incorporated into spinel cobalt
ferrites. This strain inhibits crystal growth, leading
to smaller and less regular particles (Desoky et al.,
2022). The comparison of properties based on the
outcomes is also tabulated in Table 2.

Table 2. Comparison of properties of Na and K-doped co-
balt ferrite samples

Na-doped K-doped
Property CoFe,0, CoFe,0,
Particle Size Larger Smaller
Shape Spherical and Irregular

Slightly Faceted or rough
Surface Roughness Smoother Rougher
Lattice strain Low High
Aggregation Less More
Defects and vacancies | Less More

Nanofabrication (2025) 10 | 7
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Figure 3. TEM micrographs and average particle size histograms of various Na and K-doped cobalt ferrite (a—f)
samples
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3.4. UV-Vis Results

The UV-Vis absorbance spectra were utilized to in-
vestigate the optical properties of synthesized pure
and doped ferrite samples in the wavelength range of
200-800 nm, as shown in Fig. 4. This has been re-
ported in the literature that cobalt ferrites show peak
between 330 nm to 550 nm for UV studies (Mush-
taq et al., 2017). The absorbance value for Na
CO(0A001)Fe20 1(0.09%) increases at 258 nm, and further,
the absorbance peak is observed around 333 nm, 342
nm, and is steady till 522 nm, and then an absorption
curve is seen at 640 nm. The graph forNa  C

(0.001) 0(0.003)
Fe, 0, 45 iNCreases at 259 nm, and the range in be-
tween maximum absorption is from 335 nm to 383
473 nm, and a slight peak at around 541 and 646 nm.
The next graph for Na ; 10:C00.005 €00 004 shows a
steady increase in absorbance and a peak at 259 nm,
and further a peak at 343 nm, 490 nm, around 556 nm,
and a slight curve at around 690 to 696 nm. As the
concentration of cobalt is increased in Na C

(0.001) 0(0.003)
Fe O andNa, C (0] as compared

2 4(0.096) (0.001) O(OAOOS)FEZ 4(0.004y a
£0 Na ;10100 001, .0 4 008 there is a slight increase
in the wavelength and this can be attributed to red-
shift as increasing cobalt content leads to change in
the electronic structure (Nithiyanantham et al., 2020;
Thakur et al., 2022; Vinosha et al., 2017). The UV
spectra for K 6.00C00.001 €00 08, exhibit an absorp-
tion peak at 259 to 261 nm, then there is an increase

(0.001)

Shaweta Chandel, et al.

in absorption intensity, and the maximum steady ab-
sorption is from 439 nm to 489 nm. The absorption
continues till 580 nm. For K(O'OODCO(O‘O%)F%O 10,0567
maximum absorption is observed from 473 to 566
nm. In the case of K(O.OO1)C0(0'005)Fe204(0'094), the first
peak is observed around 266 nm, and the maximum
absorption is around 497 to 568 nm. The increase in
maximum absorption wavelength for NPs with an in-
crease in the concentration of cobalt can be attributed
to redshift and electronic changes, and lattice distor-
tion (Malik et al., 2021; Ullah et al., 2021).

The band gap evaluation for the cobalt ferrite sam-

ples was calculated using Tauc’s relation (equation 3)
(ahv)y'=B(hv —E) 3)

where («) is the absorption coefficient, E is the op-
tical band gap (in eV), B is Tauc’s constant, and n is
the value that depends on the type of transition, here
n=1/2,i.e., itis a direct allowed transition. The val-
ues obtained for Na(OlOODCo(OAOODFeZO 10,058y Na((mm)
CO(O.OOB)FEZO4(O.096)’ and Na(ODOl)CO(O,OOS)Fe204(OA094) iS
1.65, 1.61, and 1.50 eV, respectively (Fig. 4 (b)).
Similarly, the band gap for K 6,001 C00.00F'€,0 4098
K(O.OO1)C0(0A003)Fe204(0096)’ and K(OAOODCO(OAOOS) e2 4(0.094)
have been 1.41, 1.12, and 1.05 eV respectively
(Fig. 4 (d)). The study by Kamakshi et al. (2024)
also confirmed the band gap values of doped ferrite

samples near 1.6 eV.

