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The development of spinel ferrite nanomaterial (SFN)-based hybrid architectures has become more popular
owing to the fascinating physicochemical properties of SFNs, such as their good electro-optical and
catalytic properties, high chemothermal stability, ease of functionalization, and superparamagnetic
behaviour. Furthermore, achieving the perfect combination of SFNs and different nanomaterials has
promised to open up many unique synergistic effects and advantages. Inspired by the above-mentioned
noteworthy properties, numerous and varied applications have been recently developed, such as energy
storage in lithium-ion batteries, environmental pollutant monitoring, and, especially, biomedical
applications. In this review, recent development efforts relating to SFN-based hybrid designs are
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1. Introduction

In the past decade, spinel ferrite nanomaterials (SFNs) have
emerged as an advanced class of nanostructured material in the
fields of nanoscience and technology due to their extremely
prominent features at nanometric sizes. A series of scientific
reports concerning new synthetic methods and techniques
relating to SFNs has been made.'” It was found that through
varying or modifying the fabricating technologies, SFNs can be
produced with many varied morphologies, such as zero-
dimensional (0D) nanoparticles (NPs) and nanospheres, one-
dimensional (1D) nanotubes, nanowires, and nanofibers, two-
dimensional (2D) nanosheets and nanoplates, and three-
dimensional (3D) nanofoams and nanoflowers. More particu-
larly, each particular SFN morphology shows unique, distinctive
characteristics corresponding to its spatial structure. However,
despite differences in morphology, these structures still share
the common significant advantages of a typical spinel structure,
such as showing superparamagnetic behavior and excellent
physicochemical properties, like optical, electrical, and catalytic
properties, a high aspect ratio, chemical and thermal stability,
and easy functionalization. Apart from the above-mentioned
noteworthy properties, toxicity, low surface area, and poor dis-
persibility can also be found, which result in many limitations
in relation to the widespread application of SFNs. Furthermore,
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there is a lack of in-depth fundamental knowledge about the
properties of SFNs, leading to many difficulties in taking
advantage of the merits of SFNs and in solving the issues
relating to each application. This fact, combined with their
unique features, has motivated the strong explosion in the
number of studies and reviews examining their potential use in
energy storage, environmental pollutant monitoring, and
biomedical applications.

When looking at the recent nanostructured SFN develop-
ment trend for energy storage applications, almost all interest
has been devoted to lithium-ion batteries (LIBs) because of their
performance superiority in terms of energy capacity, cycle life,
and energy density, and easier construction process, compared
with others.* There is no denying that the presence of SFNs in
the electrode material can offer many positives for LIBs, such as
higher electrical conductivity and theoretical specific capacity,
better surface electrochemical reactivity, and lower cost, which
would be promising for sufficiently meeting the increasing
demand for energy generation. This has been demonstrated via
some brief review reports relating to the utilization of SFNs in
energy storage and conversion devices, in which the mecha-
nisms and the effects of morphology and structure on LIB
electrochemical performance were proposed and investigated
in detail.>* Along with this, these reports pointed out promising
future strategies for overcoming current issues and optimizing
the SFN performance space, surface area, and size in SFN-based
electrodes. Significant findings and achievements have been
obtained in the environmental treatment field due to SFNs
possessing excellent magnetic properties, high adsorption
capacities, good stability, safety, and good optoelectronic
tunability. This has paved promising paths to enhancing
pollutant removal efficiencies in terms of both quantity and
quality via adsorption and photodegradation process, and
improved reusability thanks to the easing of recovery under an
external magnetic field.® In addition, another discovery is the
start of the development of new SFN-based sensors to detect
pollutants in an early manner at low concentrations, with low
production costs and simple fabrication techniques while
maintaining high selectivity and sensitivity. Some recent
excellent review articles have once again confirmed that using
SFs is one of the most suitable approaches for purification
applications that require high efficiencies and rapid kinetics.
Some key parameters that directly affect the removal efficiencies
of metal ions, dyes, and pharmaceuticals, like size, shape,
treatment temperature, and surface modification, have been
discussed.*” Furthermore, it should be noted that the use of
SFNs may become inevitable, as they have been assessed as
having many potential advantages for biomedical applications
owing to their low toxicity, high biocompatibility, high physi-
cochemical stability, ease of fabrication, tunable size and
shape, and great superparamagnetic behavior. Also, their
unique physiochemical properties make SFNs more particularly
attractive for various applications such as drug delivery,
magnetic resonance imaging (MRI), magnetic hyperthermia,
and bio/chemosensor use.**®

Additionally, it seems that special attention is being shifted
towards the development of SFN-based heterostructured
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Fig. 1 The formation of spinel ferrite (AFe,O4)-based heterostructured designs with various nanomaterials.

designs. According to a large number of published reports, this
development trend is considered to-date to be an impressive
achievement in the nanostructured material production
field.”**** It is undeniable that the large number of combina-
tions between SFNs and other nanomaterials, such as carbo-
naceous materials (carbon coatings, carbon nanotubes (CNTs),
graphene, graphene oxide (GO), etc.), metals, metal oxides,
transition-metal dichalcogenides (TMDs), and polymers, has
helped to form heterostructures possessing special synergistic
effects and has had many further dramatic effects on their
properties with respect to the single SFN counterparts (Fig. 1).
In general, there has been a rapid increase in the number of
recorded positive results from SFN-based design models to
date; most of these arise from optimizing the performances and
unique features of the constituents through changes to the
individual components, design morphology, and synthesis
techniques. Unfortunately, these reports are limited to only
describing and evaluating in a fairly general way the obtained
positive results to clarify their potential for use for each
different application. Up to now, no comprehensive and
detailed evaluations of the hybridization between SFNs and
other nanomaterials have been found, and the basis of the tight
relationships between the structural parameters, morphology,
and magnetic, physicochemical, and electrochemical properties
has not been discussed. Notably, a fuller and better in-depth
understanding of the innovative behaviors and characteristics
of these hybrid designs will help not only to gain a complete
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overview of the development trend but it will also help to pave
potential development pathways in the future. Therefore, in this
review, we have tried to present the most exhaustive and logical
picture of SFN-based hybrid designs for LIB applications,
environmental monitoring, and biomedical applications. For
each design, the addition interactions, synergistic effects, and
important changes due to the presence of other nanomaterials
in the spinel ferrite structure were discussed. More interest-
ingly, from these assessments, a few promising approaches
have also been proposed for taking maximum advantage of the
potential of SFNs and further developing them for practical
applications.

2. Spinel ferrite (AFe,04)
nanomaterials

2.1. The structural characteristics of spinel ferrite (AFe,0,)
nanomaterials

Like other spinel crystal structures, the most interesting point
about most SFN is their chemical composition and structure. A
spinel ferrite is a complex oxide crystal structure with a face-
centered cubic core and a unit formula of AFe,O,. This can be
formed from the combination of a trivalent cation (Fe**) and
another divalent metallic cation, such as either a transition or
post-transition metallic cation (A = Mn, Mg, Co, Ni, Zn).*'** With
differences in both chemical nature and charge state, as well as
stabilization energy, these cations may be arranged according to

This journal is © The Royal Society of Chemistry 2020
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two different crystallographic sites (tetrahedral sites and octa-
hedral sites) situated between the cations and surrounding
oxygen ions.'* More specifically, one AFe,0, unit consists of 32
closely packed oxygen atoms with 64 divalent tetrahedral sites
and 32 trivalent octahedral sites; in particular, to maintain an
electrically balanced state between the anions in the structure,
A*" and Fe*" usually occupy 8 tetrahedral and 16 octahedral
sites, respectively.***” Also, based on the positions of these
cations, a spinel ferrite structure can be classified into 3 groups:
normal, inverse, and mixed. In fact, the site occupation mainly
depends on the electrostatic contribution to the lattice energy,
the cation radii, cation charges, and crystal field effects. In
a typical spinel ferrite structure, the A>* cations are located at
tetrahedral sites, while Fe®" cations are found at octahedral
sites, for example in ZnFe,0,4, which is similar to some other
spinel crystalline structures such as CoAl,0,4,'* MgAl,O,, and
Mn;0,." For the inverse spinel structure, Fe’" cations are
equally distributed between tetrahedral and octahedral sites
while A*>* cations only occupy octahedral sites, for example in
NiFe,0,, CoFe,0,,2%* Fe;0y, etc. In a mixed spinel structure, A>*
and Fe*" cations randomly occupy both sites, as in MgFe,0,
(ref. 13) and MnFe,0,.

In 1945, L. Néel et al.* investigated the exchange interactions
and cationic distributions in spinel ferrite nanostructures to
evaluate their magnetic properties. Most recent reports have
also illustrated that the unique features of the spinel ferrite
structure are remarkably affected by their chemical composi-
tion, particularly the divalent cations rather than Fe** cations.
To explain this more clearly, we can observe the following
simple equation for determining the lattice parameter («)
according to the positions of the A>" and Fe*" cations:

8

i = 3\/§
where r, is the ionic radius of an oxygen anion, and r, and r, are
the ionic radii of the A*>* and Fe®' sites. As described, the
arrangement of A>* and Fe*" cations, the charge state, and the
chemical composition of the lattice crystal structure not only
directly affect the lattice structural parameters but also change
the geometry and ion bonding energy between the cations and
surrounding oxygen ions, leading to alterations of the physi-
cochemical properties.”” According to this, each spinel ferrite
classification should possess an individual electronic configu-
ration and special physicochemical properties, such as optical,
electrical, catalytic, and intrinsic magnetic properties.

(ra+ro)+\/§(rb+ro)j|

2.2. Synthetic methods for obtaining various spinel ferrite
(AFe,0,) nanomaterials

More than for other synthetic nanomaterials, the choice of
synthetic methodology used for spinel ferrites is in particular
considered to be one of the most crucial factors for creating
various nanostructures with many unique features in terms of
size, shape, orientation, aspect ratio, surface area, purity, and
stability. In previous reports, some potential synthetic tech-
niques for the preparation of SFNs based on top-down and
bottom-up approaches have been mentioned, for instance, co-
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precipitation, hydrothermal methods, sol-gel methods, micro-
wave methods, electrochemical deposition processes, and
microemulsion methods as bottom-up approaches,>***?¢ and
milling and pulsed laser ablation methods as top-down
approaches.””?® Firstly, it should be stressed that a co-
precipitation strategy is the most effective simple method for
synthesizing SFNs because it involves the physical mixing of
metallic salts containing divalent and trivalent cations at
a molar ratio of 1 : 2. After mixing, the above mixture is heated
up and some precipitating agents are added (KOH, NaOH, NH3;)
until a condensation reaction occurs between the two metallic
salts in parallel. During the reaction process, an increase in the
concentration of hydroxyl groups in the mixture leads to the
formation of oxygenated bridges between species, which are
a source of oxygen bonds in SFNs after conversion.

