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Abstract
Functional nanoferrites are attracting interest in photocatalytic applications due to their intriguing and excellent optical and 
magnetic properties. In that order, as suitable adsorbents for wastewater treatment, graphene-based nanoferrites can be tuned. 
In this article,  ZnFe2O4/GO nanocomposites have been prepared to study the structural, optical, magnetic, and photocatalytic 
properties through investigational (experimental) results and theoretical insights. Further, the synthesized nanocomposites 
fall under the mesoporous range with an average crystalline size of around 15–18 nm with good colloidal stability. Spheri-
cally agglomerated morphology has been observed by FE-SEM analysis. Magnetic characterizations were done by vibrating 
sample magnetometer (VSM) with superparamagnetic behavior at room temperature (RT). Optical insights reveal that the 
samples exhibit good photocatalytic properties with a degradation rate of 85.8% with methylene blue (MB) organic pollut-
ant. Hence, this article aims to study the properties of prepared  ZnFe2O4/GO nanocomposites through a detailed theoretical 
discussion of density functional theory (DFT).
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Introduction

The global problem of waste-water contamination and its 
treatment has been made worse by the world's population’s 
rapid rise as well as the tremendous development of industry 
and technology. As of now, the many different types of dyes 
that pollute surface and groundwater constitute harm to both 
humans and aquatic life. The carcinogenic and mutagenic 

properties of dyes make them one of the most hazardous 
organic pollutants (Bhuvaneswari et al. 2021). Textile dyes 
are a hazardous contaminant for aquatic ecosystems because, 
in several cases, the molecules of dye are impervious to the 
method of handling employed in treating wastewater as a 
result of their minimal degradation and complicated struc-
ture. Worldwide, many methods of scavenging them have 
been developed and employed. Magnetic separation tech-
niques have been employed in various fields, including water 
treatment, as a fast and effective approach (Fei et al. 2016).

In addition to their high pH, chemical and biochemical 
oxygen demand, and salts, the effluents produced by the dye-
ing and textile sectors include blends of metals, dyes, and 
other contaminants. Without rehabilitation, the accidental 
discharge of these materials into aquatic spaces will result 
in several environmental issues. For example, dyes alter the 
optical appeal of water bodies and block light from penetrat-
ing the water’s surface, which slows down photosynthesis 
and lowers the supply of oxygen required by aquatic life. 
It is concerning that persistent pollutants exist in aquatic 
environments because they easily penetrate or pierce aquatic 
species and spread to other organisms via the cycles of the 
food chain (Ahmed et al. 2022).
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Organic contamination due to decomposition via photo-
catalytic processes is one of the significant and prospective 
environmentally friendly chemical methods. Additionally, 
the use and requirement of photo-catalysts today might be 
beneficial in tracking environmental pollutants. Research-
ers found a major issue with the beneficial application of 
photocatalyst therapy in wastewater treatment (Sudha and 
Sivakumar 2015). It is expensive, laborious, and difficult to 
separate the photocatalyst substance from the effluent. The 
most significant benefit of implementing nanoparticles with 
magnetic properties in photocatalysis has the ability to be 
separated after the reaction concludes by means of an exter-
nal magnetic field. Due to its outstanding magnetic proper-
ties, ease of magnetic separation of solids after adsorption, 
high adsorption capacity and surface area, iron oxide nano-
particles have captured the interest among researchers (Sutka 
et al. 2015). They are also specifically successful in remov-
ing a broad spectrum of pollutants that are both organic and 
inorganic.

ZnFe2O4 has received a lot of investigation in the photo-
chemical synthesis of hydrogen from water and its transfor-
mation of solar energy. Additionally, the magnetic  ZnFe2O4 
particles had intrinsic peroxidase-like activity that might 
interact with hydrogen peroxide  (H2O2) to create ·OH ions. 
Zinc ferrite nano catalysts can be reactivated up several 
times substantially without losing their catalytic activity 
due to their magnetic characteristics (Ajormal et al. 2020). 
Electron–hole pair reintegration is typically delayed or pre-
vented by photon-excited particles in tiny clusters because 
photon-generated  e− and  h+ pairs typically take 9 to 10 s to 
recombine.

Additionally, several carbon-based compounds have 
been employed as adsorption agents in purifying wastewa-
ter (Qadir et al. 2021). In fact, activated carbon materials, 
which have been extensively used in the pigmented wastewa-
ter treatment sector, that have a significant adsorption capa-
bility due to their extensive pores and huge surface area. A 
novel, burgeoning carbon-based substance called graphene 
oxide (GO) is widely recognised as a promising adsorbent in 
the elimination of pigment molecules from water, as GO has 
exceptional adsorption characteristics (Pham et al. 2022).

