
Photocatalytic degradation of methylene blue

on strontium-doped cobalt ferrite

G. Nandhini1, S. Kavita2, T. Pazhanivel3, and M. K. Shobana1,*

1Department of Physics, School of Advanced Sciences, Vellore Institute of Technology, Vellore, Tamil Nadu 632014, India
2Centre for Automotive Energy Materials, International Advanced Research Centre for Powder Metallurgy and New Materials

(ARCI), IIT-M Research Park, Chennai, Tamil Nadu 600113, India
3Smart Materials Interface Laboratory, Department of Physics, Periyar University, Salem, Tamil Nadu 636011, India

Received: 6 April 2023

Accepted: 18 June 2023

Published online:

26 June 2023

� The Author(s), under

exclusive licence to Springer

Science+Business Media, LLC,

part of Springer Nature 2023

ABSTRACT

Spinel cobalt ferrite nanoparticles (NPs) have been synthesized using the sol–gel

combustion technique with the nominal composition of Co1-xSrxFe2O4 (x = 0.2).

The presence of Sr2? ions in CoFe2O4 nanoparticles exhibits variation in their

structural properties with the average crystalline size of 34.07, 36.32, and

35.49 nm when they undergo different heat treatments, labeled as Sr-200, 300,

and 500 �C. The formation of a pure phase of Co1-xSrxFe2O4 nanoparticles is

identified by Raman spectroscopy. The magnetic behavior of the prepared

sample exhibits a change in the magnetic parameter values due to the increase

in temperature. The saturation magnetization (Ms), coercivity (Hc), and mag-

netic anisotropy (k) values have been decreased with an increase in temperature

variation from 63.42 to 33.24 emu/g, 1119.7 to 1034.4 Oe, and 73.9 to 35.8

emuOeg
-1, respectively. Thus, the highest Ms value is observed for the sample

treated at 200 �C. The prepared Co1-xSrxFe2O4 NPs are used to remove the

methylene blue (MB) dye and exhibited degradation efficiency with the highest

value of 72% for the sample treated at 500 �C for 45 min. In this report, we

highlight that the divalent (Sr) doped cobalt ferrite samples are encouraged for

magnetic storage and wastewater management applications.

1 Introduction

The utilization of ferrites in the field of nanoscience

and technology grasp the attention of several

researchers owing to its outstanding properties in

various applications like biomedicine [1], magnetic

storage [2], miniaturized antennas in mobile devices

[3], Solid Oxide Fuel Cells (SOFCs) [4], Solid Oxide

Electrolyzer Cells (SOECs) [5], microelectronics [6],

Radio-Frequency (RF) applications [7], wastewater

management [8–10], supercapacitors [11], electrical

transport [12], and gas sensors [13], etc. Ferrites are

more intriguing because of their normal and inverse

forms of spinel structure, out of garnet, and hexago-

nal structures [14, 15]. Among the family of spinel

ferrites, cobalt ferrite has been extensively studied
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because of its high Curie point (793 K), large Kerr

effect, high Hc, moderate Ms, large magneto-crys-

talline anisotropy (k), high magnetostrictive coeffi-

cient, electrical insulation, chemical stability, wear

resistance, and mechanical hardness. It is a well-

known photomagnetic material that shows an inter-

esting light-induced coercivity change. In bulk form,

it exhibits the ferrimagnetic behavior with Tc around

790 K and partially crystallizes to inverse spinel

structure with Fd-3 m space group.

The general representation can be written as

(Co1-xFex) [CoxFe2-x] O4, in which (Co1-xFex) repre-

sents the A-site (tetrahedral) and [CoxFe2-x] repre-

sents the B-site (octahedral) coordination. Here, ‘‘x’’ is

the degree of inversion and the fraction of Fe3?

cations that are present in the A-sites. The normal

and inverse spinel structures are represented by the

value of x = 0 and 1, respectively, and also depend on

the sample’s thermal history [16]. Thus, cobalt ferrite

NPs exhibit mixed spinel structure and not in inverse

spinel form. This is one of the reasons for its reduced

saturation magnetization [17].