Secondly, hydrothermal and solvothermal processes are also
facile and effective strategies leading to high purity and
controllable morphology. In these methodologies, a large
amount of heat energy is provided to form the crystalline ferrite
phases. There is a clear difference between the hydrothermal
and solvothermal methods. Instead of using water as a solvent
to dissolve the metal precursors under high pressure and at
moderate temperature, as in a hydrothermal process, a sol-
vothermal process uses other chemicals as solvents, such as
methanol, ethanol, and ethylene glycol. Similarly, by using heat
energy, microwave methods can be used to obtain more
uniform spinel nanostructures and nucleation, together with
showing shorter reaction times, better selectivity, and higher
reaction rates compared with standard heating processes
(conduction, irradiation, and convection). However, this
approach, in fact, faces some problems arising from poor
solvent penetration.

Thirdly, sol-gel methods have also assessed as an important
way to prepare SFNs with high purity and homogeneity, and
large porosity. In this approach, after sol formation occurs, the
obtained product can be converted to gel form and then calci-
nated under suitable conditions to get the desired structures.
Another method employed in this field is a microemulsion
approach, which is based on the formation of a micelle struc-
ture stemming from the combination of a polar solvent and
a nonpolar solvent. Each micelle plays a role as a microreactor
to create SFNs. As can be seen, in recent years, much great effort
has been devoted to the research and development of new
synthetic methods that are more environmentally friendly to
enhance synthetic efficiency and crystalline growth, as well as to
create many varied SFNs with more abundant morphologies,
compositions, and sizes. This trend seems to be very promising,
as the requirements of the nanotechnology field are becoming
more and more complicated and difficult to meet.

2.2.1. 0D spinel ferrite (AFe,O,) nanomaterials. As is
known, zero-dimensional nanomaterials (0D-NMs) are some of
the most popular synthetic materials used for many applica-
tions because of their ease of synthesis and many unique
morphology, size, and structural features. More interestingly,
the development of 0D NMs has been found in the SFN area. As
mentioned, simple techniques have been employed to fabricate
uniform 0D spinel ferrite nanomaterials (0D-SFNs), including

RSC Adv, 2020, 10, 31622-31661 | 31625
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co-precipitation, hydrothermal,* solvothermal, microwave, sol-
gel,*** and microemulsion®* methods. Most of these tech-
niques can be used to create spinel ferrite NPs meeting all
requirements in terms of size and shape, but they are not
practical enough when applied on a large scale because of high
costs, complicated procedures, large energy demands, long
reaction times, and environmental unfriendliness. To overcome
these limitations, some innovations for preparing 0D-SFNs have
been proposed and investigated, and some precursors and
reagents used in the synthetic reaction have been replaced with
more eco-friendly materials, such as egg white** and Limonia
acidissima juice,* instead of utilizing toxic chemicals. With
natural reducing agents, the obtained 0D-SFNs still exhibit the
formation of a cubic spinel crystal structure with a size range
from 20 nm to 60 nm and many inherent characteristics
(ferromagnetic behavior, and photodegradation and antibacte-
rial activities). Also, new synthetic techniques have been created
using a thermal treatment process in a solution containing
polyvinyl pyrrolidone (PVP), metal salts, surfactant, and deion-
ized water®>*® to replace water and ethanol in previous standard
approaches. In this case, PVP and the surfactant play stabilizing
and protecting roles during OD-SFN formation, avoiding
aggregation. Such methods have shown remarkable advantages,
such as simplicity, low cost, the use of low reaction tempera-
tures, and a lack of toxic by-products. Along with using new
solutions, some post-treatment strategies, for example,
grinding and calcination, have also demonstrated efficiency for
improving synthetic performance when combined with other
methods.*

2.2.2. 1D spinel ferrite (AFe,O,) nanomaterials. One-
dimensional SFN nanostructures (nanowires, nanotubes,
nanorods, and nanobelts) have attracted tremendous attention
because of their orientation abilities, size, and many shape-
dependent properties, for instance, magnetism, mechanical
hardness, biocompatibility, and high stability. They have been
widely used for many potential applications, such as in selective
catalysis, chemical and biological sensors, photocatalysts,
environment treatment, energy storage, and biotechnology. In
some reports, traditional methods, such as hydrothermal,*”**
solvothermal,® co-precipitation, electrospinning,**** and
microemulsion methods,** have been chosen to manufacture
1D-SFNs. However, these methods must overcome challenges
because the high symmetry of the spinel structure remarkably
prevents 1D-NM growth. To address this problem, many
researchers have examined ways to innovate traditional
methods. Namely, in reports by X. Hou and N. Wang, a common
hydrothermal method was combined with a seed growth
method to create 1D-SFNs with more uniform size and
morphology.*»** Template-assisted methods were used in
another case to fabricate high-quality 1D-SFNs. The presence of
hollow 1D structures in the limited template space within the
pores facilitated the formation of 1D-SFNs when combined with
some different post-treatment processes, such as oxidation, sol-
gel, thermal decomposition, chemical vapor deposition, and
liquid phase deposition methods. Herein, anodic aluminum
oxide (AAO),***° CNTs,”**" and ordered mesoporous SiO, (SBA-
15)*> were used as promising templates for this approach. More
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particularly, Menchaca-Nal et al.*® also chose bacterial cellulose
nanoribbons as templates for the manufacture of cobalt ferrite
nanotubes with a size of 217 nm at low temperature (90 °C). It
needs to be stressed that the obtained 1D-SFNs showed higher
surface area, larger porosity, more excellent flexibility and
conductivity, and controllable morphology and size. In the most
recent report, a green synthesis technique using rosemary
extract was introduced for first time by Alijani et al.>* It has been
shown to be a fast, simple, industrially viable, and versatile
approach, being non-toxic with low fabrication costs.

2.2.3. 2D spinel ferrite (AFe,0,) nanomaterials. 2D-SFNs
offer exciting opportunities and challenges for many varied
practical applications due to their fascinating physicochemical
properties. However, up to now, studies and reports about SFN
applications have mainly focused on 0D, 1D, and 3D nano-
structures. In contrast, there are only a few reports related to 2D
nanostructures. To explain this, it can be noted that SFNs are
not, in fact, materials with an intrinsically layered structure,
and they cannot be mechanically or chemically exfoliated to
create 2D nanostructures as with other 2D NMs. Therefore, it is
very complicated and difficult to fabricate 2D-SFNs, and this
demands the further development of bottom-up strategies. Like
the development trend relating to the preparation of 1D-SFNs,
some enhancements of fabrication processes based on inher-
ently basic methods have been proposed and investigated.
Particularly, in research by Cao's group® and Sivakumar's
group,® with the assistance of a polymer, urea, and oleic acid,
co-precipitation techniques demonstrated positive merits in
terms of effectiveness and controllable crystallinity without any
aggregation of 2D-SFNs. In this approach, the support
substances had roles as mineralizers and morphology control-
ling agents during the fabrication process. A similar strategy
was found by Sivakumar et al.,”” utilizing ethylene glycol, citric
acid, and PVP to assist a sol-gel auto-combustion technique.
Interestingly, a hydrothermal approach was also developed via
a series of carboxylic-acid-, polymer-, and urea-assisted reac-
tions, followed by some post-heating processes. As a result,
these support substances could significantly affect the specific
surface areas and crystallinities of spinel ferrite nanosheets and
nanoplates.*®**® Also, some new techniques relating to molten-
salt systems® and hard templates have been reported. Peng
et al. and Gao et al.®** explored general strategies for the
versatile synthesis of holey CoFe,O, nanosheets and porous
ZnFe,0, nanosheets with tunable pore sizes using GO and
graphene sheets as sacrificial hard-templates, respectively.
Obtaining 2D structures, they opened up many opportunities
for energy storage and conversion applications, as well as gas
sensor designs with high sensitivity, good selectivity, and low
operating temperatures due to synergistic effects assisting
inherent long-term chemical/mechanical stability and
enhanced charge transport properties.

2.2.4. 3D spinel ferrite (AFe,0,) nanomaterials. Recently,
3D-SFNs have been studied and fabricated more widely via
a variety of routes, as demonstrated by the large number of
reports in the literature. 3D-SFNs, but also other 3D NMs, attract
much attention because of the unique features arising from the
successful combination of all the merits of nanoscale building

This journal is © The Royal Society of Chemistry 2020
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blocks into one unit. In fact, among the available synthesis
methods for 3D-SFNs, template routes, including hard-template
and soft-template methods, are some of the most popular
methods found. For the hard-template method, a coating of
spinel ferrite is created first on a hard template, such as poly-
styrene spheres® or carbon spheres,*® via controlled surface
precipitation, and then the template can be removed via
thermal or chemical means to form hollow spheres. In contrast,
for soft-template technology, vesicles, micelles, and emulsions
are often chosen as templates. The use of some basic
approaches (solvothermal and hydrothermal methods)
combined with innovative processes arising from ionic liquid
and polymer support in the reaction mixture (chitosan (CS) and
ethylene glycol) can also provide many promising results.®*®
Indeed, these polymers act as substances that can limit the core
growth of SFNs during preparation and help stabilize SFNs via
steric repulsion when NPs are dispersed in aqueous media.
S. Bricefo et al.® reported that the solvothermal synthesis of
cobalt ferrite with the support of CS resulted in the best yield of
hollow spheres with a narrow size distribution. Also, other
reports have exhibited more facile and efficient new methods
utilizing vapor diffusion synthesis or vapor-phase polymeriza-
tion methods to generate spinel ferrites.””

2.3. Advanced properties of spinel ferrite (AFe,0,)
nanomaterials

2.3.1. Magnetic properties. As mentioned, one of the most
important properties of SFNs is their strong magnetic features.

