Journal of Electroceramics (2023) 51:246-257
https://doi.org/10.1007/5s10832-023-00333-x

=

Check for
updates

Synthesis techniques and advanced applications of spinel ferrites:

A short review

Shayista Gaffar' - Amit Kumar® - Ufana Riaz'2

Received: 27 May 2023 / Accepted: 5 September 2023 / Published online: 15 September 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract

Spinel ferrites are among the most promising soft magnetic materials due to their superior coercivity, tailored band gap,
high saturation magnetization, and other physical, thermal, and electrical characteristics. In the areas of cancer treatment,
disease detection, magnetic resonance imaging, drug delivery, and release, soft ferrite nanoparticles (SFNPs) offer limitless
potential. Ferrite nanoparticles are utilized in electronic domains to create sensors, biosensors, transducers, and transformers.
Spinel ferrites are used in the treatment of wastewater, and they can be coupled with other nano materials for photocatalysis
and adsorption. In this review, attention has been paid to the synthesis, distinctive characteristics, and various applications

of spinel ferrites.
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1 Introduction

Spinel ferrite nanoparticles (SFNPs) have been widely used
several applications such as photodegradation of organic
pollutants [1-8], gas sensors [9], high-recurrence gadgets
[10], and water-splitting [11-13]. SFNPs also are useful in
increasing reaction yield, lowering reaction temperatures,
and catalyzing certain chemical reactions. Several investi-
gations have been carried out which establish the photo-
catalytic as well as antibacterial activity of SENPs [14-18].
Recent research has also proven that Zn (II) substituted
cobalt ferrites are more effective in comparison to Mn(II)
and Cu(II) substituted cobalt ferrites [19, 20] as antibacterial
materials. Due to their low energy band gap, high surface
area/volume ratio, and ease of synthesis, SFNPs are viewed
as valuable photocatalysts [21-28]. The upcoming section
discusses the synthesis techniques employed for designing
SFNPs.
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1.1 Structure of spinel ferrite nanoparticles (SFNPs)

SFNPs are metal oxides having a spinel structure with the
general formula AB,O,, where A and B address different
metal cations situated at the tetrahedral (A site) and octa-
hedral (B site). The metal cations are tetrahedrally/octahe-
drally coordinated to oxygen atoms at both the sites. The
physico-chemical properties are significantly impacted by
the type, quantity and composition of ferrites [29-31]. On
the basis of the distribution of cations at the tetrahedral
(A) and octahedral (B) sites, SFs have been classified into
three categories; normal spinel ferrites, inverse spinel fer-
rites and mixed spinel ferrites. In normal SFs, the divalent
cations M*Toccupy tetrahedral (A) sites while the trivalent
cations Fe>* are on octahedral (B) site. The structural for-
mula of such ferrites is [M>*] 5 [Fe,**]5,0,%") (for example
ZnFe,0,, CdFe,0,) [32]. The structure of normal spinel is
depicted in Fig. 1 [33].

Inverse spinel ferrites are those that have the trivalent
ions evenly distributed between the A and B sites and the
divalent ions only on the B site. The standard formula for
inverse spinel structure is ((M**Fe’*] B [Fe**] 4 O,) (for
example, FeOFe,0;, NiFe,0,, CuFe,0, and CoFe,0,). In
this structure, half of the Fe** ions occupy A-sites while the
remaining occupies B-sites [34].

In mixed spinel ferrites, the divalent cations M?* and
the trivalent cations Fe®* ions are distributed at both the
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Fig.1 Structure of spinel ferrite o
reproduced from reference no [33]
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octahedral (B) site and the tetrahedral (A) site (for example
MnFe,0,) [35]. The structure of inverse spinels is illustrated
in Fig. 2 [36].

The basic rule to determine whether the structure is nor-
mal spinel or inverse spinel can be understood on the basis
of crystal field stabilization energy (CFSE) as: For normal
spinel’s CFSE of B*? jons in Octahedral Field > CFSE of
B*? jons in Tetrahedral Field > CFSE of A*? jons in Octa-
hedral Field > CESE of A*? ions in Tetrahedral Field [i.e.
if CFSE of B*? ions in Octahedral Field is largest of all
CFSE]. For inverse spinel’s CESE of A2 ions in Octahedral
Field > CFSE of A*? jons in Tetrahedral Field > CFSE of

. tetrahedral sites

B*3 jons in Octahedral Field > CFSE of B*3 ions in Tetra-
hedral Field [i.e. if CFSE of A*? ions in Octahedral Field is
largest of all CFSE].