Cobalt ferrite (CoFe2O4) is known for its versatility

in applications like medical diagnostics, information

storage, magnetic refrigeration, ferrofluid technology,

and magneto-mechanical devices. The strain and

magnetostriction depend mainly on magneto-crys-

talline anisotropy (k), in which it is determined by

Co2? spin–orbit coupling at the B-site. Also, in the

octahedral site, the crystal field symmetry of the

subsequent nearest neighbor cation is expected to

reduce. Similarly, Fe3? is substituted for tetravalent

cation with preferential tetrahedral or octahedral

coordination [18]. During the synthesis, this large

number of empty sites allows cations to migrate

between interstitial sites [19]. To tailor the perfor-

mance of the material, it is necessary to ascertain the

structural parameters and cation site occupancies

because the cation allocation in the lattice sites is

highly dependent on the material preparation [20].

Rare-earth doping of trivalent cations in spinel

ferrites has been acknowledged as a potential candi-

date to enhance electrical and magnetic properties.

This type of doping induces the trivalent Fe-cations

and rare-earth cations (RE3?–Fe3?) interactions and

trivalent Fe3?–Fe3? interactions, which are influenced

by the antiferromagnetic super-exchange interac-

tions. In memory storage sectors, the doping of non-

magnetic Sr ions in cobalt ferrite has a significant

effect on its properties towards memory storage

applications [21]. Strontium, being one of the best

alkali earth metals with an atomic radius of 219 p.m.

suppresses the structural changes, when doped with

cobalt ferrite (atomic radius—152 p.m.) because of its

atomic size difference [22, 23].

The utilization of cobalt ferrite in scientific research

indicates that it has excellent photocatalytic behavior

with prospective uses in medicine and the environ-

ment. Ahmed et al. synthesized capsaicin-coated

cobalt ferrite nanoparticles and pure CoFe2O4 using

fuchsine basic degradation at 94.6% equilibrium.

Additionally, they ensure that the produced

nanoparticles will function as effective antibacterial

agents against both Gram-negative as well as Gram-

positive bacteria [24]. 97% of the maximum methy-

lene blue dye disappeared after 180 min of irradia-

tion when polyester fabric was decorated with cobalt

ferrite using the co-precipitation method. According

to Zarezadeh et al., the active species trapping

investigations showed that the photocatalytic degra-

dation mechanism was more effective with hydroxyl

radicals as the active species [25].

Due to the greater ionic radii of different rare-earth

metal ions in cobalt ferrite nanoparticles, a noticeable

change in their structural, magnetic, and optical

properties is observed. In this case, the bandgap

values will be reduced and that facilitates the transfer

of photo-generated holes and electrons. Similarly, to

this, Dhiman et al. created a variety of rare-earth

doped cobalt ferrite nanoparticles, with Nd doping

displaying the best photocatalytic behavior and

exhibiting about 9 times the photocatalytic activity of

pure cobalt ferrite nanoparticles [26]. There have

been various reports of rare earth metal ions like

Sm3?, Ce4?, Dy3?, Nd3?, Eu3?, La3?, etc. [27–30].

Consequently, Sr2? metal ions with cobalt ferrite for

photocatalytic application have not been reported

according to our knowledge. As a result, the current

work describes the development of a novel material

for photocatalytic activity with a higher degradation

percentage. Application-focused projects will also be

taken into consideration for our future efforts.

Strontium cobalt iron oxide ceramics provide

favorable properties like low-temperature coefficient,

high radiation efficiency, and better chemical stability

for applications like radiation systems and minia-

turized antenna designs [31]. Also, compared to other

alkaline earth metals like calcium and barium,

strontium is an adequate candidate for magnetic

storage and water purification systems [32]. As there
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are several experimental techniques to synthesize

MNPs, one of the encouraging methods is the sol–gel

combustion method, due to its low annealing tem-

perature, lesser time, and the synthesis of NPs at a

lower cost. Hence, the doping of Sr ions in cobalt

ferrite would tailor the better structural, optical,

magnetic, and photocatalytic properties [33].