View Article Online
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In common SFNs, these magnetic properties are drastically
influenced not only by the distribution and valence of cations,
but also by the electronic configuration between tetrahedral and
octahedral sites within the crystalline structure. Besides the
synthesis process, particle size, crystal domain structure, and
surface/interface effects have all been evaluated as other
important factors that can affect the magnetic properties,
including coercivity (H.), remanent magnetization (M;), and
saturation magnetization (M;). Namely, in some previous
reports, the formation of spinel ferrite particles through solid-
state reactions and/or deposition methods resulted in high
inversion degrees, similar to bulk materials.*”> Meanwhile, the
use of more complex methods like hydrothermal synthesis,
thermal decomposition, or micelles led to non-equilibrium
cationic distributions in the structures of SFNs. The relation-
ships between particle size, crystalline properties, and magnetic
properties were also reported in Liu's study where the critical
size to obtain the maximum M, and H, values was found to be
approximately 76 nm, which is consistent with the critical size
of 76 nm estimated theoretically for the transition from single
to multidomain behaviour. Furthermore, it was demonstrated
that differences in the crystalline properties of cube- and
sphere-like NPs resulted in their different magnetic perfor-
mances; here, the recorded M, and H. values for sphere-like NPs
were lower than those for cube-like NPs (Fig. 2).”* Along with
that, complex surface/interface interactions and size effects
arising from the breaking of the symmetry of exchange bonds at
the boundary of the particle surface are also crucial for
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Fig. 2 The particle size dependence of (a) coercivity (H.); (b) saturation

magnetization (My); and (c) remanent magnetization (M,) for cube-like

and sphere-like morphologies of FezO,4 nanoparticles (reprinted with permission from ref. 73; copyright: 2017, Springer Nature).
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A schematic diagram of pollutant degradation and water splitting using

spinel ferrite based photocatalysts under solar light irradiation (d) (reprinted with permission from ref. 75 and 76; copyright: 2018, The Royal

Society of Chemistry).

determining the magnetic behavior via the formation of spin
canting at the particle surface. The simplest instance of surface/
interface and size effects is the superparamagnetic behavior of
SFNs. Instead of the presence of a multidomain phase in bulk
materials, a reduction in size in the nano-range from 15 to
100 nm helps a SFN transform into a single-domain structure
where the atomic spins of the SFN are aligned in the same
direction. Each such single domain of particles can be consid-
ered as a “superspin” structure with superparamagnetic
behavior.” Under an applied external magnetic field, all SFN
single domains exhibit a strong and fast magnetic response,
however, they do not exhibit any residual magnetic momentum
when the magnetic field is removed, which is very different
compared with conventional paramagnetic materials. With
such unique properties, SFNs promise to be excellent contrast
agents with high image contrast, high MRI sensitivity, and good
specificity, as well as being potential targeting drug-loaded
nanocarriers for biomedical and industrial applications.
Magnetic anisotropy is also an interesting property of SFNs; this
depends on the anisotropy of the cations, the symmetry of the
interstitial sites, and also the chemical composition and
cationic distribution. Besides, in a single domain structure, the
shape anisotropy, surface anisotropy, and cationic interactions
all contribute to enhancing the total magnetic anisotropy.”
Understanding the intercorrelation between these factors can
allow the magnetic structure and magnetic properties to be
tailored effectively.

31628 | RSC Adv, 2020, 10, 31622-31661

2.3.2. Adsorption properties. The great adsorption proper-
ties of spinel ferrite nanostructures are attributed to their
unique physicochemical features and nanoscale effects. By
varying the synthetic method used, SFNs of different sizes and
shapes can be fabricated successfully, also generating high
aspect ratios, versatile surface functionalities, and tunable
magnetic properties. Although SFNs have rather low specific
surface areas compared with those of other adsorbents (gra-
phene and active carbon), nano-sized spinel ferrite materials
exhibit greater advantages related to a rise in the percentage of
atoms and number of reactive sites on the surface through
corners, edges, and defects, leading to enhanced SFN adsorp-
tion capacities and sorption kinetics.” More interestingly, the
size, morphology, and chemical composition of a SFN remark-
ably affect the specific surface area, stability, and, particularly,
adsorption efficiency. As described in Reddy's report, an SFN
adsorption mechanism was proposed based on the formation of
new chemical bonds, like hydrogen bonding, and/or the weak
interactions, like -7t interactions, electrostatic interactions,
and even chemisorption processes, ion-exchange, and surface
complexion.® The surface also contains many hydroxyl groups
(M-OH and Fe-OH), which are determined to be major binding
sites for adsorbates. According to this, the size, morphology,
and chemical composition of a SFN can change the number of
hydroxyl groups and their exposure to adsorbates, affecting
directly the physicochemical interactions between adsorbate
and adsorbent, and then, of course, the adsorption efficiency.

This journal is © The Royal Society of Chemistry 2020
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2.3.3. Optoelectronic tunability. SFNs are seen as an
emerging semiconductor family that has recently attracted
increasing attention for photocatalytic applications and sensor
technologies because of their great optoelectronic tunability,
high energy density, remarkable thermal and chemical stabili-
ties, natural abundance, and cost effectiveness. From a struc-
tural point of view, it can be seen that variation of the cation
type leads to a slight change in bandgap energy, approximately
from 1.4 to 2.7 eV, suggesting a promising pathway to develop
new semiconductors that are appropriate for absorbing visible
light, especially for photocatalytic applications (Fig. 3).7>7®
Similar to other photocatalysts, the basic photocatalytic mech-
anism relating to SFNs has been proposed, based on the
following equations:

AFe,04 + v — h* + ¢
h* + OH™ — OH’ (hydroxyl radicals)

OH' + O~ (active oxygen species) + organic matter
or pollutants — CO, + H,O

Under excitation by the sun or another light source, negative
electron (e~) and positive hole (h") pairs are created on the SFN
surface. These e /h" pairs directly join in the formation process
of hydroxyl radicals or superoxide anions, which play key roles
in removing organic matter or pollutants. Despite this, overall
evaluations of the optoelectronic properties of SFNs themselves
are still limited. The utilization of SFNs is restricted by their
poor electron transfer activities, difficult dispersibility, and low
surface areas, as well as the fast surface and bulk recombination
of e”/h" pairs.”””® Herein, reducing the size and controlling the
morphology and chemical composition, along with enhancing
and modifying the SFN surface and selecting suitable hybrid
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materials, are considered as crucial key strategies to increase
the number of active sites for catalysis and shorten the diffusion
lengths for e /h* pairs, making it easier for charge carriers to
transfer to the surface rather than recombine in the bulk.

2.3.4. Targeted delivery properties. One of the most inter-
esting innovative properties of SFNs is targeted delivery using
their superparamagnetic properties for biomedical applica-
tions. As described above, all the domains within the spinel
ferrite nanostructure are aligned in the direction of an applied
external magnetic field, creating a large magnetic momentum,
which allows for control of the orientation and location of smart
spinel ferrite nanocarriers without the appearance of self-
aggregation phenomena when the external magnetic field is
removed. Via applying an external stimulus, such as a magnetic
field, ultrasound, temperature, or light, and/or changing some
internal triggers, like the presence of enzymes or pH, an effi-
cient release process can be carried out (Fig. 4a).° Due to this
tightly controlled process, magnetic nanocarriers offer signifi-
cant positive impacts, improving pharmacokinetics, increasing
dispersion, increasing the stability of the loaded contents,
enhancing the retention time of delivery systems in the circu-
latory systems, and reducing the concentration of the loaded
contents and toxic side effects.

2.3.5. Hyperthermia properties. Along with impressive
targeted delivery, the magnetic hyperthermia properties of SFNs
based on the conversion of electromagnetic energy into heat in
the presence of an external alternating current magnetic field
are also very attractive. As we know, cancerous tumors are
susceptible to increasing temperature; unfortunately, during
conventional hyperthermia treatments, such as regional
hyperthermia and whole-body hyperthermia, besides destroy-
ing cancer cells, some clinical side effects are felt by
surrounding healthy tissues.””®® However, one of the most
outstanding characteristics of using SFNs inside tumors is the
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(a) A schematic illustration of the magnetic behavior according to the SFN particle size and applications in targeted delivery and localized

hyperthermia treatment. (b) The intercalation of lithium ions in ZnFe,O4. (c) The relative stability of Li,ZnFe,O,4 configurations relative to ZnFe,O4
and LioZnFe,O4 (reprinted with permission from ref. 84 and 85; copyright: 2019, Elsevier Ltd, and copyright: 2017, The Royal Society of

Chemistry, respectively).
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good and fast focusing of heating in the tumor zone (localized
hyperthermia). More interesting, the perfect combination of
targeted delivery and magnetic hyperthermia can improve the
vascular permeability of SFNs and lead to the more efficient
accumulation of SFNs. Also, magnetic hyperthermia can
significantly affect the release efficiency of loaded contents from
smart nanocarriers at the tumor site.® Interestingly, the utili-
zation of SFNs with localized heating effects that do not harm
the surrounding tissues promises to be a fascinating thera-
peutic procedure for cancer therapy.

3. The development of
heterostructured designs for lithium-
ion battery, environmental monitoring,
and biomedical applications

3.1. Challenging aspects of spinel ferrite (AFe,0,)
nanomaterials for technological applications

3.1.1. Spinel ferrites (AFe,O,) for lithium-ion battery
applications. As is known, the performance of LIBs depends
remarkably on the electrode material components and struc-
tural characteristics. Of these, the anode material components
are attributed as one of the most important factors affecting the
energy storage efficiency. Normally, there are three popular
anode material types, carbonaceous materials (graphite, gra-
phene, and GO), conducting polymers, and transition metal
oxides (TMOs), however, their use has been limited by low
theoretical capacities and instability during cycling. Recently,
the development of novel anode materials that could fulfil the
demands of LIBs in terms of having high power and energy
densities and electrochemical stability has been recorded based
on the use of binary metal oxides (spinel materials), especially
spinel ferrites (AFe,0O,, where A can be Zn, Ni, Co, Mg, Mn, etc.)
and their heterostructured designs, in the electrode structure.

Among all SFNs, ZnFe,0,, CoFe,0,, NiFe,0,, and MnFe,0,
have been more popularly investigated and used as prospective
anode materials for LIB applications. To explain this from an
electrochemical mechanism perspective, one of the main things
making them a perfect substitute for traditional anode mate-
rials is the coexistence of several oxidation states, which is
favourable for rapid redox reactions, leading to enhancements
in the efficiency and quality of both energy storage and
conversion systems. More interestingly, benefiting from varying
the transition metal element components in the electrode
structure, the energy density and working voltage can be
tuned.®* For example, a great theoretical capacity of over
1000 mA h g’1 was reported in LIBs using a ZnFe,O,-based
anode material owing to its Li" storability, not only through the
redox reaction between Zn>" and Fe®" (eqn (1)-(3)) but also
during the alloying reaction between Zn and Li to form a Li, 4Sn
alloy during the lithium insertion and extraction process (eqn
(4)) (Fig. 4b)®*®*. Some SFNs based on Mn, Ni, Co, and Cu,
although they do not possess free interstitial sites to host Li’,
like in the graphite structure, and do not form alloys with
lithium like Sn and Zn, instead only react reversibly with
lithium via conversion reactions, similarly to Fe; however, their
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capacities still reach higher values compared with normal
TMOs.

