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Magnetic materials display attractive properties for a wide range of applications. More recently, interest
has turned to significantly enhancing their behaviour for advanced technologies, by exploiting the
remarkable advantages that nanoscale materials offer over their bulk counterparts. Electrospinning is a
high-throughput method that can continuously produce nanoscale fibres, providing a versatile way to
prepare novel magnetic nanomaterials. This article reviews 20 years of magnetic nanomaterials
fabricated via electrospinning and introduces their two primary production methods: electrospinning
polymer-based magnetic fibres directly from solution and electrospinning fibrous templates for post-
treatment. Continual advances in electrospinning have enabled access to a variety of morphologies,
which has led to magnetic materials having desirable flexibility, anisotropy and high specific surface area.
Post-treatment methods, such as surface deposition, carbonization and calcination, further improve or even
create unique magnetic properties in the materials. This renders them useful in broad ranging applications,
including electromagnetic interference shielding (EMS), magnetic separation, tissue engineering scaffolding,
hyperthermia treatment, drug delivery, nanogenerators and data storage. The processing methods of
electrospun magnetic nanofibres, their properties and related applications are discussed throughout this
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review. Key areas for future research have been highlighted with the aim of stimulating advances in the

rsc.li/materials-c development of electrospun magnetic nanomaterials for a wide range of applications.

organic, pure inorganic and hybrid organic-inorganic composite
materials have become of increasing interest.

Within the past few decades many classic bulk materials
(such as magnetic materials) have been processed into shapes
with one or more dimensions at the nanoscale, rendering

1. Introduction

Materials that possess magnetic character often exhibit specific
desirable properties. This has led to the inclusion of magnetic
materials in an ever-growing range of applications, including

hard magnetic materials within magneto-biology," magnetic
medicine,> magnetic separation® and electrical machinery and
soft magnetic materials in stator or rotator parts of generators
and motors.? In addition to the various types of magnetic
materials, there is also a variety of magnetic functional materials
with various niche functions and applications such as giant
magnetic resistors, magneto-strictive materials, magnetic fluids
and magnetic refrigeration materials. For these applications pure
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the materials with desirable properties that nanotechnology
delivers. Among these magnetic nanomaterials, materials with
two-dimensional scale constraints such as nanofibres (NFs)
achieve incredible advances due to their anisotropic nature.
NFs exhibit great enhancement and control of many properties
with the most notable being flexibility, large specific surface
area, porosity and coercivity (H.).

Electrospinning is a simple means of processing materials
to form NFs, where polymer chains align themselves under an
electrostatic force to form elongated, thin, filamentous nano-
structures. During the process, a polymer solution (or melt) is
stretched and deformed by the electrostatic force and a droplet
forms at the tip of needle. The shape of the droplet is determined
by gravity, viscosity, surface tension and electric field. In the
process of electrospinning, the most common droplet shape is a
cone, referred to as the Taylor cone.>® When charge repulsion
exceeds surface tension the polymer is pulled from the end of the
Taylor cone. The modes of flow are also determined by the
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aforementioned forces. The withdrawn flow initially experiences
stable motion and is then forced into an unstable stage where the
polymer solidifies in the air to form fibres, which are then
received by the collector.

The final properties of the fibres are influenced by three key
factors:

(i) solution properties (such as the viscosity, concentration,
polymer molecular weight and dielectric properties of the
solution);

(if) processing parameters (such as applied voltage, needle-
to-collector distance and feeding rate) and

(iii) environmental conditions (such as temperature, humidity
and air flow around the system).

These factors demonstrate the diverse range of magnetic
electrospun NFs that can be produced from a single chemical
composition; as the structure of a single NF and the fibre assembly
can be manipulated by other means. Indeed, advances in the
control over electrospun NFs is envisioned to vastly benefit the
magnetic material field. For example, electrospinning is the only
known method used to prepare continuous ultra-long, thin NFs.”

To the best of our knowledge, there are no comprehensive
reviews of electrospun magnetic NFs that evaluate their methods
of production, properties and applications. Herein, we have
reviewed articles from 20 years of research on electrospun
magnetic fibres. The review is divided into three main parts
(as shown in Fig. 1): (i) electrospinning organic-inorganic
hybrid magnetic materials (summarised in Table 1); (ii) using
electrospun fibres as templates for the creation of both hybrid and
solely inorganic magnetic materials (summarised in Table 2); and
(iii) applications of magnetic nanofibrous materials. As explained
in this review, organic-inorganic composite magnetic nano-
materials can be prepared via a one-step method and the
resulting nanofibrous matrix can provide magnetic nanoparticles
(MNPs) with mechanical support, protection against oxidation and
favourable dispersion (Section 2). Alternatively, for pure inorganic
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Fig. 1 General methods to prepare electrospun magnetic fibres, where
the area process highlighted in red is discussed in Section 2 (a) and the
processes highlighted in blue are discussed in Section 3 (b and c). (a) Direct
method for producing magnetic nanofibres; (b) templating procedure of
MNFs from a magnetic pre-cursor solution and (c) templating procedure
of MNFs where the magnetic component is deposited upon them.
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magnetic NFs (Section 3), electrospinning is a simple, available
tool used in the fabrication of fibrous templates with different
morphological structures enabling the user to manipulate the
magnetic properties of the final product. The major difference
between these two strategies is that organic matter is removed in
the latter to create the final inorganic product. In the final section
(Section 4), we explore the various applications of these advanced
materials from electromagnetic interference (EMI) shielding and
pollutant treatment, to biomedical devices in drug delivery and
tissue engineering. In short, this review focuses on the processing
methods of electrospun magnetic composite NFs and pure inorganic
NFs from templates, their properties and related applications.