2 Experimental method

2.1 Sample preparation

The nanocrystalline ferrite samples have been pre-

pared using analytical grade cobalt nitrate (99.99%

purity, Sigma-Aldrich Co., USA), strontium nitrate

(99.99% purity, Sigma-Aldrich Co., USA), iron nitrate

(99.99% purity, Sigma-Aldrich Co., USA), and citric

acid (99.99% purity, Sigma-Aldrich Co., USA). The

synthesis procedure is same as reported in our pre-

vious work by sol–gel combustion method with the

chelating agent as polyvinyl alcohol (PVA) [22]. The

stoichiometric amounts of nitrates are determined

according to the reducing and oxidizing valences of

the components from the concepts of chemistry. For

the synthesis, molarity ratios of metal precursors

powders, PVA, and citric acid are dissolved in DI

water and stirred well to make it a homogeneous

solution. After then, ammonia is added as a precipi-

tating agent, to obtain a clear transparent solution. In

a water bath, the resulting solution is heated at 80 �C.

Further, it is heat treated at 150 �C and the resultant

product is finely milled. Finally, the samples are

annealed at 200, 300, and 500 �C, and the final

products obtained are labeled as Sr-200, Sr-300, and

Sr-500 �C.

2.2 Photocatalytic activity

The photocatalytic degradation activity of the pre-

pared nanocomposites was investigated by degrad-

ing methylene blue dye (MB) in the presence of UV–

visible light. In a typical procedure, 100 mg of the

catalysts was dispersed in a 100 mL aqueous solution

of MB (10 mg L -1). After the exposure to light, the

absorbance of MB dye was observed with a UV–

Visible spectrophotometer at regular time intervals.

A UV–visible spectrometer was used to measure the

concentration of the MB solution at its characteristic

absorption peak of 664 nm.

2.3 Materials characterization

The prepared nano ferrite samples are structurally

characterized by X-ray diffraction (XRD) using Bru-

ker D8 Advance X-ray diffractometer with Cu K

alpha radiation (1.54056 Å). The morphology of the

sample was investigated by field emission scanning

electron microscopy (FE-SEM) from M/S Zeiss Mer-

lin. Raman analysis was used to observe the atomic

structure of the nano ferrites using BRUKER RFS. The

magnetic studies were carried out by a vibrating

sample magnetometer (VSM), Quantum Design,

Dynacool-9 T. Also, the degradation efficiencies of

the nano ferrites were calculated by UV–Visible

spectrophotometer using UV-SHIMADZU 3600.

3 Results and discussion

The XRD patterns of strontium-doped cobalt nano

ferrites reveal that the nanoparticles have spinel

structure, and no secondary phases were observed

with increasing annealing temperatures. It confirms

that the doped Sr2? ions are placed in the CoFe2O4

lattices. The peak matches with the equivalent

reflection planes such as (220), (311), (400), (422),

(511), (440), and (533) of ICDD (# 022-1086) indicating

a cubic single-phase structure. The doping of stron-

tium in cobalt ferrite results in a transition of space

group Pm-3 m from Fd-3 m [34, 35]. The samples are

heat treated at 200, 300, and 500 �C with an average

crystalline size (D) of 34.07, 36.32, and 35.49 nm,

respectively (Fig. 1).

The increase in average crystalline size is due to the

increase in annealing temperature and agglomeration

behavior of ferrites. Further, the crystalline tempera-

ture of the prepared material is observed as 400 �C.

Thus, it tends to break the bonds of the material with

increase in temperature (\ 400 �C) and results with

the decrease in crystalline size from 36.32 to 35.49 nm

[23, 36]. As the lattice parameters and crystalline size

depend on each other, it increases with an increase in

annealing temperature and decreases with the

breakdown of material bonds. When some Co2? ions

are replaced by Sr2? ions in CoFe2O4, the increase or

decrease of lattice parameters would depend upon

two effects namely: the large size (ionic radii) of Sr2?

tries to increase or decrease the lattice parameter and

the strain formed by its substitution in the cell,

respectively [19, 31]. The presence of Sr2? ions in
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cobalt ferrite is confirmed by the XPS measurements

reported in our previous article [22].