ZnFe,04 + 8Li* + 8¢~ — Zn + 2Fe + 4Li,O (1)
2Fe + 2Li,O — 2FeO + 4Li* + de 2)

Zn + Li,O — ZnO + 2Li" + 2e~ (3)

Zn + 44Li* + 44e” — Lis4Zn (4)

More specifically, Guo et al.** pointed out the deep origins of
the enhancement in the electrochemical performance of
ZnFe,0, electrodes via studies of the discharge mechanism,
structural dynamics, active sites, and the roles of Li, 0>, Fe*",
and Zn** in the early stage of the lithiation process, from
ZnFe,0, up to Li,ZnFe,0,. It was observed that the intercalation
of Li* will focus on octahedral 16c sites if x gradually increases
to 1, and the displacement of Zn>" sites from tetrahedral 8a sites
to 16c sites started at x = 0.25. High stability was reached when
x = 1 and stability decreased for 1 < x =< 2 (Fig. 4c). Other
advantages of SFNs are that they possess the inherent charac-
teristics of having natural abundance, being environmental
benign, and showing a widened potential window. The exis-
tence of multiple metals in one crystal lattice and the tight
bonds between them induce higher electrical conductivity
because of the lower activation energy of electron transfer
between cations compared with a single-metal oxide
structure.?*%¢

Unfortunately, like most other TMOs, none of them can
overcome the important obstacles of poor electron conductivity,
high interparticle resistance, rapid capacity fading, and struc-
tural instability due to huge volume expansion and the self-
aggregation of monodispersed NPs during the charge/
discharge process. For instance, in 2003, Alcantara et al.*’ re-
ported a NiFe,O,-based electrode as an anode material for use
in LIBs for the first time; it delivered an initial reversible
capacity of about 900 mA h g~ ' but, nevertheless, the cycling
performance was rather low, with a capacity of approximately
400 mA h g~ ! after 10 cycles. Four years later, in order to
enhance the electrochemical performance of NiFe,O, materials,
a new sol-gel synthetic method for obtaining NiFe,O, NPs from
a citrate precursor was proposed to create more uniform and
smaller NiFe,O4 NPs. As a result, the maintained capacity value
of this NiFe,O,-based electrode was increased up to
600 mA h g ! after 80 cycles.*® More particularly, progress
involving heterostructured designs based on NiFe,O, NPs to
improve specific capacities, cycle life, and rate capabilities has
been recorded via the uniform distribution of NiFe,O, NPs on
the surface of CNTs* and/or graphene,** and even via core-shell
architecture using TiO, (ref. 90) and polypyrrole (Ppy).”* In
another instance, CoFe,O, thin films with an average size of
80 nm were reported to possess an initial irreversible capacity of
1280 mA h ¢! in LIBs, which is three times higher than the
theoretical specific capacity of graphite.”” However, after 20
cycles, the capacity of these thin films gradually decreased and
was maintained at about 610 mA h g~'. Through varying the
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morphology from thin films to three-dimensional nanofibers to
better accommodate volume changes and maintain the struc-
tural integrity, the initial capacity of a CoFe,O, material ach-
ieved a better level of 1888 mA h g ' and maintained
a reversible capacity as high as 942 mA h g~ after 80 cycles.”® In
fact, it was demonstrated that the use of a one-dimensional
mesoporous structure of CoFe,O, nanofibers, possessing
a high specific surface, large additional space and high crys-
tallinity, could accommodate well the issue of volume expan-
sion, facilitate a fast Li* diffusion pathway and effective electron
transfer, and create good contact between the electrolyte and
electrode and more active sites. A similar trend was also found
for ZnFe,0, anode materials. NuLi et al.®* pointed that upon
using thin films with a size range of less than 100 nm, a ZnFe,O,
anode material obtained via a reactive pulsed laser deposition
method provided an initial reversible capacity of 556 mAh g™,
and just 78% of this capacity can be maintained over 100 cycles;
meanwhile, when using ZnFe,O, nanofibers with a better-
controlled diameter in the range from 200 to 300 nm and
a uniform distribution of pores on the surface of the ZnFe,O,
nanofibers owing to an effective electrospinning and annealing
process, a higher initial discharge capacity of 1212 mAh g~ was
exhibited, and a promising reversible capacity of 753 mA h g™*
was still retained after 200 cycles at a high current density of
5 A g% Clearly, via changes in the morphological character-
istics, hybrid engineering, and the suitable selection of elec-
trode materials, the electrochemical performance of SFN-based
electrodes for use in LIBs can be enhanced remarkably. This is
why there has been a sharp rise in the number of studies based
on binary metal oxides-SFNs with novel heterostructured
designs for LIB applications. Of course, to further clarify these
aspects, the content discussed below will give the reader a more
detailed and in-depth view.

3.1.2. Spinel ferrites (AFe,0,) for environmental applica-
tions. For environmental prospects, the two important tech-
nology fields that have attracted the most attention are (i) the
treatment of toxic gases, organic compounds, and heavy metals
via adsorption and photocatalytic degradation methods; and (ii)
the sensing and monitoring of toxic pollutants in the
environment.

In the treatment field, some traditional strategies, such as
coagulation, filtration and ion exchange via membranes,
advanced oxidation process, electrolysis, and non-magnetic NP-
based adsorption techniques, have been applied to resolve
pollution problems for a long time. However, they, in fact, are
limited by the incomplete removal of pollutants, adsorbent
recovery difficulties, and high production costs. NPs have been
investigated and fabricated for combination with these tech-
niques, aimed at enhancing removal efficiencies. The positive
effects when NPs are applied to these approaches cannot be
denied, but their toxicity has become another large issue. NPs
may be new secondary pollutants, hazardous to public health
and the environment. Meanwhile, SFNs, like semiconductors,
have many extraordinary physicochemical properties in terms
of optical, electrical, and catalytic activities that can provide
promise for adsorption- and photocatalytic-based pollutant
removal. As mentioned above, SFNs possess high adsorption

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

capacities due to the large number of reactive sites and metal
ions that can directly interact with contaminants to promote
removal efficiencies. More interestingly, compared with other
strategies applied in the adsorption field, the utilization of non-
toxic SFNs can help the catalyst recycling process to become
easier, because they can be recovered via an external magnetic
field owing to them being magnetically separable. Of course,
SFNs can support the separation of used adsorbents to some
degree, but they are still not practical enough to meet all the
demands of industrial applications due to production being
only on a small-scale. Besides, unfortunately from a photo-
catalytic aspect, the rapid recombination of photogenerated e/
h* pairs can also lead to critical limitations. Thus, it is imper-
ative to maximize the potential photocatalytic activity further
and take advantage of other light sources in these processes.
Notably, a better approach is to use SFNs as an important
sensitizer for wide-bandgap semiconductors or to combine
SFNs with other functional materials to increase the survival
time of e”/h" pairs. This has become an inexorable trend, in
pursuit of lower cost, easier fabrication techniques, and higher
efficiency.

In the sensing and monitoring areas, the development of
new sensors based on SFNs to replace old sensor types with
large production costs, high operating temperatures, short
lifetimes, and difficult fabrication techniques has attracted a lot
of attention, with the aim of detecting toxic pollutants at low
concentrations (few ppm) in an early fashion with fast response
times via both oxidizing and reducing gas, which old sensors
cannot do.*** A rise in the number of reports on the use of
MgFe,0,, ZnFe,04, CuFe,0,, NiFe,04, and CoFe,O, for the
detection of CH,, H,S, Cl,, liquified petroleum gas (LPG),
ethanol gas, and even heavy metals can be found in the litera-
ture.”*®” Using SFNs with semiconducting behavior results in
outstanding chemical reactivity owing to the substitution of
cations, the high aspect ratio, and the large number of reactive
surface sites. However, to be frank, pure SFNs still face serious
challenges; furthermore, the sensing efficiency depends
remarkably on microstructural properties, such as morphology,
size, and crystal structure. Recent reports have revealed that the
modification and redesign of spinel ferrite structures with
suitable support materials is considered to be a potential
approach to further improve the sensitivity, selectivity, response
time, and long-term stability (Fig. 5).

3.1.3. Spinel ferrites (AFe,0,) for biomedical applications.
The most important characteristics of SFNs that have attracted
researchers for biomedical purposes are their low inherent
toxicity, ease of fabrication, tunable size, and shape, great
superparamagnetic behavior (high magnetocrystalline anisot-
ropy and high coercivity), and high M; values, without any loss
of the inherent advantages of nanomaterials.* With such char-
acteristics, SFNs can be effectively controlled via using an
external magnetic field; however, they do not show any
agglomeration after the removal of the magnetic field, creating
a clear advantage over other NPs like silica, TMOs, and carbo-
naceous materials. Besides, their unique physiochemical
properties, like a high surface area to volume ratio, stable
mechanical hardness, and flexible surface functionalization,
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Fig. 5 The environmental monitoring applications of spinel ferrite
nanomaterials.

make SFNs more particularly attractive. Several groups have
investigated the use of SFNs for various biomedical applica-
tions, such as targeted drug delivery, magnetic hyperthermia,
magnetic resonance imaging, and magnetic separation.»**** In
all cases, however, it is important to note that bare SFNs face
large challenges regarding their poor magnetic properties at
small sizes and under physiological conditions. Moreover,
issues of biocompatibility and toxicity are serious limitations to
the development of SFNs because the presence of iron atoms in
a structure can create interactions with hemoglobin, leading to
undesirable side effects. As a result, the modification of bare
SFNs via the formation of SFN-based hybrid designs has
emerged so far as a crucial step in order to improve biocom-
patibility and safety, reduce side effects, prevent aggregation,
and impart multifunctional abilities. A promising hybrid design
will show strong magnetization at a small size and low
concentration, and under physiological conditions. In this
article, a thorough review of current development aspects
relating to SFN-based hybrid designs for use in the biomedical
field and future prospects will be made in detail below.