Mahmood et al. prepared spinel ferrite nanostructures at 
the surface of reduced graphene oxide sheets through a facile 
chemical route. The main incorporation of graphene was to 
enhance the conductivity of the ferrite particles with the 
utilization of methylene blue dye (Mahmood et al. 2018). 
Similarly, the use of reduced graphene oxide with pure zinc 
ferrite nanoparticles for the degradation of methylene blue 
dye exhibits the significant role of hydroxyl radicals in the 
scavenger test with the degradation of around 92% after 
three cycles (Baynosa et al. 2020). Further, Farhang et al., 
synthesized zinc ferrite nanoparticles with graphitic carbon 
nitride (g–C3N4) and showed an efficiency of about 98% for 

methylene blue dye degradation facilitating the transfer of 
electrons by incorporating graphene particles (Farhang et al. 
2024). Bibi et al. synthesized zinc ferrites by incorporat-
ing transition metals like Ni and Mn co-doped zinc ferrites 
through the co-precipitation method with 10% addition of 
rGO. The study exhibits a degradation rate of about 94.6% 
for malachite green (MG) dye (Bibi et al. 2024). Still, several 
studies undergo photocatalytic reactions with the incorpora-
tion of graphene oxide/reduced graphene oxide with differ-
ent preparation techniques (Sonu et al. 2023; Patial et al. 
2022; Nandhini et al. 2023; Parasuraman et al. 2023). Thus, 
different preparation techniques have an impact on the over-
all structure, size, and morphology, all may influence the 
photocatalytic function.

The synthesis of magnetic ferrite and ferrite-GO nano-
composite adsorption agents with high saturated magneti-
zation allows for an outstanding magnetic separation of 
the adsorption material, which is a crucial technology for 
its broad usage in the waste water management space (Liu 
et al. 2012). Therefore, this work significantly elucidates the 
experimental and theoretical (DFT) correlation between the 
structural, magnetic, and photocatalytic properties of pure 
 ZnFe2O4 and  ZnFe2O4: GO nanocomposites through MB 
organic pollutant.

Materials and method

Experimental details

ZnFe2O4 with graphene oxide nanocomposites with weight 
ratios were synthesized by chemical co-precipitation (Latif 
et al. 2023) and solid-state reaction technique. Initially, 
 ZnFe2O4 nanoparticles with accurate stoichiometric amounts 
were dissolved in milli Q-water along with the addition of 
NaOH (1 M) as a precipitating agent. The solution was 
heated upto 80 °C and cooled to room temperature. Further, 
the solution went under centrifugation, drying, and anneal-
ing. The annealed sample was milled for 30 min to form 
zinc ferrite nanoparticles. On the other side, graphene oxide 
was prepared by the modified hummers method (Chen et al. 
2013). Finally, with appropriate weight ratios, zinc ferrite, 
and graphene oxide powders were milled for 2 h to get the 
 ZnFe2O4/GO nanocomposites and labeled as ZnF (pure 
 ZnFe2O4) nanoparticles and ZnF-GO  (ZnFe2O4/GO) nano-
composites, respectively. A detailed experimental process 
is illustrated in Fig. 1.

Computational details

Pure and GO-doped ZFO structures were geometrically opti-
mized with 500 eV plane wave cut-off and 2 × 3x 3 k-mesh 
and Gaussian smearing with a constant smearing width of 
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0.05 in DFT- VASP simulation software. A constant energy 
difference of 1 ×  10–6 eV was preserved between successive 
self-consistent iterations. The relativistic effects namely 
the spin polarization were incorporated via a semiempiri-
cal DFT + U approach according to Dudarev et al. (Dudarev 
and Botton 1998) with  Ueff = 5 eV for all material constitu-
ents. The electronic parameters (Band structure and density 
of states) were evaluated under Tetrahedral smearing. The 
magnetic response of the dual compositions was recorded 
under the influence of spin polarization effects.

Characterization

The structural properties of the samples were determined 
using the X-ray diffractometer (Bruker D8 Advance with 
Cu-kα radiation). Functional group elements were identi-
fied by FTIR (Shimadzu IRAffinity-1). Morphology was 
confirmed by FE-SEM (Carl Zeiss Sigma 300). Sample’s 
colloidal stability is observed by zeta potential analysis 
using Litesizer 500, Anton Paar GmbH, Austria. Magnetic 
measurements were performed at both room (RT) and low 
temperatures (LT) using vibrating sample magnetometer by 
Quantum Design, Dynacool-9 T. Further, optical and photo-
catalytic properties were studied by UV spectrophotometer 
(Jasco-UV–Visible spectrophotometer (V-670 PC)).