2 Synthesis techniques of spinel ferrites (SFs)

SFs are prepared using a variety of methods, including elec-
trochemical, hydrothermal, micro emulsion, sol—gel, hydro-
thermal, solid-state, sono-chemical, precipitation and template
methods. Each of these processes have advantages and limita-
tions of its own which are discussed in the upcoming sections.

Fig.2 Structure of Inverse
Spinels derived from reference
no [36]

. Oxide ions

@) M?" Jons at A site

Fe** Tons at B site

B Site

A site

@ Springer



248

Journal of Electroceramics (2023) 51:246-257

Fig.3 Schematic representation
of synthesis of SFs by Sol-Gel
method

Metal nitrate solution

Auto-combastion

2.1 Sol-gel method

Metal alkoxide are utilized in the sol-gel process, which
undergo hydrolysis and buildup a gel at room tempera-
ture. The sol-gel mixture strategy enjoys a few benefits
such as solid stoichiometric control, and lack of utili-
zation of sophisticated modern instruments. It is one of
the most widely adopted techniques for controlling the
microstructure. It is possible to blend ferrite materials
with a restricted size propagation and controlled shape by
changing the given temperature in sol-gel somewhere in
the range of 25 °C - 200 °C. The sol-gel approach is uti-
lized to synthesize simple spinel ferrites such as CuFe,0,,
ZnFe,0,, NiFe,0,, CdFe,0, [28]. The sintering tempera-
ture, sintering time, and addition of dopants impact the
physicochemical properties of spinel ferrites, Fig. 3.

Fig.4 Schematic representation
of synthesis of SFs by precipita-
tion method

Metal salts solution

Final product
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2.2 Co-precipitation method

This is one of the oldest methods to obtain spinel ferrites.
The arrangement in this approach contains a combination of
divalent and trivalent progress metals in a mole proportion
of 1:2. As a source of trivalent metal particles, dissolvable
salts containing Fe (III) are regularly used, and the test is
normally completed in a basic media. To produce high-
quality ferrite materials, the synthesis procedure demands
precise pH adjustment and which is commonly provided by
Ammonium or sodium hydroxide solutions. The solution is
then vigorously stirred or agitated in the absence or presence
of heat under inert conditions. To obtain phase pure ferrites,
the resultant powder must be annealed at various tempera-
tures ranging from 500 to 100 °C, Fig. 4 [37].

-
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2.3 Hydrothermal method

The hydrothermal method is one of the ecofriendly and
promising synthesis methods available for the synthesis of
SFs. In this method an iron salt such as Fe(NO;);.9H,0/
FeCl;.6H,0, and a salt of the metal is used, commonly
M(NOs3),, MSO,, or MCl,. Depending on the type of metal
salt being used, salts are dissolved in water or another sol-
vent while being stirred, and the pH is then adjusted to a
range between 7 and 12. The mixture is heated for 12 to 24 h
in an autoclave before naturally cooling to room tempera-
ture. Followed by washing and filtration or centrifugation to
obtain the solid, it is then overnight dried at around 85 °C.
The precursor chemicals are pulverized collectively in a ball-
mill for mechano-thermal treatment, rather than dissolving.
The Fe (I1I) salt is added to a metal oxide (M,0;) seed when
using seed-hydrothermal procedures. The identical process
as previously described above is followed while heating the
two compounds in an autoclave, Fig. 5 [38].

2.4 Solvo-thermal method

The solvothermal method is utilized to make ferrite mate-
rials with enhanced physical and chemical properties,
which can be used in biomedical applications. In order to
facilitate the interaction of precursors during synthesis, the
procedure uses a solvent under moderate to high pressure
(usually between 1 atm and 10,000 atm) and temperature
(generally between 100 °C and 1000 °C). Fluid or non-
watery solvents can be used to deliver ferrite materials
with accurate command over size dispersion, shape, and

L

Aqueous solution of Addition of NaOH
salts solution

"

Final Product

Stirred to get homogeneous
mixture

Orying for 12 h at 80 degree

glasslike progressively works in the solvothermal process.
Certain trial factors, like reaction temperature, reaction
duration, solvent, surfactant, and antecedents, can be
changed to differ these actual highlights. Utilizing the sol-
vothermal combination process, the no of ferrite materials
and composites have been made, Fig. 6 [39].