3.2. Hybrid designs between spinel ferrites (AFe,0,) and
carbonaceous nanomaterials

3.2.1. Carbon-coated spinel ferrites (AFe,0,). Among the
many varied strategies to circumvent LIB issues, one of the most
promising ways is to disperse and construct hybrid carbona-
ceous matrix designs possessing high electronic/ionic conduc-
tivity and excellent stability (e.g., the use of carbon coatings,
CNTs, CNFs, graphene, and rGO). Coating carbon onto the
surfaces of electrode materials like TMOs to overcome chal-
lenges relating to LIB electrochemical performance deriving
from low conductivity, huge volume changes, and aggregation
has been studied for a long time. Of course, SFNs are not
removed from that development trend. The most typical
evidence is contained in a series of reports, and recent efforts
have also investigated and evaluated the efficiency and
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attraction of this method. Normally, a carbon-coating approach
is chosen for SFNs with many varied shapes, for example, with
0D morphology (NPs and nanospheres) and 1D morphology
(nanotubes, nanowires, nanorods, and nanofibers), corre-
sponding to core/shell and/or yolk/shell designs (Fig. 6a and b).
According to research, a nanostructured milled MgFe,O,
sample with a grain size of 19 nm was employed for the first
time as an active electrode vs. lithium metal, where it delivered
an initial discharge capacity of around 850 mA h g
However, the capacity was unstable and tended to gradually
decline during the charge/discharge process during subsequent
cycling. Via using pyrrole as a conductive carbon source to
modify the surface of a MgFe,0, material through a decompo-
sition approach at 550 °C, a carbon-coated MgFe,0, (MFO/C)
material with a smaller grain size showed improvements in
electrical conductivity and shortened Li* and electron transport
paths; also, the presence of a MgO phase as a dispersant during
the charge/discharge process aimed to prevent Fe and its oxide
from aggregating and to accommodate volume expansion,
which could remarkably improve the electrochemical perfor-
mance. The synthetic anode material exhibited a reversible
capacity of 744.0 mA h g~ * after 160 cycles at 100 mA g~ *, which
was higher than both pure MgFe,0, and a carbon-coated Fe;O,
(FO/C) electrode that was prepared and tested under the same
conditions (476.7 mA h g™ " after 95 cycles) (Fig. 6¢ and d)."**
Similarly, using a one-dimensional MgFe,O, material, Luo
et al'® demonstrated significant electrochemical efficiency
improvements in terms of cycling stability and rate capability
using uniform 6 nm-thick carbon shells on MgFe,O, nano-
fibers. Electrochemical results showed that, benefiting from its
appropriate carbon coating, a reversible capacity of
743 mA h g~ " after 200 cycles was obtained and a stable capacity
of 451 mAh g ' at2 A g ' was maintained. The coating carbon
approach was widely applied to almost all other SFNs, not just
MgFe,0, materials. Indeed, carbon-coated ZnFe,O, and
CoFe,0, NPs,'*'** MnFe,0, nanospheres,'” ZnFe,O, nano-
rods,'*® ZnFe,0, nanofibers,’” and even 3D-ZnFe,O, nano-
flakes'® and NiFe,0, mesoporous hollow spheres'® were
successfully fabricated and presented excellent electrochemical
storage performance in terms of reversible capacities, cycle
lives, and rate capabilities compared with pure SFNs. Herein, to
explain the positive changes in electrochemical performance, it
is assumed that the unique carbon-coated electrode structure
provides a higher surface area along with numerous reactive
sites and short transport pathways for both electrons and Li".
Indeed, the uniform carbon shells not only act as a beneficial
buffer to protect metal elements in the spinel ferrite structure
and to protect oxides from self-aggregation and pulverization
arising from large surface interaction forces, subsequent
conversion reactions in electrochemical processes, and huge
volume expansion, but they also ensure good intrinsic elec-
tronic conductivity in the synthetic electrode. Furthermore, the
synergistic effect of the core/shell or yolk/shell morphology
could improve the contact between the electrode and electro-
Iyte, while increasing to a sufficient degree the electrical
connections between the current collector and active material.

—1 100

Also, direct interactions between the inner active material and
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electrolyte are avoided, leading to decreased interfacial resis-
tance and charge-transfer resistance (R.).

Similarly, in the environmental case, a carbon-coating
approach has been chosen to modify and further develop
SFNs to more effectively enhance the removal efficiencies of
contaminants and reusability. As can be seen, carbonaceous
materials are known as typical nanomaterials for adsorption
and photocatalysis processes due to their high adsorption
capacities, rich surface functionalities, low bandgaps arising
from large external surface areas, great mechanical strengths,
and chemical and structural stabilities. The morphology and
size of a catalyst material can decide its catalytic performance.
The stable support of a carbon coating on SFN surfaces inhibits
the self-aggregation of SFNs effectively without the detachment
of NPs from the substrate matrix. Also, it provides adsorptive
domains for the enrichment of the exposure area between
pollutants and catalytic sites, and it creates abundant transport
pathways for reactive molecules, leading to both adsorption and
photocatalytic performance enhancements. More importantly,
as described, carbon-coated SFNs can be easily recovered and
reused via using an external magnetic field to separate them
from the reaction mixture. T. Zeng and co-workers demon-
strated that via constructing a unique mesoporous hybrid
structure between N-doped carbon microspheres (NC) and
CoFe,0,4 nanocrystals, the catalytic efficiency and reusability
could be improved; namely, 100% methylene blue (MB) removal
was achieved in 20 min during the first cycle and 95% was
achieved even after 4 cycles."® Both NC and CoFe,0, NPs had
roles as active sites, directly supporting the oxidation reactions
of MB molecules in the presence of peroxymonosulfate (PMS);
together, they created a large surface area of 334.39 m* g~ *, with
a total pore volume of approximately 0.56 cm® g~ '. Porous
coating layers with high electronic conductivity supported the
promotion of electron transfer between components, and
regenerated catalytic sites, therefore showing interesting
synergetic effects. Moreover, the formation of a hollow structure
facilitated an increase in the positive contact between both

This journal is © The Royal Society of Chemistry 2020

internal and external active sites; a possible mechanism
explaining the high catalytic performance is proposed in
Fig. 7b. The initial adsorption of MB on the surface of the
catalyst occurred via - interactions between the graphitic-
like structure of NC and the aromatic rings of MB, then the
active sites of Co>* and Fe®*' on the CoFe,0, surface activated
PMS via HSOs"~ group catalysis to create more radicals, such as
SO, 7, SOs 7, and OH", which directly degraded MB in solution.
Similarly, reports by Zhang"* and Song'** also mentioned the
utilization of CoFe,O, for the construction of core-shell designs
with CNTs and rGO, respectively. Most of the obtained results
showed the uniform formation of an outer carbon shell on
CoFe,0,4 NPs; as a result, CoFe,0,-rGO offered a great absorp-
tion capacity of about 263 mg g~ ' at 298 K for methyl orange
and, more specially, it showed a specific saturation magneti-
zation (M) value of 32.8 emu g~ ', which may support its sepa-
ration after adsorption more easily. In addition to CoFe,Oy,
ZnFe,0, (ref. 113) and CuFe,0, were proposed and studied as
reusable magnetic catalysts in combination with carbonaceous
materials with the aim of toxic pollutant removal from the
environment. Although there are many positive signs about its
ability to remove toxic pollutants, this hybrid design has not
received much attention to date for sensor applications for the
early detection of hazardous substances in the environment.
This is clearly shown by the number of related reports being
limited. This direction could have promise and attract scientists
in the future but, of course, more research and detailed reports
are needed to assess the application potential properly.

In fact, up to now, none of the introduced hybrid designs
based on carbon-coated AFe,O, have been approved for
biomedical applications, especially hyperthermia, MRI,
magnetic separation, drug delivery, biosensing, and magneto-
reception, except for Gorgizadeh's report."** In this, a NiFe,0,/C
nanocomposite was introduced, fabricated successfully, and
used as an effective photoabsorbing agent in a promising
photothermal therapy approach towards the C540 (B16/F10) cell
line and a melanoma cancer mouse model. Due to the high
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(@ and b) TEM images of HM-NC/CoFe,O4 and the proposed mechanism for pollutant degradation. (c) The temperature increase of

NiFe,Q4/C at concentrations of 100 and 1000 ug mL~%, and that of a control sample upon exposure to an 808 nm diode laser at 1.0 W cm ™2 over
15 min. (d) The C540 (B16/F10) percentage cell viabilities after exposure to irradiation for 10 min from a diode laser following 4 h of incubation
with two concentrations of NiFe,0,4/C (1 or 50 pg mL™Y) (L*N™), after irradiation for 10 min without NiFe,O,/C (L*N™), after exposure to NiFe,O.,4/
C (10 or 0 ug mL™Y) without irradiation (L"N*), and without laser irradiation or NiFe,O4/C (L"N7) (reprinted with permission from ref. 110 and 114;

copyright: 2017 and 2018, Elsevier Ltd, respectively).

thermal and electrical conductivities and the effective conver-
sion of light to heat by the carbon coating, a more rapid increase
in temperature was facilitated during photothermal therapy.
Besides, this hybrid design helped to create a more specific and
definitive treatment process, leading to a reduction in side
effects and inducing lesser toxicity in normal tissues (Fig. 7c
and d). Interestingly, using the hybrid design of a carbon
coating and SFN is very promising for cancer therapy; however,
the main problems resulting in the limited biomedical appli-
cations are probably owing to potential toxicological implica-
tions arising from short- and long-term exposure, and low
loading capacities and poor dispersibilities under physiological
conditions. Furthermore, as can be seen, instead of using
a carbon coating, a number of reports have found success when
using other coatings, like polymers (CS, polyethylene, and
phospholipids)***™**” or even silica materials. With a polymer
coating, the control of SFN particle size, shape, quality,
dispersion, and hemocompatibility become probably better
because of the unique multifunctional properties arising from
the large diversity of functional groups within the polymer

31634 | RSC Adv, 2020, 10, 31622-31661

structure. This coating layer also can protect the surfaces of
SFNs from proteins, cell adsorption, and tissue penetration,
thus increasing the particle circulation time for in vivo
applications.

3.2.2. Spinel ferrite (AFe,0,)/carbon nanotubes and carbon
fibers. From another point of view, random self-aggregation
phenomena between SFNs and carbonaceous nanomaterials
with 1D morphology, such as CNTs and carbon nanofibers
(CNFs), have been further studied in recent decades. Noticeably,
it is stressed that the decoration of SFNs on the surface of CNTs
and CNFs is similar to carbon-coated SFNs, shortening the
electron/ion path lengths and preventing active materials from
aggregation and pulverization during repeated cycling.
However, with the presence of a conductive structural frame-
work (CNTs/CNFs), the contact between these active materials
becomes point-to-line, line-to-line, or face-to-line, instead of
point-to-point as in carbon-coated SFN designs (Fig. 6b). Also,
the inherent flexibility, high surface to volume ratio, and better
strain relaxation of 1D NMs, as reported above, may result in
continuous electron transfer efficiency enhancement, the

This journal is © The Royal Society of Chemistry 2020
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accommodation of the influence of huge volume changes, and
the growth inhibition of SFNs during the charge/discharge
process. Very interestingly, the interconnection and direct
growth of SFNs on CNTs/CNFs can help to create stable struc-
tures possessing large surface areas with the existence of a large
amount of micro/mesopores."*®'*® This indicates the important
role played in facilitating effective contact between the electrode
material and electrolyte, as well as forming a lot of void space to
accommodate volume expansion, stress, and strain generated
during the charge/discharge process. Namely, in 2013, Fu
et al."’ reported a facile anode material fabrication method for
LIBs from CoFe,0, and CNTs via a calcining process involving
the precursors. Via the formation of strongly coupling oxygen
bridges (metal-O-C) between the CNTs and CoFe,O, NPs, R
was reduced approximately 2-fold; meanwhile, the value of
interfacial resistance between the SEI layer and electrolyte was
maintained both before and after Li ion insertion, not only
demonstrating the better kinetics of the process and the great
state stability of the SEI film, but also the high specific capacity
retention. In a similar report, CoFe,0, NPs were utilized in
combination with CNFs with the aim of helping to form a self-
organized architecture as a conversion anode without using any
other templates or additives.”* This report also evaluated the
role of the intimate interconnections between active materials
in the anode electrode based on the formed synergistic effects
and the supported electrochemical performance. Owing to
these synergistic effects, the synthetic anode delivered a high
specific capacity of 705 mA h g~* after 250 cycles, which was
higher than that of a bare CoFe,0, electrode (914 mA h g ' in
the first cycle and only 80 mA h g~" after 50 cycles).’®> Most
recently, via changing the fabrication method through sol-
vothermal and calcination processes, a coralline structure of
CoFe,0, and CNTs was created."” It offered an outstanding
reversible capacity value of 747.5 mA h g™ after 220 cycles at
200 mA g~ ', corresponding to a coulombic efficiency (CE) of
74%, which was higher than the value of 64.4% obtained from
pure CoFe,O, NPs. Apart from CoFe,0,4, CuFe,0,, MnFe,0,,
MgFe,0,, and NiFe,O, were also investigated and fabricated
with hybrid architectures based on CNTs and CNFs (Table 1). It
can be seen that in most of the mentioned hybrid designs,
significant enhancements in the capacity and cycle life are clear.
In particular, the capacity retention always reached a high level
compared with the pure SFN when tested under the same
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conditions. These results once again demonstrate the success-
ful hybridization between SFNs and 1D carbonaceous materials
and highlight the important role of 1D carbonaceous materials
for obtaining promising electrodes with many unique proper-
ties for LIB use.