Results and discussion

X‑ray diffraction

Figure 2b, c shows the X-ray diffraction patterns of graphene 
oxide (GO), zinc ferrite  (ZnFe2O4), and  ZnFe2O4: GO nano-
composites. Pure and graphene oxide (GO) doped  ZnFe2O4 
(ZFO) are some of the typically biocompatible spinel ferrites 
with a cubic fcc core and  AFe2O4 periodic formula unit. The 
conventional example of an antiferromagnetic normal spinel 
ferrite is bulk  ZnFe2O4, but the nanostructures change the 

cationic ordering to form ferrimagnetic mixed spinel struc-
tures with (0 < × < 1) as the general formula for partial tetra-
hedral and octahedral occupancy (Ait Kerroum et al. 2019). 
The Zn–O4 tetrahedrons are interlinked with the octahedral 
interstices via 3-D percolation channels within the 8 for-
mula units of ZFO respectively. However, a synergetic 72 
vacant interstices due to 16 vacant octahedral and 56 vacant 
tetrahedral sites within  Zn8Fe16O32 allows the transfer of 
cations within the unit cell and hence the resultant cationic 
rearrangements (Szotek et al. 2006).

All the diffraction peaks of the hybrid nanocompos-
ite can be assigned to the cubic spinel phase of  ZnFe2O4 
(JCPDS: 89-7412) (Guo et al. 2014). The characteristic 
peaks observed are attributed to the crystal planes of (111), 
(220), (311), (400), (422), (511), and (440) from the cubic 
system of zinc ferrite. Furthermore, the strong intensity dif-
fraction peaks suggest that both the  ZnFe2O4 and  ZnFe2O4: 
GO nanocomposites are well crystallized. The essential 
parameters like crystalline size, lattice constant, interplanar 
spacing, unit cell volume, and hopping length are calculated 
by the equations given in our previous work (Shobana et al. 
2022). The atomic ordering, chemical composition of pure, 
and doped composition sets the foundation for biochemical 
attributes. Figure 2a illustrates the DFT simulated X-ray dif-
fractogram of host and GO doped spinel ferrite.

The simulated XRD profile of host and GO-doped com-
positions with intense peaks over 2θ = 10–90° display 
polycrystalline mixed spinel structure with Fd3m cubic 
symmetry devoid of impurity phase. The prominent peak 
corresponding to (311) affirms the characteristic spinel struc-
tures of dual compositions that agrees with our experimental 
assessment as shown in Fig. 2b, c respectively. The magnetic 
nature (ferromagnetic/ferrimagnetic/superparamagnetic/
antiferromagnetic) of the resultant ZFO-based spinel nano 
ferrites rely upon the A and B cationic ordering alongside 
the strength of A–A and B–B ionic bonds with  A2+–O–B3+ 
super-exchange interactions (Dippong et al. 2021). However, 
the degree of the magnetic response of spinel nano ferrites 

Fig. 1  Experimental illustration 
of pure  ZnFe2O4 and ZnF: GO 
nanocomposites
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is mediated by the oxygen anions and relies upon the A–B 
interactions over their symmetric counterparts (Fesenko 
et al. 2017). As a result, the magnetic dipolar separation 
within ZFO and GO-doped ZFO mixed spinel nano ferrites 
occur due to  Zn2+–Fe3+ and  Fe2+–O–Fe3+ interactions with 
the host binary oxide.

According to the experimental analysis, the incorporation 
of graphene oxide with  ZnFe2O4 nanoparticles results in an 
increased average crystalline size from 15.64 to 18.13 nm. 
The lattice parameters can be calculated using the values 
of d-spacing, which were calculated by the Bragg law and 
compared to the values reported in the JCPDS card. As the 
lattice parameters and crystalline size depend on each other, 
it increases with an increase in crystalline size and decreases 
with the breakdown of material bonds (Garza-Tovar et al. 
2006). Also, the strain formed by the substitution in the 
cell makes the crystalline size to increase. Thus, the lattice 
parameters and the average crystalline size of the nanopar-
ticle would depend on the ionic radii and the temperature 
variations of the material. With the increase in lattice param-
eters, unit cell volume also increases.