2.5 Micro- emulsion method

In this method small modification to the synthesis condi-
tions easily produces nanoparticles with a restricted size
distribution and size control. The three components of this
method—water, oil, and surfactant allow for the control of
a number of parameters, including particle size, geometry,
morphology, homogeneity, and surface area [40]. It usu-
ally involves two sub-methods one utilizing oil/water and
other water/oil. In both cases surfactants are used always
in concentration which is above the critical micelle con-
centration (CMC).

2.6 Comparison of synthesis methods

There are also large number of methods available that are
utilized in the synthesis of SFs, like sono-chemical[41],
electro-chemical, [42], and microwave assisted method
[43]. The properties of SFs are strongly dependent upon
the method utilized for the synthesis, thus preparation
method can be selected on the basis of desired application.
Every method has its set of advantages and disadvantages.

Solution kept in tube of autoclave

lo::s

Autoclave kept in
oven for 16 hours

Washing sample by centrifuge

Fig.5 Schematic representation of synthesis of SFs by hydrothermal method
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Fig.6 Schematic representation
of synthesis of SFs by Solvo-
thermal method

Salts solution

The advantages and disadvantages of various synthesis
methods are shown in Table 1.

3 Techniques adopted for characterizing SFNPs

Understanding and surveying the results of SENPs requires
an exhaustive investigation of their physico-chemical fea-
tures. There are different ways for describing FNPs, each
with different set of information and nature of data, for
example: X-ray diffraction (XRD), Raman spectroscopy
(RS), atomic force microscopy (AFM), transmission
electron microscopy (TEM), scanning electron micros-
copy (SEM), vibrating sample magnetometer (VSM),

Final product

Autoclave

Homogeneous mixture

Microwave heating

superconducting quantum interference device (SQUID),
Fourier transform infrared (FT-IR) spectroscopy, Energy-
dispersive X-ray spectroscopy (EDS), X-ray photoelectron
spectroscopy(XPS), thermogravimetric Analysis (TGA)
[44-48].

3.1 Size and shape

FNP's size and shape are the main qualities that decide
their strength and attractive properties [49]. Further devel-
oped approaches are expected to decide the exact size of
SFNPs, particularly those under 20 nm [50]. For deciding
the size and state of SFNPs, number of approaches has been
explored.

Table 1 Advantages and disadvantages of different routes of synthesis of SFs

Method Advantages

Disadvantages

Sol-Gel

Low cost as compared to conventional processes, produc-
ing high quality materials, homogeneity and purity at low

Long processing time, low yield, difficult to avoid residual
porosity.

temperature, control over textures, size and surface proper-
ties, high quality, production of materials with large surface

area.

Co- Precipitation Pure and homogeneous material, complete precipitation of
metal ions, materials of higher surface area can be synthe-

sized.
Hydrothermal
dispersion.
Solvothermal Ease of synthesis, composition control, high surface area

and dispersion.

Micro emulsion
cost saving, improved safety aspects.

Control of particle properties, reduced waste, time and

Large time consumption, impurity formation, probability, can
be affected by several factors like pH, temp, ionic strength.

One step synthetic procedure, environment friendliness, good High cost equipment, high pressure, high temp.

Need expensive autoclaves, safety issues, impossibility of
observing reaction process.

Require large amount of surfactants, less yield, temperature
dependent. -
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The most well-known procedures are high-resolution
transmission electron microscopy (HRTEM) and field emis-
sion scanning electron microscopy (FE-SEM). The funda-
mental way of operation of nanoparticles can be understood
utilizing these strategies. Scherer's condition is utilized to

Fig.7 TEM pictures and XRD a
examples of Fe;O, NPs with
size 5—-15 nm (Reproduced
from Ref. [51], Copyright 2015,
Elsevier)

compute the size of SFNPs from XRD diffraction. TEM
results provide size affirmation, Fig. 7 [51]. X-ray photo-
electron spectroscopy, Mossbauer spectroscopy, and dynamic
light scattering (DLS) are a section of different strategies
used to decide mean molecule size. TEM estimations of Fe;O,

Si(200)
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20 ' 26 (grad)

@ Springer



252

Journal of Electroceramics (2023) 51:246-257

and Fe;0O,-alpha-olefin sulphonate (AOS) NPs, for instance,
uncovered normal sizes of 10 nm -20 nm and 5 nm -10 nm,
which were in agreement with the DLS studies, Fig. 8 [52].