In the literature, some investigations related to the combi-
nation of 1D carbonaceous nanomaterials and SFNs for envi-
ronmental purification applications have been discussed in
detail. Gabal et al.'® prepared MWCNT/CoFe,O, via a gelatin
auto-combustion method and used it as an efficient adsorbent
for acid red (AR) dye. Luan et al.'* used CuFe,O, NPs incor-
porated into CNTs as an effective composite membrane for
arsenite (As) filtration. Oyetade et al.**® evaluated the adsorption
abilities of MWCNTs/CoFe,0, for rhodamine B (RhB), as well as
the effects of the MWCNT content on enhancing the adsorption
capacity. Li et al."*® demonstrated the efficient removal abilities
and reusability of Ppy/CNTs-CoFe,O, nanocomposites toward
MB, methyl orange (MO), and acid fuchsin (AF). According to
research by Bahgat and Zhu, NiFe,0, NPs could be homoge-
nously decorated on MWCNTs to remove toluidine blue and
Congo red (CR) via adsorption and photocatalytic decoloriza-
tion processes. Some important factors that can affect these
processes, including pollutant concentration, temperature, and
exposure time, were tested.*>*** Overall, these hybrid designs
showed high adsorption capabilities, great selectivity, good
structural and chemical stability, and, more interestingly, high
magnetic responses, which helped improve reusability. In this
case, the remarkable increase in adsorption quality is due to the
inherently powerful adsorption abilities of 1D carbon materials,
along with the presence of many high energy adsorption sites,
such as defects and functional groups. Besides, the presence of
an open porous structure, created from random combinations
between components, and a large surface area is considered to
be another key factor explaining this achievement. Also, SFNs
play an important role, acting as magnetic adsorbents assisting
the aim of reusability. In recent reports, to optimize the
performance of hybrid designs containing 1D carbon materials
and SFNs as superior absorbents, a method of SFN and 1D CNT
surface chemical modification is essential to avoid agglomera-
tion on surfaces and weak interactions between components
(Fig. 8a and b). Zhou et al.*** illustrated a promising approach to
change the surface of CoFe,O, NPs using the amino functional
groups of CS. The obtained hybrid material had maximum

Table 1 A comparison of LIB electrodes based on hybrid designs containing SFNs and 1D carbonaceous nanomaterials

Current density

Discharge capacity

Capacity retention Coulombic efficiency

Electrode material (mA g™ (mAhg™ (mA h g~ ")/cycles (%) Ref.
MgFe,0, NPs/CNFs 100 1100 575/20 60.52 124
CuFe,0, nanowires/CNTs 200 2500 853/50 87 125
MnFe, O, NPs/MWCNTSs 0.1C 1356 600/350 57.4 119
MnFe,O, NPs 0.1C 1405 295/80 70.1

NiFe,O, NPs/CNTs 100 1030 624.6/100 76.4 89
NiFe,O, NPs 100 1101 200/100 74.8

NiFe,0, NPs/MWCNTs 372 1305 871/25 79 126
NiFe,O, NPs 372 1150 828/25 71

This journal is © The Royal Society of Chemistry 2020
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(@ and b) The surface modifications of SFNs and CNTs for pollutant removal applications. (c) The voltammetric responses of various sensor

electrodes to sotalol. (d) The response of a NiFe,O4—MWCNT thin film towards 100 ppm H,S at 300 °C (reprinted with permission from ref. 136

and 138; copyright: 2013 and 2014, Elsevier Ltd, respectively).

adsorption capacities of 42.48 and 140.1 mg g ' for tetra-
bromobisphenol A and Pb(u), respectively, higher than when
using CoFe,0, without amino groups. These amino functional
groups reacted with the target pollutants through strong
chemical forces instead of a normal physical adsorption
process. Furthermore, the CoFe,0,-NH, NPs showed ferro-
magnetic behavior, with coercivity (H.) of 285 Oe, which was
higher than that of bare CoFe,O, NPs. In another report, Wang
et al.** changed the surface of CNTs using carboxylic and amino
groups (CNTs-C and CNTs-N, respectively). As a result, they
exhibited significant adsorption potential (¢) enhancement
towards pollutants owing to the stronger interactions between
them and promised to be a potential adsorbent for organic
pollutants (Fig. 8b). In terms of photocatalytic activity, the

31636 | RSC Adv, 2020, 10, 31622-31661

enhanced photocatalytic efficiency stems from synergistic
contributions related to the good light absorption abilities of
the 1D carbonaceous photosensitizer, the strong interactions,
the efficient electron transportation between components
because of the open electronically conductive skeletons, and the
diversity of oxidizing species (h*, e, "OH, and 0>~ radicals)
arising from the high photocatalytic activity of SFNs. More
importantly, the more efficient charge carrier separation of e/
h* pairs in this design is also another factor explaining the high
photocatalytic degradation.*®"*****> Unlike in the above cases, to
validate the possibility of the utilization of this design for
sensor applications, Ensafi et al.**® carried out an interesting
study involving the combination of NiFe,O, NPs and MWCNTs
via a simple sol-gel synthetic method. The synthetic composite

This journal is © The Royal Society of Chemistry 2020
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was able to act as a convenient and useful electrochemical
sensor to detect sotalol with a wide linear dynamic range of 0.5-
1000 pmol L' and a low detection limit of 0.09 pmol L™'. The
great results were verified as being due to the strong adsorption
of targets on the surface of the modified electrode because of
the huge electrode surface areas (six times greater than that of
a glassy carbon electrode (GCE)). Also, the useful electronic
properties, owing to strong synergic effects on the target redox
process, and high levels of electron transfer contributed
significantly to these results."®” In addition, these reasons also
caused an increase in conductance and meanwhile reduced the
electrical resistance, leading to an enhanced gas sensor
response and sensitivity. In comparison with a bare GCE and
MWCNTs without modification, the voltammetric response of
the NiFe,O, NPs-MWCNTs electrode to sotalol involved a rise in
sharp peak current, while GCE and MWCNT electrodes had
weaker peak currents (Fig. 8c). Similarly, Hajihashemi et al.***
also chose NiFe,0, NP-MWCNT composites to detect the exis-
tence of H,S. The obtained results showed a better response
than both pure NiFe,0, and MWCNT-based sensors. At
a concentration of 100 ppm, this electrode could detect H,S
within 110 s via a rapid change in resistance from 11.5 to 4.5 MQ
(Fig. 8d); meanwhile, the pure NiFe,O, electrode detected only
at a higher detection limit of 200 ppm, and the gas response was
only about 30% (ref. 139) (Table 2).

It seems that 1D carbonaceous materials have gained more
attention for almost all types of bio-application, including
biosensors,"***** drug delivery,***'*” imaging, and therapy."****
As mentioned above, CoFe,O, and ZnFe,O, NPs have been
widely studied for sensor applications, mainly due to their self-
interaction properties and versatile responses to an external
magnetic field. MWCNTs show high adsorption because of their
large surface area, high electrical conductivity, and structural
and chemical stability. In this case, the synergistic effects
stemming from incorporating these sets of characteristics once
again can be taken advantage of in an optimal way via
combining the two components together through the uniform
distribution of SFNs on MWCNTSs; this arrangement can then be
used to determine the existence of ofloxacin, metoclopramide
(MCP), and indomethacin (IND) in pharmaceutical and bio-
logical samples.’***** The results exhibited that ZnFe,O,/
MWCNTs showed better electron transfer kinetics, with a low
R value of 42 Q and a large electroactive surface area of 0.10
cm?, 3 times higher than a carbon-paste electrode (CPE). As
a result, the determination of MCP in human blood serum,
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pharmaceutical, and urine samples via DPV showed higher
sensitivity and selectivity (Table 3). Besides, the synthetic
CoFe,0,-MWCNT adsorbent showed a wide detection range of
100-750 ng mL ™' with a detection limit of 23 ng mL ™"

Also, ZnFe,0, and CoFe,0, were assessed as showing high
potential for use in drug delivery systems; their composites with
MWCNTs possessed high M values of 132/49 emu g~ ', M,
values of 12/37 emu g~ ', and H, values of 48/35 Oe, respec-
tively'””. More specifically, Fan et al.'*® fabricated a triple
composite consisting of SiO,, CoFe,O, NPs, and MWCNTs and
used it for anti-cancer drug delivery. It needs to be noted that,
like carbon-coated designs, in essence, the poor dispersion, low
loading capacity, and poor biocompatibility of CNTs and
MWCNTs lead to limitations in their biological application. To
address these issues, a coating layer of mesoporous silica
(mSiO,) was formed on the surface of CoFe,O,/MWCNTs
without the loss of superparamagnetic properties. Then, the
drug doxorubicin (DOX) was loaded successfully via numerous
mesoporous nanocarriers and hydrogen bonds between the
carboxyl groups of the drug molecules and the SiO, surface with
the aim of targeted cancer therapy. The synthetic carrier showed
excellent drug release abilities within 48 h according to a diffu-
sion-controlled mechanism under pH control and following the
degradation of the weak hydrogen bonds. Also, this hybrid
design demonstrated great biocompatibility, with cytotoxicity
remaining at a low level even at a high concentration.