In the XRD patterns of the ZnF–GO, (001) usually does 
not appear due to the diffraction peaks of nanocrystals of 
Zn being much stronger than the (001) of GO and also may 
be attributed to the removal of oxygen-containing groups of 

GO. It is the reason for the increase in interplanar spacing of 
the  ZnFe2O4: GO nanocomposites. Further, the appropriate 
distance between the tetrahedral  (LA) and octahedral sites 
 (LB) of magnetic ions is termed hopping length, which plays 
a significant role in determining the physical properties of 
the ferrites. The slight increase in hopping length is due 
to the distance between the magnetic ions increasing with 
the incorporation of the GO. Consequently, the results show 
that the increase in lattice constant is primarily due to the 
observance of a slight blue shift. Further, the bond length 
and shared and unshared edges of tetrahedral and octahedral 
sites are revealed in Tables 1 and 2 and are calculated form 
the Eq. (1–5) (Patil et al. 2021) below,
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Fig. 2  a DFT simulated XRD profile of  ZnFe2O4 and GO-doped 
 ZnFe2O4 (inset: magnified section of (311) indicating peak shits), 
b graphical illustration of graphene oxide (GO), c XRD pattern of 

 ZnFe2O4 (ZnF) and  ZnFe2O4: GO (ZnF–GO) nanocomposites, d 
FTIR for  ZnFe2O4 nanoparticles, and e FTIR for  ZnFe2O4/GO nano-
composites
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From the theoretical investigation, the XRD profile of 
GO-doped ZFO displays the absence of its characteristic 
peaks corresponding to 001 and 100 while, on the contrary, 
illustrating close congruence with the host composition, 
respectively. The consequent response is the outcome of the 
strong crystalline characteristic of the host composition with 
intense peaks. While structural invariance was preserved 
post GO substitution to the host composition, a marginal 
peak shift towards a lower angle observed indicating lat-
tice expansion as shown in Fig. 2a. A subsequent rise in 
the simulated lattice parameter with GO substitutions is the 
outcome of cationic migrations between different interstices 
that also agrees with our experimental estimations. Table 3 
represents the simulated geometrical parameters of the host 
and GO-doped compositions. Further, the lattice strain due 
to GO substitutions induces energy difference between 
two various interstices. Such energy landscape is respon-
sible for several physiochemical behaviour of the resultant 
composition.

FTIR

The absorbance between pure  ZnFe2O4 and graphene oxide/
ZnFe2O4 nanocomposites is depicted in Fig. 2d, e. Table 4 
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Å

displays the group of functional elements produced by each 
absorption. The Fe–O stretching vibrations at the tetrahe-
dral site are represented by an absorbent signal with wave 
number of 530  cm−1 in the FTIR spectrum (Sari and Hakim 
2019). On the other hand, the Fe–O vibration is not seen 
in the  ZnFe2O4/GO sample. Instead, a Zn–O–Fe stretching 
vibration that corresponds to the production of nanoferri-
tes is observed around 1370  cm−1. Additionally, the O–H 
stretching vibrations in the synthesised nanocomposites are 
indicated by a wavenumber around 3400  cm−1 (Ali et al. 
2022).

FE‑SEM

Figures 3c, f depicts EDS spectra and micrographs with 
resolutions ranging from 100 nm to 1 μm. Pure zinc fer-
rite nanoparticles show spherical shape in clusters in 
their micrographs. As a result, zinc ferrite doped gra-
phene oxide has an uneven form and aggregation. Pure 
ZnF particles surface morphology appears to be uniform 
in arrangement. All FE-SEM images demonstrate that 
they were extremely tiny with a high propensity to aggre-
gate. The majority of chemically produced nanopowders 
exhibit high levels of agglomeration, which is probably 
a consequence of tiny fundamental particles that have a 

Table 1  XRD parameters 
of graphitic zinc ferrite 
nanocomposite

Sample name Crystalline size 
(D) (nm)

Lattice con-
stant (a) (Å)

Interplanar 
spacing (d) (Å)

Unit cell vol-
ume (V) (Å3)

LA (Å) LB (Å)

ZnF 15.64 8.411 2.071 595.07 3.642 2.973
ZnF–GO 18.13 8.416 2.594 596.12 3.644 2.975

Table 2  Determination of some parameters like tetrahedral bond 
length  (dAX), octahedral bond length  (dBX), tetrahedral edge  (dAXE), 
shared octahedral edge  (dBXE), and unshared octahedral edge  (dBXEU)

Sample name dAX (Å) dBX (Å) dAXE (Å) dBXE (Å) dBXEU (Å)

ZnF 1.908 2.048 3.115 2.830 2.967
ZnF–GO 1.909 2.050 3.117 2.832 2.969

Table 3  DFT simulated 
lattice parameter of pure and 
GO-doped ZFO compositions

Composition DFT simulated lattice 
parameter

Prior 
experimental 
evidence

% Error of DFT simulated parameters 
with respect to prior experimental 
report

Refs

a (Å) b (Å) c (Å)

ZFO 8.410 8.410 8.410 8.411 0.011 Pham 
et al. 
(2022)

GO–ZFO 8.414 8.414 8.414 – –

Table 4  Vibrational modes present in the prepared nanocomposite 
material

Functional group Wave number  (cm−1) Vibrational mode

ZnFe2O4 ZnFe2O4/GO

Zn–O (tetrahedral) 534.5 – Stretching
Zn–O–Fe – 1374 Stretching
H–O–H 1633 1655 Bending
O–H 3431 3379 H-bonded stretching
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propensity to clump together (Andjelković et al. 2018; 
Fei et al. 2023). As a result, it proves that  ZnFe2O4 nano-
particles are evenly dispersed across the graphene oxide 
surface.