3.2 Elemental and mineral composition

Inductively coupled plasma mass spectrometry (ICP-MS)
can be utilized to decide the basic composition of SFNPs
with more accuracy and recognition limits [53, 54]. ICP-
OES and atomic absorption spectroscopy (AAS) are also
utilized for exploring the compositions of SFNPs.

3.3 Structure and bonding

XPS, FT-IR, TGA, Raman spectroscopy (RS), and X-beam
absorption spectroscopy are some of the known strategies used
to research primary and promising properties. (XAS), XPS and
FT-IR are utilized to determine the foundation of metal-oxygen
bonds, providing recognizable proof of the presence of spinel
structure as well as the presence of other substances adsorbed
on the outer layer of particles. The oxidation state, restricting
energy, and essential substance of materials on a superficial
level can be generally resolved utilizing XPS. Figure 9 shows
the XPS spectra of Fe;0,, MnFe,O, and CoFe,0O, [25]. The
zeta potential Fig. 9(a), of CoFe,0, is similar to that of Fe;O,,
but MnFe,0, showed higher value than Fe;O,. The XRD pat-
terns of MnFe,0,, CoFe,0, and Fe;O, were indexed to spinel
ferrites, and Fe;0, to cubic crystalline bulk magnetite. The XPS
profiles show that the surface molar ratio of Fe/Mn or Fe/Co for
MnFe,0,, CoFe,0, are 2:1, in accordance with the metal ion
ratio taken in solution. The remanence magnetization values of
MnFe,0,, CoFe,0O, and Fe;0, were 3.49, 8.46 and 0.70 emu/g,
while maximal saturation magnetization of MnFe,0,, CoFe,0,
and Fe;O, were 32.02, 46.99 and 55.41 emu/g respectively.
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Fig.8 DLS estimations of: (a) unadulterated Fe;O, NPs and, (b)
Fe;0,-AOS NPs covered with twofold layered AOS. (Ref. [52], Cop-
yright 2015, Elsevier)
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The FT-IR spectra of NiFe,O,, CoFe,0, and ZnFe,0,
is shown in Fig. 10 [55]. The spectra shows metal-oxygen
stretching vibration from the tetrahedral site to be around
584-540 cm™! range and for the octahedral site to be in the
range of 397-389 cm™".

3.4 Surface morphology

AFM, TEM, and SEM could be utilized to operate the sur-
face morphology of SFNPs. These techniques are normally
used to imagine and quantify the state of nanoparticles. TEM,
specifically, is a more adaptable procedure for getting sub-
stance, morphological, and crystallite data on FNPs [56]. It
can convey more prominent goal down to the nuclear level.
TEM can make nuclear scale basic guides for compositional
investigation when utilized related to other spectroscopic
instruments like EDS and electron energy loss spectroscopy
(EELS), Fig. 11(a-e) [57].

3.5 Magnetic measurements

EPR, VSM, and SQUID are popular techniques used to exam-
ine and measure the magnetic characteristics of SENPs. EPR is
a delicate procedure for detecting and identifying free radicals
and paramagnetic centers in chemicals and chemical processes,
such as the F-center. When high sensitivity magnetization
measurements are necessary, VSM and SQUID are used, espe-
cially because VSM's sensitivity limit is around 106 emu [58].

3.6 Properties of Spinel Ferrites

On the basis of distribution and nature of the cations on the tetra-
hedral (A) and octahedral (B) sites, SFs can be divided into dif-
ferent catogeries as: paramagnetic, diamagnetic, ferromagnetic,
ferrimagnetic, antiferromagnetic, and superparamagnetic [59].
Superparaamagnetic nanoparticles are very useful in wastewater
treatment. Superparaamagnetism is observed in small ferro and
ferri magnetic nanomaterials (3—50 nm) [60].The spinel ferrites
usually have low band gap energy values which makes them
suitable for processes like photocatalysis [61].Spinel ferrites
are widely used at microwave frequencies because they have
low electrical conductivities when compared to other magnetic
materials. These materials are typically semiconductors with
conductivities between 10? and 107! Q7' em™".