3.2.3. Spinel ferrite (AFe,0,)/graphene and graphene
oxide. Like the mentioned strategies, hybrid designs involving
SFNs and graphene have also been explored to overcome
obstacles relating to LIB applications and to obtain improved
electrochemical properties. In recent reports, most SFNs have
been decorated on the surface of the graphene substrate in the
form of NPs. This is an inevitable trend, owing to the availability
of simple and fast NP fabrication methods, while the obtained
efficiency is stable and promising compared with other forms of
fabrication. The fabrication engineering used for this hybrid
design may be pure mechanical blending between graphene
and pre-prepared SFNs™° or the direct growth of SFNs atop
graphene sheets via a co-precipitation reaction,"*** an elec-
trostatic spray deposition (ESD) method,* or electrophoretic
deposition (EPD) techniques*™'*° (Fig. 9) from metal salt
precursors. This hybrid design not only ensures a homogeneous
distribution of NPs and good interaction between components,
aiming to create stable architecture with a higher contact
interface area and more lithium insertion/extraction sites, but it

Table 2 A comparison of the performances of different modified electrochemical sensors using the reported voltammetry methods®

Technique Electrode material Detection limit (umol L™%) Linear range (umol L) RSD (%) Ref.
Cyclic voltammetry Gold microelectrode 3.49 1.1-50 3.6 140
Cyclic voltammetry NiFe,0,-MWCNTs/GCE 0.09 0.5-1000 2.3 136
DPV MWCNTSs/CFE 0.9 >100 8.3 141
DPV NiFe,0,-MWCNTs/GCE 0.09 0.1-1000 0.9 142
DPV G/Au/GCE 0.07 0.5-8 — 143

“ DPV: differential pulse voltammetry; G: graphene; RSD: relative standard deviation.

This journal is © The Royal Society of Chemistry 2020
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Table 3 The determination of MCP in human blood serum and urine
samples via DPV (n = 4)%

Recovery RSD MCP found MCP added

(%) (%) (nM) (uM) Sample

92.0 2.17 1.84 + 0.04 2.0 Human blood
serum

102.3 0.85 15.35 £ 0.13 15.0 Human blood
serum

103.0 1.46 2.06 £ 0.03 2.0 Urine

97.8 0.20 14.67 £ 0.03 15.0 Urine

also avoids self-aggregation, volume changes, and the detach-
ment of active materials. Of course, graphene still plays a major
role as an effective stress buffer for SFNs because of its many
unique features, such as a large surface area, excellent
conductivity, mechanical strength, and chemical stability, and
a high theoretical capacity. On the other hand, SFNs help to
protect the graphene nanosheets from restacking and agglom-
eration due to the strong stacking, hydrophobic interactions,
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and weak van der Waals forces. Indeed, Heidari et al.*’
successfully fabricated a sandwich-like nanoarchitecture of
NiFe,O, NPs, a carbon layer, and a graphene matrix. Owing to
the direct hydrothermal growth of NiFe,O, NPs on the gra-
phene, the synthetic anode offered great cycling stability,
maintaining 1195 mA h g™ after 200 cycles, which was much
higher than pure NiFe,O, NP-based anodes and hybrid designs
involving NiFe,O, NPs and CNTs. These positive results were
attributed to differences in the unique heteroarchitectures
leading to changes in the charge/discharge behavior, with the
higher utilization of active material, better structural stability,
and faster charge transport. More specifically, to easily
construct effective hybrid designs, the optimal proportions of
NiFe,0, NPs and graphene, and special strategies for the utili-
zation of various binders were investigated by Li et al.*®® The
report pointed out the synergistic effects of using a carbox-
ymethyl cellulose (CMC) binder combined with a suitable gra-
phene content (100 mg), which provided good storage
performance and outstanding battery characteristics. It is
assumed that well-designed morphology is one of the most
critical strategies for promoting electrochemical performance;
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as a result, SFNs with nanosheet morphology were also used for
hybridization with rGO for LIB applications.'****° However, the
number of reports in this research field is still limited, owing to
fabrication difficulties and harsh experimental conditions.
Luckily, the obtained positive results still exhibit a promising
pathway for the development of electrodes in the future.

In the environmental field, the combination of SFNs and
graphene is known more widely for both environmental treat-
ment and sensor applications. The expected photodegradation
and absorption properties of this hybrid design are still asso-
ciated with synergistic behaviors between the constituent
composite materials, as described in the LIB case. A high
surface area and good conductivity enable effective synergistic
electronic interactions over the entire surface of an electrode;
furthermore, electron transportation between SFNs and gra-
phene can facilitate a high amount of adsorption and many
reactive oxygen species. More importantly, this helps to signif-
icantly reduce the e /h' recombination rate, increasing the
photodegradation efficiency.'**'** Yao et al.,'*® Mandal et al.,***
and Yamaguchi et al.**® used MnFe,O, NPs decorated on rGO
and graphene to form unique heterostructures for the effective
removal of toxic pollutants from water via photodegradation
and adsorption. Almost all of the obtained results exhibited the
excellent photocatalytic activity and adsorption properties,
along with good magnetic properties to increase the reusability
and physical durability, with high activities maintained after
long-term use. It should be noted that compared with bare
MnFe,0,, this hybrid design had a higher specific surface area
of 196 m> ¢! and a larger pore volume of 0.367 cm® g™ ;
meanwhile, pure MnFe,O, only achieved values of 90.6 m* g~"
and 0.31 cm® g7, respectively. The MnFe,0,-based design also
demonstrated high performance with easy recycling and good
stability; more importantly, it photodegraded over 97% of MB
within 60 min, which was higher than 84% after 290 min ach-
ieved using pure MnFe,0, (Fig. 9¢). In another experiment, via
optimizing the graphene content in the hybrid design, the
magnetic characteristics of the design could be tuned; at 15%
graphene, it exhibited not only magnetic properties similar to
pure ZnFe,O, NPs but also provided much larger physical and
chemical interaction areas, separating almost all (99%) dye
from solution after a short time of 6 min compared with 96%
after 16 min when using pure ZnFe,O, NPs.'*”

The development of unique sensors for the fast detection of
pollutants has also been studied via combinations between
SFNs and rGO. However, from another point of view, the fact is
that not much research about such sensor designs has been
reported so far, although they seem to show great sensitivity,
fine selectivity at low concentrations, long-term stability, and
reproducibility in terms of response time and recovery time.**®
These enhanced sensing behaviors were attributed to the
presence of rGO with high conductivity and large surface
accessibility, leading to fast mass transfer and the efficient
adsorption of pollutants at a wide range of concentrations, and
the positive motion of charge carriers at a high rate allowing
easy diffusion across the whole sensor. Indeed, this is a poten-
tial finding that shows the advantages of this hybrid design for
practical sensing applications. Of course, more effort is still
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needed to research and fabricate exceptional architectures that
can suitably meet the requirements of an ideal sensor.

For biomedical applications, the incorporation of SFNs with
graphene and GO to form magnetic composites has been
developed more commonly when compared with other designs
based on carbonaceous materials such as carbon dots, CNTs,
etc. Both Yang and Wang employed MnFe,0, NPs to decorate
a GO surface and considered these to be effective carrier
systems for the anti-cancer drug DOX owing to the super-
paramagnetic behavior.'*'* In comparison with common
carbonaceous materials, GO can be better dispersed in aqueous
solutions, even under physiological conditions, through the
large number of oxygen-containing functional groups, like
carboxyl, hydroxyl and epoxide groups, on its large surface. Such
groups help GO to directly connect with drug molecules via
strong hydrophobic interactions and the -7 conjugate effect
between GO and DOX, instead of using a surface activation
approach based on some oxides or polymers with special
functional groups to form new bonds to drug molecules.*®
Hence, the loading capacity on the surface is significantly
enhanced, as is the sensitivity of direct interactions, making it
a promising potential candidate for controlled drug delivery.
Besides, in order to validate the potential of this hybrid design
for MRI applications, MnFe,O, and CoFe,0, were used as
promising solid-state contrast agents because of their super-
paramagnetic properties, large Curie temperatures, moderate
saturation magnetization values, and magneto-crystalline
anisotropy.'’*"”> However, SFNs must have a small range of
sizes to achieve the maximal magnetic moment, and some
unintended phenomena can occur, such as colloidal instability
and the self-aggregation or sedimentation of NPs, under phys-
iological conditions. To overcome this problem, GO has been
used as an ideal support for the uniform dispersion of NPs,
leading to remarkable outcomes, not just for both T;- and T),-
weighted imaging, but also for controlling the average size,
dispersion, and magnetic characteristics of the composite,
according to the results obtained from in vitro and in vivo MRI
studies. More interestingly, as indicated by the most recent
observations of Alazmi et al.,'*> GO is assumed to probably
undergo some negative reactions under physiological condi-
tions due to the abundant functional groups on its surface.
Hence, replacing GO with rGO, which has a more inert surface,
was considered a useful strategy to retain biocompatibility and
to enhance the contrast and proton relaxivity coefficient for MRI
applications. Namely, with various loading concentrations of
CoFe,0,4 NPs from 5 to 30 wt% in a hybrid design with rGO, T5,-
weighted MR images at different concentrations of iron were
taken using these samples along with agarose gel; they showed
that the MRI signal intensity depended on the iron concentra-
tion and, furthermore, this hybrid design also exhibited
a contrast enhancement effect in comparison with pure
CoFe,0, NPs. A highest proton relaxivity value of 102.1 mM "
S™' at 30 wt% was obtained compared with previous reports
(Fig. 9d). The detection of ledipasvir (LEDV) was reported for the
first time by El-Wekil et al'* using a novel electrochemical
sensing substrate made of NiFe,0,/rGO with the support of
morpholinium acid sulfate (MHS). The large surface area and
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layered structure of rGO helped to successfully prevent the
aggregation of NiFe,O, nanospheres, and to enhance the active
surface area and electrocatalytic oxidation response to LEDV. As
aresult, the sensor exhibited a wide linear range from 0.4 to 350
ng mL " with a low detection limit of 0.133 ng mL ™. Addi-
tionally, the results demonstrated that this hybrid design could
be effectively employed in the quantitative detection of LEDV in
human plasma and in pharmacokinetic studies, showing high
sensitivity and selectivity, a low limit of detection (LOD), and
good stability and reproducibility. Also, many other reports
used SFNs in combination with GO and rGO with the aim of
detecting alpha-fetoprotein,’”® DNA,"7* nicotinamide adenine
dinucleotide (NADH), and H,0,."”> Almost all of the obtained
results exhibited promise for obtaining high-performance
electrochemical sensors.