Furthermore, the list of substances existing in the 
produced nanocomposites is revealed by EDS spec-
tra (Fig. 3c, f) (Džunuzović et al. 2015). The presence 
of Au is highlighted because the nanocomposites have 
been encased in gold (Au) to promote better morphol-
ogy. Existence of precursor materials such as Cl is due 
to improper removal during centrifugation process. Si is 
noted as an impurity as well. However, the inclusion of 
graphene oxide to the zinc ferrite material results in the 
observation of carbon in the ZnF/GO material. Addition-
ally, Si contamination is not observed in ZnF/GO com-
posites. The spectra also display the atomic and weight 
ratios of the related compounds.

UV–Vis‑NIR

Figure 4 shows the band gap values for the synthesised 
nanocomposites  (ZnFe2O4 and  ZnFe2O4/GO). The mate-
rial’s optical features can be studied using the UV spectra, 
which were recorded at room temperature. Utilising the 
same formula as in our previous study, the optical band 
gap energy was calculated (Shobana et al. 2022). The band 
gap values are derived from the reflectance spectrum by 
extrapolating the curves between the plane of the x-axis 
and (αhν)2 at the plane of the y-axis. With an increase in 
crystalline size values observed by XRD, the band gap val-
ues are decreased by adding graphene oxide to zinc ferrite. 
The best approach for a photocatalytic investigation would 
be a decreasing band gap energy with increased crystalline 
size. To confirm the above statement, theoretical inves-
tigation was also interpreted. Figure 5 demonstrates the 

Fig. 3  FE-SEM images of a, b ZnF@100  nm and 1  μm, c EDS 
spectra and micrographs of ZnF NPs, d, e FE-SEM images of ZnF/
GO@200 nm and 1 μm, f EDS spectra and micrographs of ZnF/GO 

nanocomposites, g FESEM image of graphene oxide@500 nm and h 
EDS spectra and micrograph of ZnF/GO nanocomposites
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band structure and density of states (DOS) of host and 
GO-doped ZFO compositions.

The DFT simulated electronic bandgap of ZFO spinel 
nano ferrites (1.893 eV) from Fig. 5b agrees with the experi-
mental evidence (1.90 eV) of (Vinosha et al. 2017) followed 
by a decrease in the bandgap of GO-doped compositions due 
to a relative shift of GO and O-2p orbitals from the deep val-
ance band towards the Fermi level  (EF). The band structure 
of principal ZFO comprises of O-2p with Fe -3d orbitals in 
the valance and conduction band respectively. While Fe-3d 
displays sufficient contributions in the conduction band top 
and deep valance band with the O-2p orbitals, Zn-3d on the 
contrary imparts fractional contributions to the conduction 
band. Hence, the observed and calculated band gap energy 
values for the prepared  ZnFe2O4 and  ZnFe2O4/GO nanocom-
posites are almost identical.

Fig. 4  Bandgap values of pure zinc ferrite and GO-doped zinc ferrite 
nanocomposites

Fig. 5  Electrophysical estima-
tions of pure and GO-doped 
ZFO, a bandstructure of ZFO, 
b bandstructure of GO-doped 
ZFO, c total DOS of ZFO, d 
total DOS of GO-doped ZFO, 
e partial DOS of ZFO, f partial 
DOS of GO-doped ZFO
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Zeta potential analysis

The dispersion of  ZnFe2O4 NPs raises the zeta potential 
values (Fig. 6) are associated with decreased flocculation 
tendency. Due to the electrostatic attraction or repulsion 
between individual particles, a large negative value of zeta 
potential implies good stability of the nanosuspensions 
(Gaur et al. 2022). In water systems, the boundary value 
controlling the dispersion stability is believed to be approxi-
mately ± 30 mV (Kmita et al. 2019). The discovered Zeta 
potential value of − 26.6 mV in the instance under examina-
tion ensures that the dispersion of zinc ferrite-incorporated 
graphene oxide nanocomposites would remain stable due 
to electrostatic repulsion. After several months of storage, 
a very small quantity of sedimentation was found in bottles 
of nanocomposites, proving that the dispersion of  ZnFe2O4/
GO nanocomposites in water is stable. Consequently, the 
increase in Zeta potential values also increases the electro-
phoretic mobility of the particles in water from − 0.000173 
to − 0.000205  cm2/Vs for  ZnFe2O4 and  ZnFe2O4/GO NCs, 
respectively (Table 5).