4 Photocatalytic applications of SFNPs

The presence of various toxins in modern wastewater release
is an overall concern. Harmful natural poisons like colors,
phenols, chloro-phenols, and nitro-phenols have for quite
some time been an issue to treat and eliminate, particularly
when presented to visible light. A few results have shown
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Fig.9 (a) Zeta potential as a function of pH; (b) X-ray diffraction pattern; (c¢) wide XPS scan; and (d) VSM curves of Fe;0,, MnFe,0,, and

CoFe,04 MNPs. (Ref. [25], Copyright 2010, Elsevier)
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Fig. 10 IR Spectra of NiFe,O,, CoFe,O, and ZnFe,O, reproduced
from Reference no [55]

that these pollutants can be eliminated using SFNPs as pho-
tocatalyst, and it is one of most extensively investigated area
of research [61-64]. SFNPs incorporate their capacity to
work as a photocatalyst (without adjustment), in composites
(surface covered with semiconductors), and within the sight
of oxidants like H,0,. Under visible light, an electron (e) is
stimulated from the valence band (VB) to the conduction
band (CB) of SFNPs leaving a hole (h™). At the CB (reac-
tion 1), the deposited e™ is successfully polished off by sepa-
rated oxygen gas present in the water [65, 66].The hole (h*)
created by photolytic exposure joins with water to deliver
vigorous hydroxyl free radicals (reaction 3). The contami-
nants are in closeness to the vigorous radicals because of the
great adsorption limit of SFNPs, and are hence immediately
gone after by hydroxyl radicals framed on the outer layer of
the photocatalyst, (reaction 4) [66]. The degraded fragments
are then desorbed from the ferrite surface regions. Figure 12
shows a schematic of the process of photocatalysis.

@ Springer
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Composite

Fig. 11 (a) HAADF-STEM images of nanoparticles showing spinel
structure in magnetite cores. (b) integrated map of the Mn L2,3 EELS
signal, where green intensity shows the Mn distribution. (¢) inte-
grated map of the Fe L2,3 EELS signal, where red intensity shows
the Fe distribution. (d) Composite image showing Fe-rich core and
Mn-rich shell in the nanoparticles

e” +0, - 0,7 (1)
0, — +2H* + 2¢~ —'OH + OH™ 2)
h* + H,0 —-'OH + H*/OH" 3)

'OH + Organic contaminant (OC) — CO,(g) + H,0(1)

“
e” + OC — OC™ — degradation products )
h* + +OC - OC+ — degradation products 6)
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Organic
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other by-products

Organic
pollutants

Oxidation

H,0/0H~ «OH + HY/OHe

Fig. 12 Schematic outline showing the arrangement of receptive oxy-
gen and hydroxyl extremist under apparent light illumination of semi-
conductor or ferrite-semiconductor composite, connection with natu-
ral contaminations and conceivable corruption items

It is reported that Fe;0,@SiO, NCs, work as a Fenton-
like impetus for the breakdown of H,0O, and bring about
a high pace of discoloration of MB at neutral pH [67]. In
another work, high strength of Fe;0,@TiO, was seen with
close to 100% MB degradation following 5 min of H,0,
dilution without any UV illumination [68]. MnFe,0,/GSC
and MnFe,0,/BT NCs were utilized to photo catalytically
degrade ampicillin (AMP) and oxy antibiotic medication
(OTC). About 96- and 83%-AMP degradation and 99%
and 90% OTC degradation was achieved following 60 and
120 min, respectively [69]. The photocatalytic movement of
pyrrole engraved CoFe,O,/MWCNTs NCs for the degrada-
tion of 2-mercaptobenzothiazole was explored in another
review [70]. Xiong et al. [71] coordinated CdSZnFe,0,(0.10)
(CdS-with 10% ZnFe,0,) and CdSCoFe,0,(0.05) and
assessed their photocatalytic impact on RhB degradation.
80% of RhB was degraded using the SFNPs but only 30%
of RhB was disintegrated during the third cycle, showing an
impressive drop in photocatalytic action. Figure 13(a), (b)
shows the schematic of RhB degradation using SFNP.
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first cycle

second cycle®q third cycle
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Time (min)

dye + h + ‘OH + O;" — products

Fig. 13 (a) Recyclability of CdS, CdS-ZnFe,0,(0.10), and CdS-CoFe,0,(0.05) for three cycles, (b) photocatalytic action of the SENPs (Repro-

duced from ref. [71])

5 Conclusion

The review highlights the synthesis and photocatalytic
applications of SFNPs. On account of their low energy
band gap, remarkable magnetic properties, they are uti-
lized in various applications. The diversity in ferrite group
nanoparticles can accommodate various elements in differ-
ent oxidation states which are outstanding and industrially
beneficial. There is scope for improvement in the synthesis
strategies which can increase the diverse applications of
these materials besides photocatalysis. These nanomateri-
als serve as good research niche for further applications in
a variety of organic catalytic processes.
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