The molar mass and the lattice constant of the

prepared samples have been interlinked to the

parameter namely X-ray density (qx). The obtained

X-ray density values have been shown in Table 1,

which are inversely proportional to the average

crystalline size. The lattice parameters and the aver-

age crystalline size of the nanoparticle would depend

on the ionic radii and the temperature variations of

the material. The appropriate distance between the

tetrahedral (LA) and octahedral sites (LB) of magnetic

ions is termed hopping length, which plays a signif-

icant role in determining the physical properties of

the ferrites [37, 38]. All the above parameters such as

average crystalline size [39], interplanar spacing [40],

lattice constant [41], unit cell volume [42], hopping

length [43], and the X-ray density [42] are calculated

from the equations given in our previous work [21].

The variation of all the parameters (crystalline size,

lattice constants, x-ray density, hopping length) with

temperature variation is illustrated in Figs. 2 and 3.

The morphology of the prepared sample is inves-

tigated through field emission scanning electron

microscopy (FE-SEM). The typical cross-sectional

micrographs of Co0.8Sr0.2Fe2O4 nanoparticles is

shown in Fig. 4. It is evident that the doping process

has an impact in the grain morphologies and

boundaries [44]. Pure cobalt ferrite nanoparticles

have well-agglomerated irregular structures and non-

uniform diameters at a resolution of 300 nm. Besides,

Sr ions doped cobalt ferrite nanoparticles at 300 nm

resolution exhibits the formation of agglomerated

nano-plate like structures. The agglomeration of

nanoparticles resulting from the interaction of mag-

netic nanoparticles induces a variation in the average

crystalline size. This may also be a result of its surface

tension.

The phase purity of the prepared Co0.8Sr0.2Fe2O4

samples has been analyzed using Raman spec-

troscopy at room temperature as shown in Fig. 5.

Further, the insights into the atomic structure of the

nanoparticles have been determined by this powerful

technique. The peaks obtained in the spectroscopy

can be deconvoluted into individual Lorentzian

peaks [45, 46]. In accordance with the group theory

analysis, the spinel structure of the phonon modes

can be predicted as follows;

A1g þEg þT1g þ 3T2g þ 2A2u þ 2Eu þ 4T1u þ 2T2u:

Together with the 5 Raman active modes (A1g-

? Eg ? 3T2g), there are 39 normal modes, including

the 4 IR active modes (T1u) for spinel structure fer-

rites. These modes were determined by the dipole

moments of oxygen anion, and the A and B-site ions

of the spinel ferrites. The Raman modes (A1g, Eg, T2g)

were due to the symmetric stretching, symmetric

bonding, and asymmetric stretching of O2-, respec-

tively. The observed Raman modes for Co0.8Sr0.2Fe2-

O4 samples at different temperatures are revealed in

Table 2 [22]. The A1g (1) and A1g (2) modes at

680 cm-1 and 613 cm-1 wavenumber regions reflects

the tetrahedral site (Fe–O and M–O) bonds for

stretching vibrations. At lower frequencies, the

wavenumber regions like * 570, * 467, * 304,

and * 202 cm-1 have been representing the Eg and

T2g Raman modes of asymmetric stretching vibra-

tions. The Raman modes correspond to the modes of

octahedral (B-site) and tetrahedral (A-site) in their

sublattice with wavenumber regions above and

below 600 cm-1, respectively [47]. Further, minor

Fig. 1 X-ray diffraction pattern of pure Cobalt ferrite (CoF) and

doped (Co0.8Sr0.2Fe2O4) nanoparticles at 200, 300, and 500 �C
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shifts observe with respect to the temperature treat-

ment of the prepared Co0.8Sr0.2Fe2O4 samples. It is

also a reason for the cations to relocate and increase

the crystalline size with reference to the XRD

spectrum.