Magnetic analysis

Among diverse material properties, the magnetic response of 
spinel nanoferrites is extensively investigated for wastewa-
ter treatment applications. Spinel nanoferrites can be easily 
magnetized via structural variations and metallic substitu-
tions where the magnetic property heavily relies upon the 
cationic ordering within the host lattice and the resultant 
crystal symmetry. The ease of magnetization of spinel struc-
tures emerges due to low magnetic anisotropy energy (Jalili 
et al. 2022). The genesis of magnetic behavior in spinel 
nanoferrites is strongly associated with the electronic struc-
ture and the hybridization of different material constituents.

The linear magnetization and low coercivity demonstrates 
the superparamagnetic nature of the zinc ferrite nanoparti-
cles. Additionally, the samples are not saturated at 80 kOe, 
which suggests the presence of single domain and super-
paramagnetic particles. Figure 7 demonstrates that the M-H 
loops of the  ZnFe2O4/GO nanocomposites were not able to 
be saturated by the maximum field of 100 kOe (Rachna and 
Singh 2018; Hangai et al. 2017). It is a sign that the material 
has significant anisotropy. The M-H loops observed in the 
current study demonstrate a transition from a normal to a 
mixed spinel type with paramagnetic ordering in the cation 
distribution.

At a maximum field of 100 kOe at 300 K, the nanoscale 
ZnF nanoparticles display non-hysteresis magnetization. 
Superparamagnetic ZFO nanoparticles typically behave in 
a non-saturated stretched S-type magnetization with zero 
coercivity. Zero-field and field cooled (ZFC–FC) protocols 
are depicted in Fig. 8. With a temperature reduction from 
400 K at 100 Oe, ZnF and ZnF/GO nanoparticle magneti-
zation rises (Grasset et al. 2002; Gharagozlou and Bayati 
2015). At a significantly higher temperature, both ZFC and 
FC magnetizations share a single curve that separates into 
separate curves at 165 and 248 K  (Ts), respectively. It proves 
superparamagnetism, which shows the particles behave as 
separate, non-interacting magnetic nanoparticles with uni-
axial anisotropy. The particles are blocked at 35 and 7 K for 

Fig. 6  Zeta potential analysis of a  ZnFe2O4 NPs b ZnF: GO nanocomposites

Table 5  Zeta potential and electrophoretic mobility values for ZnF 
and ZnF/GO particles

Sample name Zeta potential (mean) 
(mV)

Electrophoretic 
mobility (mean) 
 (cm2/Vs)

ZnF − 22.2 − 0.000173
ZnF:GO − 26.4 − 0.000205
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ZnF and ZnF/GO nanoparticles from the maximum magneti-
zation of ZFC and FC curves, and it is said to be the block-
ing temperatures, respectively. The narrow distribution of 
particles in zinc ferrites is caused by the difference between 
 TB and  Ts. The hysteresis curves of zinc ferrite/GO nano-
composites are observed to be devoid of magnetic saturation.

The presence of transition metal constituents enhances 
the role of relativistic effects (spin–orbit coupling) upon 
diverse material properties. The magnetic anisotropy within 
mixed spinel nano ferrites like ZFO is hence the conse-
quence of spin polarization effects and partial quenching of 
angular momentum. This causes an increase in the degree 
of anisotropy and the subsequent accommodation of elec-
trons in the Fe-3d orbitals (Silva et al. 2019). However, a 

contrasting impact with GO-doped composition is the after-
math of disproportionate carbon and oxygen distributions 
alongside the removal of a few oxygen atoms within the 
coupled composition. As a result, increasing occupancy of 
non-magnetic material constituents within GO-doped com-
positions weakens the resultant magnetic response of the 
material. In compliance with the electrophysical essence, the 
magnetic behavior of spinel nano ferrites with key insights 
can be elaborately understood with the associated magnetic 
parameters. ZFO-based mixed spinel nano ferrites are thus a 
class of materials the former desirable prerequisites. Table 6 
below indicates the magnetic moment and the resultant satu-
ration magnetization of pure and GO-doped ZFO composi-
tions as a function of the degree of inversion (x).

Fig. 7  Hysteresis curve @ 300 K for a  ZnFe2O4 and b  ZnFe2O4/GO nanocomposites

Fig. 8  ZFC and FC curves from 0 to 400 K for a  ZnFe2O4 and b  ZnFe2O4/GO nanocomposites
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A superparamagnetic response is recorded for the pure 
ZFO composition due to the mixed spinel structure while 
a decreasing attribute is obtained with GO-doped composi-
tion due to the non-magnetic nature of graphene oxide. DFT 
simulated saturation magnetization  (Ms = 83.949 emu/g) of 
mixed spinel ZFO from Table 6 goes in agreement with 
our experimental outcomes and the works of (Noreen et al. 
2022) respectively. However, the strength of the net mag-
netization of such mixed spinel nano ferrites is purely non-
linear which relies heavily upon the inversion parameter ‘x’ 
in the skeletal formula unit. The inversion parameter is thus 
responsible for the cationic migrations and the net magnetic 
moment of the overall composition.