Figure 4. UV-Vis spectra and band gap of Na and K-doped cobalt ferrite (a—d) samples
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3.5. Photocatalytic Degradation Results

Photocatalytic activity is the potential of a material
to commence a chemical reaction in the presence of
light (Vasiljevic et al., 2020). The photocatalytic ac-
tivity of the samples has been studied by photochem-
ical degradation of MO and MB, which are industrial
pollutants. UV-Visible spectra have been recorded
from 400 to 800 nm at an interval of 10 min for a
total of 90 min. The characteristic peaks for both dyes
are at 468 and 668 nm, respectively. The control ex-
periments were carried out in the dark i.e. without
light (Dark adsorption control) in which a 100 ml
solution of dyes MO and MB (both taken separately)
were both subjected to NPs in dark and it was ob-
served that there is no photodegradation, only a bit

Table 3. Details of Control Experiments
Control Experiment

NPs Used as Catalysts

®
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drop in concentration which can be attributed to the
fact that there is adsorption of dye molecules on the
surface of the catalyst (Gogoi et al., 2021; Tabassum
et al., 2024). Another experiment was carried out in
which catalysts, i.e., nanoparticles, were not used and
involved light-induced decomposition control (Spei-
ght, 2018). Both dyes were subjected to light with-
out the catalyst, and the result was no degradation.
Table 3 summarizes the photocatalytic activity with
control experiments. There is minimal photocatalytic
activity without a catalyst, and the literature also
confirms less degradation of dyes in the absence of
light (Jelokhani et al., 2020; Sanchez-Lievanos et al.,
2024). % degradation of dyes with K-doped photo-
catalyst without light is presented in Fig. 5.

UV-Light Used Results

Dark adsorption control
(without light)

Light-induced decompo-
sition Control (without
catalyst)

K-CoFe,O, was used

None

No Very less degradation
of both the dyes

Yes Minimal photodegradation of
both the dyes

Figure 5. % degradation of 25 mg dosage of K-doped cobalt ferrite with MB (a) and MO

(b) in the dark
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The percentage degradation of the dyes has
been discussed in Fig. 6 and Fig. 7. The maximum
photocatalytic activity shown by Na and K-doped
CoFe,O, NPs was at 25 mg dosage for both MO and
MB dyes. The formula used for evaluating the deg-
radation (%) of dye is given in equation (4).

% Degradation = (A, — A)/A, * 100 4)

where A is the absorbance of a pure solution of dye,
while A is the absorbance of the reaction mixture at
any time t.

From Table 4, the photocatalytic activity of sam-
ples is higher in the case of K-doped cobalt ferrite
NPs as compared to K-doped cobalt ferrite NPs.

https://doi.org/10.37819/nanofabh.10.2069

NF-10_Finalt.indd 11

(b)

% Degradation

T T T
40 60 80

Time(minutes)

100

This can be attributed to the fact that K-doped NPs
have smaller sizes and band gaps as compared to
Na-doped NPs, as a result, more surface area, more
oxygen vacancies, and better charge separation
ability which makes them more efficient for pho-
tocatalytic degradation of organic pollutants like
dyes (Khatamian et al., 2024). Also, an increase
in the quantity of the NPs enhances the photocat-
alytic activity. The photocatalytic activity is maxi-
mum when the quantity is maximum, i.e., 25 mg,
and minimum when the quantity is least, i.e., 5 mg,
for Na-doped cobalt ferrites as well as for K-doped
cobalt ferrite NPs. The reason behind this is that if
the quantity of photocatalyst added is well below the

Nanofabrication (2025) 10 | 11
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optimal value, it readily degrades the substance due
to more availability of free radicals, resulting in the
rate of increase of the reaction (Dhiman et al., 2019).

Among many factors that affect photocatalytic
activity, one of the most prominent is the effect of
doping. The action of the photocatalyst is based on
Langmuir-Hinshelwood theory (Saeed et al., 2018).
Whenever there is light irradiation on the surface of
a photocatalyst (PC), electrons are excited from the
valence band to the conduction band if the energy of
the incident radiation is greater than the band gap.
Accordingly, there is a generation of electrons and
holes, electrons are excited to the conduction band
while holes are created in the valence band as shown
in equations (5-7).

PC + light = eg, + Iy, ©)
hy; - Valence band (6)
e, = Conduction band (7)

Shaweta Chandel, et al.

In the Conduction band the irradiated electron from
the surface combines with oxygen on the surface to
form superoxide ions. These ions in turn combine
with water to form hydrogen peroxide, which gener-
ates hydroxide radicals to react with dye molecules
to degrade it (equation (8-9)).