3.3. Hybrid designs between spinel ferrites (AFe,0,) and
metals/metal oxides

3.3.1 Heteroatom-doped designs of spinel ferrite (AFe,0,)
structures. To further understand the reason and purpose for
choosing a doping route within SFN lattice structures, we know
that the electrical and electrochemical properties, namely
electronic conductivity, cycling performance, and rate capa-
bility, remarkably depend on the interaction and distribution of
A*" and Fe®' spinel cation sites throughout the spinel crystal
structure.'”*"”®* With the flexible ability of heteroatoms to
replace and/or occupy the A>" cation positions, critical changes
can be created in the lattice parameters and crystallite sizes
because of differences in the concentrations and radii of dopant
cations, leading to the formation of defects and synergistic
effects, delaying capacity loss.'”**** A proper doping process
provides many varied advantages for an electrode; among these
is a significant increase in the number of transport channels
and active sites within the unique porous nanosized structure
arising from the stronger dopant-atom-oxide bonds with
respect to the Fe-O ones, contributing to the promotion of
lithium-ion diffusion and storage. Moreover, it seems to create
a decrease in the interfacial resistance and facilitate the crea-
tion of a more compact and stable anode structure at a high C
rate because the required energies for the formation of oxygen
vacancies and for bond breakage between dopants and O, are
lower compared with Fe*" and 0,.'®"®2 More particularly, the
promotion of additional redox processes and the electrode
chemical activity are some of the most important aspects, which
need to be mentioned here. For example, in Tang's report,*”” via
the redistribution of electric and spin densities between the
dopant Mn and Zn*" cations, and because of the density of the
Li ions participating in the intercalation/deintercalation
process and the diffusion coefficient (Dy;) of the SFN matrix,
the electrochemical performance was remarkably increased,
corresponding to a specific capacity of about 1547 mA h g~ " in
the initial discharge process, which was maintained at
1214 mA h g~ ' at 100 mA g~ " after 50 cycles, higher compared to
a pure ZnFe,0, electrode (Fig. 10a). Also, as can be seen, particle
size and morphology, and the electrode kinetic parameters in
terms of the resistance of the electrolyte (R.), the resistance of
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SEI film (Ry), and R, were evaluated and exhibited important
positive changes after doping with Mn (Table 4). In the same
vein, the use of Al and Ca as dopants to substitute for Zn>* sites
in ZnFe,O, NPs was investigated to enhance the electro-
chemical effects.’” On one hand, Al atoms exhibited beneficial
results involving good reversibility at a high C rate with capacity
values of about 80-100 mA h g~ '. Meanwhile, Ca ions showed
low or almost no electrochemical effects after Ca doping due to
slight lattice expansion resulting from its higher ionic radius
compared with iron and zinc, leading to a breakdown effect
from Ca on the spinel structure. Furthermore, its higher
dimensionality and lower crystallinity degree prevented a suit-
able Li diffusion coefficient in the crystalline structure, thus, it
did not seem to exhibit plain and useful electrochemical
features. In another example, both Indhrajothi and Narsimulu
chose La*" and Sm*" to dope CoFe,O; NPs and used them as
effective anode materials for LIB applications, respectively.'s'%>
The great results in terms of rate performance and capacity
retention over a large number of cycles also once again
confirmed that the presence of La** and Sm>" in CoFe,0, NPs
improved the capacity, structural stability, and metal oxidation
reactions during the charge/discharge process through main-
taining the number of Li ions involved compared with a pristine
CoFe,0, anode (Fig. 10b and c).

Not very surprisingly, the doping of SFNs has led to many
outstanding results for both environmental purification and
sensor applications. As is known, doping approaches using
noble metals have been used popularly in many metal oxide
semiconductors as an effective way of promoting sensitivity and
selectivity for sensor applications. In fact, this approach has
also been applied successfully to SFN semiconductors in
a series of related reports.'”®* On one hand, as already
described in the LIB section, adjusting the lattice parameters,
crystallite size, morphology, surface-to-volume ratio, and,
especially in this case, the energy-band structure can contribute
to creating more active centers and available reactants at the
grain surface boundaries, leading to the promoted adsorption
of target molecules on the sensor surface. On the other hand,
kinetic competition between components and the electronic
sensitization effects of noble metals have provided a critical
natural route to enhancing the sensing properties: not only
sensing performance but also the recovery/response times.
Dopants can play the role as a catalyst, increasing the density of
chemisorbed oxygen species on the sensor surface, reducing the
activation energy of the reaction, and promoting reactions
between chemically adsorbed oxygen species and the target
molecules. A recent report by Lv revealed that the doping of Pd
into the 3D structure of macroporous ZnFe,O, resulted in
a great improvement in the sensor response and selectivity, and
excellent stability for acetone detection in comparison to lone
macroporous ZnFe,O, (ref. 183) (Fig. 10d). In addition to the
mentioned “catalytic effects” and “spill-over effects”, it was
proposed that, due to the unique porous structure and abun-
dant reaction sites both inside and outside the macroporous
structure, accessibility of target molecules to the sensor surface
was achieved at a high level. This was demonstrated through the
high value of the specific surface area, approximately 38.2 m>
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Fig. 10 (a) The rate capabilities of Mn—Zn ferrite powder with different Mn content. (b) Battery charge/discharge curves for a La-doped CoFe,O4

anode material. (c) The cycling performance of a Sm-doped CoFe,Oy, electrode at a current density of 200 mA g~2. (d) The dynamic gas-sensing

response of Pd-doped ZnFe,O,4 sensors with various Pd content levels

to 5-300 ppm acetone (reprinted with permission from ref. 177 and

181-183; copyright: 2014 and 2015, Elsevier Ltd, copyright: 2019, The Royal Society of Chemistry, and copyright: 2020, Springer Nature,

respectively).

Table 4 Electrode kinetic parameters obtained from the equivalent
circuit fitting of experimental data from Zn;_,Mn,Fe,O,4 (x = 0, 0.02,
0.04, 0.06, 0.08, and 0.1)*7

Mn content R.(Q) Ri(Q) Re(Q) I, (mAcm™>) Dy(em®s™)
0.00 2.73 37.72 1895  1.35 1.08 x 10°2°
0.02 2.12 20.53 7.04  3.64 1.96 x 107"
0.04 3.81 17.63 5.75  4.47 2.55 x 1078
0.06 2.73 35.81 9.63  2.67 1.37 x 107 %
0.08 1.45 33.60 15.89  1.62 1.35 x 10°*
0.10 4.28 27.71  11.19  2.29 2.47 x 10 '8

g~ ', which was two times higher than that of bare ZnFe,O, NPs
(16.2 m*> g "). Similarly, for environmental applications,
lanthanum (La**), manganese (Mg>"), and cobalt (Co>*) were
doped successfully into spinel structures of CoFe,O, and
MgFe,0, via various modified sol-gel methods."*”***** The
modification of the properties of CoFe,0, when doped with La**
ions were observed in detail, in which essential changes in
coercivity and surface effects were considered to be mostly due

This journal is © The Royal Society of Chemistry 2020

to a decrease in the lattice parameters through a total reshuf-
fling of the cationic arrangement of the spinel structure.
Indeed, a remarkable increase in surface area of almost 70%
was recorded following the addition of La®* (from 74.3 to 109.3
m?> g~ "). Besides, a lower optical band gap was observed,
moving from 1.35 to 1.1 eV. These displayed properties show-
case the promising potential for future advanced photocatalytic
and adsorption material applications; moreover, real applica-
tions are possible because of the good reproducibility and
stability, as described in Abraham's report with five cycles of
reuse without any evident loss of catalytic activity.

The development of heteroatom-doped spinel ferrite struc-
ture designs that exhibit outstanding antibacterial properties
has also been shown; this is desirable to meet the requirements
for replacing some antibiotic medicines and for use as effective
drug delivery systems. A perfect explanation of the antibacterial
mechanism relating to these designs has not been given yet, but
it has been proposed that the properties arise perhaps due to
the penetration of NPs into the bacteria cell membrane, leading
to morphology changes. Metal ions destroy the bacterial cell
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wall, then the degradation of cytoplasm occurs, and, finally, cell
death. The strong influences of the substitution or doping of
various heteroatoms on the spinel lattice, particle size, shape,
and antibacterial and magnetic properties, which are consid-
ered to be the most vital keys to the antibacterial activity, were
investigated in detail.’>"** Overall, the SFN crystal structure
after doping shows a significant decrease in the growth of
particle size, as well as an enhancement in the surface area and
number of useful active sites. In almost all of the obtained
results, the antibacterial efficiency of this hybrid design is better
than other pure samples. Also, Apostolov et al.** demonstrated
the possibility for using heteroatom-doped designs for
magnetic hyperthermia applications. As is known, a suitable
nanomaterial for magnetic hyperthermia applications must
meet all the requirements, such as having a large M, value,
a large value of H,, a NP size in the range of 20 nm, non-toxicity,
and biocompatibility. The doping process causes a reduction in
the particle size and phase transition temperature of spinel
crystals. Also, an increase in the dopant concentration in SFNs
leads to decreasing Curie temperature values, as demonstrated
in many previous reports."”*** Based on this theory, M, H,
effective anisotropy (Ke¢), and specific absorption rate values as
a function of concentration and size were determined in
heteroatom-doped designs. For MRI applications, reports by
both Alghamdi and Ghasemian showed the successful fabrica-
tion of hybrid designs of Cu-ZnFe,O, and Co-ZnFe,0, with
important factors for enhancing the quality of images obtained
via MRI with better image contrast.>*>*** At a suitable concen-
tration of dopant, these hybrid structures promise MRI ther-
mometry at near human body temperature.

3.3.2. Hybrid designs between spinel ferrites (AFe,0,) and
metal oxides. Instead of using heteroatoms for insertion/
replacement in spinel ferrite crystalline structures, metal
oxides have also been investigated and utilized as potential
candidates for hybrid designs, aiming to enhance electro-
chemical performance, because they have a high theoretical
capacity, can be easily fabricated, are non-toxic, and have
natural abundance. Herein, unique hierarchical hybrid designs
involving SFNs and metal oxides can be divided into two major
types: core-shell designs, and composite designs from random
arrangements (Fig. 11a and b). Firstly, motivated by the unique
characteristics resulting from rational integration and the
inherent diverse properties of the individual constituents, as
well as taking advantage of the secondary building blocks,
smart coatings of metal oxides on the surfaces of nanorods,
nanospheres, and even nanosheet arrays are evaluated as being
capable of promoting electrochemical kinetics more effectively
via endowing materials with larger surface areas, a more effec-
tive electrode-electrolyte exposure area, and more lithium
storage sites, similar to the carbon-coated designs mentioned
above. In fact, this can facilitate transport pathways for Li ions
and electrolyte molecules, shorten the diffusion distance and
resistance of the electrode material, and accommodate huge
volume expansion during repeated insertion/extraction
processes. It is worth noting that with the high stability and
rich redox chemistry of the outside coating layers, these mate-
rials can not only play a role as a great protective buffer to
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support the mechanical integrity and structural stability, pre-
venting the dissolution of active material into the electrolyte,
but they can also contribute to offering additional specific
capacity in the synthetic electrode. Thus, the electrochemical
performances of these hybrid electrodes can be significantly
improved. Indeed, Huang et al. firstly fabricated successfully
hierar