The non-linear behavior of  Ms with respect to the inver-
sion parameter is the consequence of structural entropy 
which increases up to a threshold and decreases thereaf-
ter due to magnetic phase transitions. The saturation mag-
netization gradually increases with a consequent rise in ‘x’ 
(x ≤ 0.25) due to preserved structural integrity. Besides, 
prominent contributions to the magnetic behavior of the 
overall composition originate from the A-site  Zn2+ cations in 
 (Zn1−xFex)[ZnxFe2−x], respectively. However, a subsequent 
hike in the degree of inversion (x > 0.25) causes a succes-
sive replacement of  Zn2+ cations with  Fe3+ cations at the 
tetrahedral site. A significantly large inversion parameter 
(x ~ 1) spoils the structural integrity with a complete  Fe3+ 
tetrahedral occupancy and causes a division of the B-site 
into multiple sub-lattices with a consequent rotation of the 
magnetic dipole. As a result, the tetrahedral-occupied  Fe3+ 
cations no longer favor the ferrimagnetic arrangements of 

magnetic moments relative to  Fe2+ cations in the octahedral 
interstice. In compliance with the statistical results shown 
in Table 6, a congruent trend is obtained with GO-doped 
compositions.

The origin of transit in the magnetic response of dual 
composition is observed beyond x > 0.5. The consequent 
attribute is due to the overpopulation of non-magnetic Zn 
and GO in the octahedral sites of the resultant compositions 
leads to the proportional distributions of magnetic cations in 
the tetrahedral and octahedral interstices which nullifies the 
net magnetic moment (Bohra et al. 2021). Besides, a steep 
decline in the saturation magnetization  (Ms = 66.738 emu/g 
corresponding to x = 0.25) of GO-doped hybrid (~ 20.5% 
with respect to ZFO) is due to a predominant paramagnetic 
response with rising GO concentrations in the overall com-
position. Meanwhile, Go-doped ZFO also demonstrates a 
high resistance to magnetic field line penetrations due to the 
heterostructure magneto dielectric interface that may induce 
partial diamagnetic behavior (Ali et al. 2022). As a result, 
pure ZFO mixed spinel nano ferrites with a low degree of 
inversion are a potential candidate for water reclamation 
applications.

Photocatalytic analysis

Figure 9 displays UV–Vis-NIR absorption spectra of zinc 
ferrite nanocomposites, which illustrates their photocata-
lytic potential. When exposed to visible light, the samples 
of zinc ferrite/GO nanocomposites with organic pollutants 
(MB dyes) absorb the light, which causes the electrons in 
the valence band to move into the conduction band, where 
they form an electron–hole pair on the surface of the cata-
lyst (Thandapani et al. 2018; Cheng et al. 2004). Conduc-
tion band electrons  (eCB

−) and oxygen molecules interact 
to produce superoxide radicals. Additionally,  OH− is con-
verted to .OH (hydroxyl radical) via the existing holes in the 
valence band (Dutta et al. 2024; Patial et al. 2023). In gen-
eral, the photocatalytic function of nanocomposites consist-
ing of organic components is represented by following equa-
tions. ZnF and ZnF/GO nanocomposites have been found to 
have the degradation efficiencies of 60 and 85.8%, respec-
tively. The existence of graphene oxide in zinc ferrite nano-
particles increases the efficiency of degradation of organic 
pollutants like methylene blue dye. The primary benefits of 
implementing MB are its affordable price and accessibility 
(Ghazkoob et al. 2022; Gul et al. 2020). The degradation 
test was carried over an irradiation time of 60 min. Further, 
Photo-Fenton reaction can be initiated by  Fe3+ on the surface 
of  ZnFe2O4 to form OH· radicals in the following ways,

ZnFe2O4/GO + hν =  ZnFe2O4/GO  (eCB
− +  hVB

+)
ZnFe2O4/GO +  O2 =  ZnFe2O4/GO + ·O2

−

ZnFe2O4/GO +  OH− =  ZnFe2O4/GO + ·OH

Table 6  DFT simulated magnetic property of pure and GO-doped 
ZFO compositions

Composition DFT simulated magnetic parameters

Degree of 
inversion (x)

Magnetic 
moment (µB) 
(emu/g)

Saturation magneti-
zation  (MS) (emu/g)