The site preference through crystal field stabiliza-

tion energy (CFSE) for cations is strongly influenced

by its magnetic properties between the octahedral

and tetrahedral sites in the spinel lattice [16, 19]. Also,

it depends on both intrinsic and extrinsic properties

like particle size, chemical composition, deformation,

grain sizes, lattice strain, porosity, and density. The

exchange interaction between the magnetic ions is of

three types namely AA, BB, and AB interactions

resting on the sublattices of ferrites. Here, AB super-

exchange interactions are attributed to remanent

magnetization behavior. Thus, the difference between

the two sublattices gives the net magnetic moment

(nB = MB - MA), according to the Néel model

[20, 48]. Where ‘‘MB and MA’’ represent the B and A

sublattice. By Neel’s sublattice theory, the distribu-

tion of cations is formulated as, (Fe)A[Co1-xSrxFe]BO4.

Also, the cationic distributions perform a vital role in

deciding the difference in A and B site moments. It

also determines the strength and the orientation of

the prepared nano ferrite sample with the above-

given relation. The magnetic moment experimental

values [21] were similar to the calculated theoretical

magnetic moment values, which decrease with

respect to the decrease in saturation magnetization

values (Ms) [49].

The hysteresis loop measurements for Co0.8Sr0.2-

Fe2O4 (Sr-200, Sr-300, and Sr-500 �C) samples are

shown in Fig. 6. It is evident that the saturation

magnetization values have been decreasing from

63.42 to 33.24 emu/g with the increase in heat treat-

ment temperature. It is because of two main reasons:

the non-alignment of magnetic moments due to the

increase in thermal energy and the incorporation of

non-magnetic Sr atom in the magnetic network (Fe–

O). The strontium ions have 2? valence electrons and

higher ionic radii (Sr2?-126 pm, Co2?-72 pm), which

is also a reason for the decrease in Ms values. Also,

the behavior of saturation was influenced by the

temperature effect [50]. Thus, in relation to the Ms

values, the coercivity (Hc) and remanent magnetiza-

tion (Mr) values are decreasing linearly from 1119.7 to

Table 1 Outline of crystalline size, lattice constant, cell volume, interplanar spacing, hopping length, and X-ray density of

Co0.8Sr0.2Fe2O4 sample annealed at three different temperatures (200, 300, 500 �C)

Sample name

(Co0.8Sr0.2Fe2O4)

Crystalline size

(D) (nm)

Lattice constant

(a) (Å)

Unit cell volume

(V) (Å3)

Interplanar

spacing (d) (Å)

LA

(Å)

LB

(Å)

X-ray density (qx)
(g/cm3)

Sr-200 34.072 8.331 578.27 2.285 3.607 2.945 5.522

Sr-300 36.327 8.343 580.81 2.288 3.612 2.949 5.497

Sr-500 35.499 8.322 576.44 2.282 3.603 2.941 5.540

Fig. 2 Variation in Lattice constants and X-ray density with

increase in temperature (�C)

Fig. 3 Variation in Hopping length (LA and LB) of tetrahedral and

octahedral sites and Crystalline size (D) with increase in

temperature (�C)
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1034.4 Oe and 23.02 to 10.87 emu/g, respectively. At

interfaces, the pinning of the magnetic moments is

related to a high Hc value and the decrease in coer-

civity values denotes the crossover from hard to soft

ferrite. A significant parameter namely ‘‘loop

squareness ratio (Mr/Ms)’’ determines the uniaxial

grains that are randomly oriented and are a measure

of nearest easy axis magnetization. If the value of the

ratio is equal to 0.5, it exhibits superparamagnetic

behavior. As the exhibited squareness ratio values are

below 0.5, the sample exhibit ferromagnetic nature.

Magnetic anisotropy has been analyzed to deter-

mine the magnetic properties by its crystallographic

directions using the following formula (Eq. 1). It is

noticed that the decrease in magnetic anisotropy

constant (k) is due to the addition of non-magnetic

material (Sr2-) and the decrease in exchange inter-

action of Co2? ions [19]. The variation of saturation

magnetization and magnetic anisotropy with the

increase in temperature is shown in Fig. 7 [50–52].