®

0,+ e, > 0,

€)

Meanwhile, in the valence band, there are holes
where hydroxyl radicals (OH") are generated because
of the interaction of the photogenerated holes with
water molecules, the OH' radicals thus generated re-
act with dye molecules and thus a chain of free rad-
icals is formed by the consumption of oxygen, and
organic pollutants are converted into degraded prod-
ucts (equations (10-11)) (Aroob et al., 2023).

hi, + H,0 - OH + H*

H,0 + O, = H,0, » 20H

(10)

Dye + OH = H,0 + CO, (11)

Figure 6. % degradation of MB (a—c) and MO (d—f) at different dosages (5, 15 & 25 mg) of Na-doped cobalt

ferrite samples
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Figure 7. % degradation of MB (a—) and MO (d—f) at different dosages (5, 15 & 25 mg) of K-doped cobalt

ferrite samples
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Table 4. % degradation of Na and K-doped cobalt ferrite samples

Shaweta Chandel, et al.

% Degradation | % Degradation
Samples Dosage (mg) Time (min) of MO of MB
Na(O_OOUCo(O_OOI)FezO4(0_098) 5 90 51.25 55.99
15 90 60.05 60.02
25 90 75.62 75.60
Na(o_oo1)C0(0_003)F6204(0_0%) 5 90 40.25 55.99
15 90 40.38 58.70
25 90 53.81 61.81
Na(o_ooI)CO(O_OOS)F6204(O_094) 5 90 44.03 48.34
15 90 58.37 51.25
25 90 66.41 59.65
K(O_OOI)CO(O_OOI)F €,0 4(0.09%) 5 90 66.14 75.49
15 90 72.24 85.78
25 90 87.13 89.23
K(O_OOI)CO(O_OOS)FeZOMO_O%) 5 90 79.68 72.91
15 90 83.07 80.36
25 90 87.10 91.87
K(O.OOI)CO(O.OOS)FeZO4(O.094) 5 90 81.72 76.30
15 90 85.78 81.72
25 90 92.55 92.41

NF-10_Finall.indd 14

3.6. Antioxidant Results

The DPPH assay method was utilized to study the
antioxidant activity of a substance, as it is one of
the most prevalent methods. Its principle is based
on the method of stabilizing DPPH free radicals by
antioxidants whose activity can be assessed by the
decolorization of DPPH in methanol solution (Rubab
et al., 2022; Skrovankova et al., 2012; Sohel Rana
et al., 2024). Antioxidants are counterbalancing spe-
cies that curtail the harm caused by various oxidative
processes to living cells; they donate electrons to free
radicals, thus making them harmless (Baliyan et al.,
2022a). DPPH, i.e., 1,1-diphenyl-2-picrylhydrazyl, is
a stable free radical with an odd electron on nitrogen.
It acts as a scavenger for antioxidants, which donate
electrons to free radicals, making them harmless by
causing neutralization. The stability of the radicals is
due to the steric crowding on the divalent nitrogen
atom carrying an odd electron and the pulling-push-
ing effect of the diphenyl amino group, which acts as
an electron donor, and the picryl group, which is an
electron acceptor (Gulcin & Alwasel, 2023). Thus, it
is a stabilized violet-coloured radical that absorbs at
517 nm. In the present study, K-doped CoFe,O, NPs
exhibited excellent antioxidant properties, which

14 | Nanofabrication (2025) 10

makes them outstanding antioxidants. This is attrib-
uted to the increased surface-to-volume ratio and in-
creased surface area that leads to effective binding of
the substrates (Kanagesan et al., 2016; Pozzi et al.,
2024). The antioxidant activity increases with the in-
crease in concentration, and this may be attributed to
the transfer of free electrons from the oxygen atom
of the doped samples to the nitrogen free radical in
the DPPH molecule. There is a significant difference
in the antioxidant activity of Na and K-doped co-
balt ferrite NPs at different concentrations, as tabu-
lated in Table 5, and the results are evaluated using
equation (12):

Abs

~ —Abs
control sample

Abs

control

% Scavenging Activity = x 100

(12)