ZFO 0 3.604 83.486
0.15 3.618 83.810
0.25 3.624 83.949
0.35 3.546 82.142
0.45 3.511 81.332
0.55 3.405 78.876
0.65 3.335 77.255

GO-ZFO 0 2.765 64.051
0.15 2.823 65.394
0.25 2.881 66.738
0.35 2.752 63.749
0.45 2.701 62.568
0.55 2.625 60.807
0.65 2.534 58.699
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H y d r o ge n  p e r ox i d e   ( H 2O 2)  +  h ν  ( v i s i b l e 
light) = ·OH +  OH−

Hydrogen peroxide +  eCB
− = ·OH +  OH−

Fe3+ + hydrogen peroxide =  Fe2+ + ·HO2 + H + 
Fe2+ + hydrogen peroxide =  Fe3+ + ·OH +  OH−

H2O +  hVB
+ = ·OH + H + 

Hydrogen peroxide +  hVB
+ = ·O2

− +  2H+

ZnFe2O4/GO + ·OH + ·O2
− + organic dye (methylene 

blue) =  ZnFe2O4/GO +  H2O +  CO2
In addition, a pseudo first-order kinetic model was fit-

ted to examine the linear performance of the deterioration 

performance; the resulting data are displayed in Fig. 10b. 
The pseudo first-order kinetic model fits all the samples 
well. The photocatalyst was extracted from each cycle, 
washed, and left to dry overnight at 60 °C. Figure 11b 
illustrates the outstanding photostability and durability of 
the obtained nanocomposite, which were determined by 
XRD analysis based on the recycling process (Yang et al. 
2017). Also, it ensures that there are no extra peaks in the 
pattern by displaying both new and used ZnF–GO photo-
catalyst for the first and fifth cycles of degradation. It is 

Fig. 9  UV (degradation) spectra of  ZnFe2O4: GO nanocomposites

Fig. 10  a Photocatalytic degradation of methylene blue dye and b pseudo first-order kinetic model of ZnF–GO nanocomposite



804 Applied Nanoscience (2024) 14:793–806

thus shown by XRD analysis that the produced ZnF–GO 
photocatalyst was extremely stable.

The reactive species that are active in the photocatalytic 
system can be identified by a scavenger test. Several radi-
cal species, including isopropyl alcohol, benzoquinone, and 
ammonium oxalate, were employed to investigate how differ-
ent active species, like superoxide, holes, and hydroxyl radi-
cals, influence photocatalytic degradation. Just a negligibly 
tiny percentage of the degradation process was lowered by 
adding ammonium oxalate and benzoquinone to the dye solu-
tion, as shown in Fig. 11a. It demonstrates unequivocally that 
superoxide radicals and holes have very little effect on the 
deterioration process (Palanisamy et al. 2024). Furthermore, 
after adding isopropyl alcohol scavenger to the catalytic reac-
tor, the hydroxyl radical degradation efficiency dropped from 
85.8% to 15.99%. Thus, it is evident that hydroxyl radicals 
are important to the photocatalytic breakdown of methylene 
blue dye. Based on the aforementioned outcomes, the ZnF–GO 
nanocomposite catalyst system has effectively assisted in the 
hydroxyl radical’s breakdown of the methylene blue dye pro-
cess. The energy bandgap figures from the UV analysis make 
it abundantly evident that the photocatalyst components can 
absorb visible light. As a result, our optical analysis of the 
 ZnFe2O4/GO nanocomposites indicates towards their superior 
suitability for employment in photocatalysis for the preserva-
tion of the environment.

Conclusion

The co-precipitation approach yielded  ZnFe2O4/GO nano-
composites with good structural, morphological, optical, 
and magnetic measurements, making them appropriate for 
photocatalytic applications. A larger crystalline size and 
lower band gap values are characteristics of a high-quality 
photocatalyst compound. Also, the correlation between the 
structure and optical features shown in both experimental 
and theoretical analysis reveal that the prepared nanocom-
posite can function as a good photocatalyst rather than 
in magnetic storage applications. Moreover, the samples 
exhibit superparamagnetic behaviour at ambient tempera-
ture during paramagnetic ordering in the magnetic domain. 
According to theoretical part, Go-doped ZnF demonstrates 
a strong resistance to magnetic field line penetrations due 
to the heterostructure magneto dielectric interface which 
may induce partial diamagnetic behavior. Thus, the optical 
properties of the synthesized nanoferrites proved them to 
be a good material for the purpose of photocatalyst and 
could degrade the organic based compounds like methyl-
ene blue present in the drinking water.

Data availability Data will be made available on the request.

Fig. 11  a Catalytic performance of methylene blue dye with various scavengers in the presence of ZnF–GO photocatalyst and b XRD patterns of 
ZnF–GO nanocomposite for first and fifth cycles of the degradation process
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