k ¼ Hc � Ms

0:96
ð1Þ

The magnetic moment is a behavior of AB super-

exchange interactions, which results in decreased

values, confirming that it is analogous to the satura-

tion magnetization values. Thus, the investigation of

nano ferrite sample (Co0.8Sr0.2Fe2O4) reveals the semi-

hard magnetic properties that can be used for mag-

netic storage applications and in recording systems

Fig. 4 FE-SEM micrographs of a pure cobalt ferrite b Co0.8Sr0.2Fe2O4 @ 200 �C c Co0.8Sr0.2Fe2O4 @ 300 �C

Fig. 5 Raman spectroscopy of Co0.8Sr0.2Fe2O4 NPs

Table 2 Temperature

dependent raman modes of

Co1-xSrxFe2O4 samples

Sample name (Co0.8Sr0.2Fe2O4) Raman peak (cm-1)

A1g (1) A1g (2) T2g (1) T2g (2) Eg T2g (3)

Sr-200 658 588 569 463 293 189

Sr-300 680 613 550 462 304 200

Sr-500 679 609 570 467 296 202

Fig. 6 Hysteresis loop of Co0.8Sr0.2Fe2O4 NPs
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due to its high coercivity values [33, 53]. All the

above-mentioned quantities are mentioned in

Table 3.

Magnetic materials like nano ferrites have a suit-

able reusability property, which is challenging for

photocatalytic activity. This activity for the Co0.8-

Sr0.2Fe2O4 sample has been analyzed by the degra-

dation of methylene blue (MB) dye for about 45 min.

Figure 8 gives the UV–Vis absorption graph of

methylene blue dye ? Co0.8Sr0.2Fe2O4 NPs for dif-

ferent irradiation times (from 0 to 45 min) [22, 53, 54].

The fundamental absorbance peak at 663 nm and a

small shoulder peak at 610 nm is observed. There is

no blue or red shift indicating the existence of any

photochemical reaction during the methylene blue

degradation, and the color changes from blue to

colorless. In this process, reactive species like

hydroxyl radicals or superoxide radicals are majorly

responsible for the degradation of organic com-

pounds [55, 56].

The mechanism of photocatalysis indicates that the

electron moves from the valence band (VB) to the

conduction band (CB) and exhibits a hole in the

valence band. Further, the reaction with the water

molecules produces radicals that degrade the

methylene blue dye. The effect of dye concentration,

adsorbent dose, contact time, and pH are the factors

that affect the photocatalytic degradation of the MB

dye. The most significant parameter was the dye

concentration, in which the degradation efficiency

decreases with the increase in its concentration. It

makes the molecules unreached on the catalyst’s

surface and results in a decreased degradation per-

centage [57]. Another important parameter was the

effect of pH, in which the degradation percentage

increases when the pH was below 9. It decreases with

the increase in pH above 9, which was due to the

oxygen formation anions between the O2? molecules

and the photocatalyst electrons [54]. To prevent

acidic conditions, we choose the pH level of 6–7 as an

optimum condition. This is because methylene blue is

negatively charged in an acidic medium, whereas

Sr3? nanohybrids are positively charged below pH 9.

Further in the basic medium, the photocatalytic

activity decreased due to the increase of the electro-

static repulsion between photocatalysts.

Another important factor for the photocatalytic

degradation of ferrite magnetic nanoparticles is

photo-Fenton catalytic activity [58]. The main mech-

anism to degrade the MB dye under light irradiation

is explained with a redox-cyclic steps,

Sr2þ + H2O2 ! Sr3þ þOH� þOH�;

OHþ Sr2þ ! Sr3þ þOH�;

Sr3þ þH2O2 ! Sr � OOH2þ þHþ;

Sr � OOH2þ ! HO�
2 þ Sr2þ;

Fig. 7 Variation of Ms and k as a function of temperature (�C)

Table 3 Parameters to determine the magnetic properties of Co1-xSrxFe2O4

Sample name

(Co0.8Sr0.2Fe2O4)

Saturation

magnetization

Ms (emu/g)

Coercivity

Hc (Oe)

Remanent

magnetization

Mr (emu/g)

Loop

squareness

ratio (Mr/

Ms)

Magnetic

moment (nB) (lB)
(Experimental

value)

Magnetic

moment (nB)

(lB) (theoretical
value)