Each sample was analysed in triplicate for its an-
tioxidant scavenging activity. The average values
have been replicated, as can be seen in Table 5.
However, when antioxidant activity was compared
with that of ascorbic acid, it was found to be lower
(Fig. 8). Fig. 8 indicated the relative activity of Na
and K-CoFe,O, NPs with ascorbic acid. The vari-
ous reasons attributed to the increase in antioxidant

https://doi.org/10.37819/nanofabh.10.2069
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activity include an increase in oxygen vacancies, an
increase in surface-to-volume ratio, a better pene-
tration effect due to a decrease in particle size, crea-
tion of surface electrons, which increase antioxidant
activity (Robkhob et al., 2020). It is also observed

®
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that the antioxidant activity of K-cobalt ferrites
is more than the antioxidant activity of Na-doped
cobalt ferrite NPs which could be due to the better
penetration effect as there is a decrease in crystallite
size of K-doped NPs.

Table 5. Scavenging activity of Na and K-doped cobalt ferrite samples

Absorbance of Absorbance of
Samples Control Samples 0 Scavenging
Na 301 €06.001,F€,0,0.005) 1.589 0.409 74.26 £0.21
N2 501€06.003,F€,040.006) 1.589 0.395 75.14+£0.29
Na 0011000005 F€, 040094 1.589 0.280 8237 +0.31
K 00190001, F€:040.095) 1.589 0.090 94.33 £0.40
K 00190003 F€: 040,006, 1.589 0.059 96.28 £ 0.36
K .001.C00.005 F€:04 0000 1.589 0.050 96.85+0.25
Ascorbic acid 1.589 0.005 99.68 £0.19

Figure 8. Scavenging activity of Na and K-doped cobalt ferrite samples
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3.6.1 Mechanism of Antioxidant Activity

The DPPH assay method is one of the most prevalent
methods to study the antioxidant activity of a sub-
stance. Its principle is based on the method of forage
of DPPH by antioxidants, and the antioxidant activity
of a substance or species can be assessed by decolouri-
sation of DPPH methanolic solution. Antioxidants are
counterbalancing species that curtail the harm caused
by various oxidative processes to living cells; they
donate electrons to free radicals, thus making them

https://doi.org/10.37819/nanofabh.10.2069
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harmless. DPPH, i.e., 1,1-diphenyl-2-picrylhydrazyl,
is a stable free radical with an odd electron on nitro-
gen. It acts as a scavenger for antioxidants, as anti-
oxidants donate electrons to free radicals, making
them harmless by causing neutralization. The sta-
bility of the radicals is due to the steric crowding on
the divalent nitrogen atom carrying an odd electron
and the pulling-pushing effect of the diphenyl amino
group, which acts as an electron donor, and the picryl
group, which is an electron acceptor. In other words,
its structures are resonance stabilized. Thus, it is a
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stabilised violet coloured radical which absorbs at 517
nm. DPPH has a strong affinity for free radicals like
OH, NO, RS, O,. ROS (Reactive Oxygen Species)
are molecules and free radicals that originate from
molecular oxygen (Kozlov et al., 2024; Moldogazieva
et al., 2023). They have both beneficial and harmful
characteristics. Oxidative stress is one of the reper-
cussions of their excessive production. Oxygen is
highly electronegative and has a tendency to accept
electrons, and as a result, it produces ROS like H,0O,,
OH' (Hydroxyl radical) and Superoxide anion radical
(0,), singlet oxygen, ozone, etc. In the cellular mech-
anism of homosapiens they are produced as byprod-
ucts in oxygen-related mechanisms (Mammarella
et al., 2016). In addition to their production as a result
of normal metabolic activities, they are also produced
as a result of various paraneoplastic and clinical pro-
cesses (Zhu et al., 2015). The antioxidant activity of
NPs involves two mechanisms:

A hydrogen atom transfer (HAT) method in
which hydrogen is used for the formation of ROS
(Siddeeg et al., 2021). HAT mechanism involves the
following steps:

OH - (ROS) + Antioxidant (Hydrogen donor)
- H,O + Antioxidant (Oxidised) (13)

ROO - (ROS) + Antioxidant (Hydrogen donor)
- ROOH + Antioxidant (Oxidised) (14)

O, + Antioxidant (hydrogen donor) = H,0O,
+ Antioxidant (Oxidised) (15)

A single electron transfer-proton transfer (SET-PT)
method, which involves the transference of an elec-
tron by an antioxidant (Fragou et al., 2023). SET-PT
mechanism involves the following steps:

Antioxidant = Antioxidant® (Radical cation) + e~
(16)

Antioxidant® = Antioxidant + H* (deprotonation)
17)

ROS (OH', ROO, O;) + H* = H,0 or ROOH
or H,O, (18)
3.6.2 Effect of Doping on the Antioxidant

Properties

Doping enhances the antioxidant activity of NPs,
as can be seen here, CoFe,O, when doped with Na
shows antioxidant activity comparable to that of
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ascorbic acid. The various reasons attributed to the
increase in antioxidant activity include an increase
in Oxygen vacancies (Hernandez-Castillo et al.,
2019) effect on lowering of band gap, an increase
in surface-to-volume ratio (Mejia-Mendez et al.,
2024), a better penetration effect due to a decrease
in particle size creation of surface electrons which
increases antioxidant activity (Robkhob et al.,
2020). Here we can see that the antioxidant activity
of K-doped Cobalt ferrites is more than the antioxi-
dant activity of Na-doped cobalt ferrite NPs and the
reason may be due to the better penetration effect,
as there is a decrease in crystallite size of K-doped
NPs. Further, due to smaller crystallite size in case
of K-doped NPs, surface-to-surface interaction and
as a result reactivity for free radicals is increased,
leading to better antioxidant activity. Also, Potas-
sium creates more lattice strain as the ionic size of
K* (1.38A) is greater than that of Na* (1.02A) and
as a result produces more Oxygen Vacancies, which
are detrimental for ROS scavenging (Sundram et al.,
2022). Another noticeable trend is that there is a
slight increase in antioxidant activity as we increase
the concentration of Cobalt, keeping the overall and
dopant concentration the same. As can be seen from
the XRD data of Table 1, as we increase the concen-
tration of Cobalt, there is increase in Crystallite size
relatively in Sodium and Potassium doped nanopar-
ticles but still there is slight increase in antioxidant
activity, this can be attributed to the fact that slight
increase in crystallite size which might decrease an-
tioxidant activity is compensated by increase in ox-
ygen vacancies and increase in magnetic properties,
which lead to increase in electron transfer and hence
improve the antioxidant activity. Further, there is
also an increase in lattice strain with an increase in
anti-oxidant activity, which facilitates ROS activity,
thus compensating increase in particle size and de-
crease in surface area (Milutinovic¢ et al., 2024).

4. CONCLUSIONS

In conclusion, it is clear from the present study that
doping affects the photocatalytic and antioxidant prop-
erties of cobalt ferrite NPs due to alteration in surface,
change in band gap, interface properties, and change
in size. These factors influence the penetration ability
of the NPs to act as antioxidants. Here, sodium and
potassium act as dopants having different properties
due to differences in ionic radii. As is clear from the
studies, if we compare the photocatalytic properties

https://doi.org/10.37819/nanofabh.10.2069
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of sodium and potassium-doped cobalt ferrite NPs,
potassium-doped NPs show relatively more degrada-
tion activity. Small particle size and more lattice strain
have been instrumental in enhancing the photocata-
lytic and antioxidant abilities of potassium cobalt fer-
rite NPs in comparison to sodium-doped cobalt ferrite
NPs. Moreover, since the concentration of dopant has
been kept the same, a change in the concentration of
cobalt will automatically change the concentration of
iron oxide, as the overall concentration must be the
same. Thus, optimum doping is one of the most con-
venient ways to augment photocatalytic and antioxi-
dant applications of NPs. Alkali metals can be used as
good dopants in optimum concentrations.

One of the most practical applications of the en-
hanced photocatalytic activity of nanoparticles is in
water remediation, as previously discussed. This ap-
proach is cost-effective, particularly because sodium
(Na) and potassium (K) are abundant, inexpensive,
and less toxic, making them suitable candidates for
environmental remediation, including air purification.
Doping metal ferrites and oxides with these elements
has also been shown to reduce cytotoxicity. Another
promising application lies in regulating oxidative
stress by acting as reactive oxygen species (ROS)
scavengers, thereby exhibiting antioxidant properties.
This function can aid in the prevention of various dis-
eases. Additionally, their antioxidant capabilities can
be leveraged to extend the shelf life of perishable prod-
ucts such as food, pharmaceuticals, and cosmetics.

Overall, the improved photocatalytic and antioxi-
dant properties of these nanoparticles offer broad and
impactful practical applications across multiple fields.
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