Magnetic

anisotropy

(K 9 103)

(emu. Oeg
-1)

Sr-200 63.420 1119.7 23.023 0.3630 2.729 2.964 73.97

Sr-300 45.052 1097.2 16.978 0.3768 1.939 2.964 51.49

Sr-500 33.243 1034.4 10.878 0.3272 1.431 2.964 35.82
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Sr2þ þHO�
2 ! Sr2þ þO2 þHþ;

Sr3þ þHO�
2 ! Fe2þ þO2 þHþ;

OH� þH2O2 ! H2OþHO�
2:

Figure 9 shows the percentage degradation vs time

irradiation plots, in which the catalytic performance

has increased with the increase in temperature. Pre-

vious articles report that the octahedral sites were

surface exposed sites that enhance the photocatalytic

behavior while tetrahedral sites are catalytically idle.

The presence of Sr2? ions (larger ions) than the iron

cations in the octahedral sites makes the photocat-

alytic behavior active and an excellent degradation

pollutant. Hence, by increasing the annealing tem-

perature, the percentage of degradation efficiency is

increased and is calculated by the following Eq. 2

[59]. Thus, the Co0.8Sr0.2Fe2O4 (Sr-500 �C)

nanoparticles with methylene blue dye resulted in

the catalytic performance of about 72.32% under

irradiation time for 45 min, which can be used for

wastewater treatment, clean energy, and as a

photocatalyst.

D %ð Þ ¼ C0 � C

C0
� 100: ð2Þ

The annealing temperature strongly influences the

photocatalytic degradation of dye using nanomaterial

catalysts. Nanomaterials exhibit different charges

depending on the temperature, affecting their pho-

tocatalytic activity. The optimized temperature range

for effective degradation is typically 300–500 �C. The

material at its lower temperature (300 �C) attracts dye

molecules to the positively charged catalyst surface,

reducing the recombination of charge carriers and

degradation efficiency. Conversely, the material at

Fig. 8 Photocatalytic degradation of Co0.8Sr0.2Fe2O4 nanoparticles

Fig. 9 a Degradation efficiency and b C/C0 plot for Co0.8Sr0.2Fe2O4 nanoparticles
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the higher temperature of 500 �C repels negatively

charged dye molecules, decreasing their adsorption

and increasing photocatalytic activity. Further,

charge carrier mobility, auto-generation of oxidizing

species (hydroxyl radicals), and increased number of

active sites increases the rate reaction at elevated

temperatures. Hence, it can result with hydrolysis

and the formation of degradation-resistant products.

Thus, optimizing the temperature is crucial for effi-

cient photocatalytic degradation using nanomaterial

catalysts [60, 61]. Hence, there are no other reports for

the photocatalytic properties of strontium-doped

cobalt ferrite nanoparticles. Consequently, it is the

best degradation efficiency reported so far for this

prepared nano ferrite material.

4 Conclusion

Sr-doped CoFe2O4 NPs are prepared through the sol–

gel combustion technique under different annealing

temperatures like 200, 300, and 500 �C. XRD confirms

the average crystalline sizes of about 34, 36, and

35 nm according to the relative temperature treat-

ments. The variation in the crystalline size is due to

the increase in annealing temperature and elevated

temperature across its crystalline temperature. The

stretching and vibrations in the Raman spectroscopy

exhibit the pure form of the synthesized Co1-xSrx-

Fe2O4 NPs. Magnetic illustrations reveal that the

increase in the temperature treatments increases the

saturation magnetization, coercivity, retentivity,

magnetic anisotropy, etc. The maximum saturation

magnetization is obtained as 63.420 emu/g, which

can act as a strong applicator in magnetic storage

devices. Further, the photocatalytic analysis with

methylene blue dye exhibits the highest degradation

percentage which is not reported to date for the

synthesized Co0.8Sr0.2Fe2O4 NPs. The value of the

highest degradation efficiency for the irradiation time

of 45 min is calculated to be 72.32%. This maximum

efficiency of the strontium-doped cobalt ferrite would

be an efficient photocatalyst and also an effective

material in wastewater management devices.
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