Finally, as aforementioned, we summarise the complete
literature of magnetic NFs in two comprehensive tables, where
Table 1 covers systems in the category described in Section 2
[i.e. organic-inorganic hybrid magnetic nanofibrous materials
created directly from electrospinning solution(s)] and Table 2
lists those systems created from electrospun fibrous templates, as
described in Section 3. Both tables describe the methodological
approaches used, properties obtained and potential applications,
where relevant. We anticipate that these tables will serve as a
useful repository for researchers, in addition to those new to the
field, looking to study such advanced materials.

2. Electrospinning magnetic materials:
reagents, methods and morphologies

Electrospun polymer-magnetic material composite fibres have
been widely reported across the literature. This section discusses
the various electrospinning methods and parameters used to
manipulate the creation of magnetic NFs, before reviewing the
variety of magnetic materials that have been used. Table 1 serves
as a comprehensive summary of this section, listing the various
systems that have been explored, the magnetic reagent(s),
polymer(s), electrospinning approach, major magnetic property
and applications (where relevant) in each case.

2.1 Electrospinning methods and fibre structures

Electrospinning is a primary method used to prepare continuous
nanofibrous materials with advantages such as simple device
manufacture, material compatibility and controllable fibre
morphology. Fibres produced by electrospinning have high
surface area-to-volume ratios, tuneable surface morphology
and controlled alignment. The specific morphology of the fibre
can control the distribution of nanoparticles (NPs).® In this
section, we discuss the various electrospinning parameters that
can be used to create an array of NFs, specifically focusing on
magnetic NFs.

2.1.1 Materials. NFs can be produced by electrospinning
from a solution or melt of a variety of materials. Adequate entangle-
ment is the key for the material to be suitable for electrospinning.
Most polymeric materials produce enough entanglement to perform
both solution and melt electrospinning. The extent of entanglement
is related to the polymer molecular weight, the concentration
and the solvent system. Sufficiently low molecular weight, low
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Table 1

H, = 4890.3-5321.9 Oe, M, = 53.475-53.839 emu g},

368

28.517-28.765 emu g~ *

M,

Sol-gel & uniaxial - blend

PVP

La, Ce)

SIRE¢ 6F€11.4019

(RE

369

45.03-55.59 emu g ', M, = 1.2-27.12 emu g},

102.01-3761.57 Oe

M,

Uniaxial - blend & coaxial

PVP

BaFe;,019

H.

370
371
372
373

20.05-20.67 emu g '
Superparamagnetic, M, = 3.87-16.99 emu g‘l

Mg

Uniaxial & coaxial
Uniaxial - blend

PVP

PVP

COFe,0,@Y,05:5%Th;
NaYF.:Eu®" and Fe;0,

Fe

Uniaxial - blend

pPvp

Magnetic hypothermia treatment

Uniaxial - blend

PANI
CA

Stem cells osteogenic differentiation 102

Uniaxial - blend

Co

99
78

1.67-25 emu g~ *

0.1-4.16 emu g ', M; = 0.01-1.25 emu g/,

89-114 Oe

Superparamagnetic, M

MS

Uniaxial - blend

MnZnFe-Ni nanoparticles Estane

Uniaxial - blend

Beta-lactoglobulin,

PEO

MGNPs

H.

374

Uniaxial - blend

Polycarbonate-
urethanes

Silk

YFe garnet, YGdFe garnet CA

Strontium hexaferrite

Ti0,/Si0,

N
MWCNTSs

375
376
76

377
378

Ferromagnetic

Uniaxial - blend

CoFe,04, Fe;0,4

Bio-separation

Uniaxial - blend

Uniaxial - blend Hard magnetic

PVA
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EMS
EMS
EMS

Uniaxial - blend

PAN, PVP
PVA

PVP

Uniaxial - blend

379 and 380

381

Uniaxial - blend

PVA Uniaxial - blend

PVA

FeCl;

100

Artificial muscles, MRI

Superparamagnetic

Uniaxial - blend

Ferritin
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concentration or poor solubility typically result in beaded
structures (beaded fibres or discrete microspheres) rather than
long defect-free fibres. Wang et al.® studied the effect of solvent
on the preparation of fibres and beads and found that decreasing
the compatibility between the solvent and the polymer decreased
the intermolecular entanglement, thus producing beads.

Nanoparticles can also be electrospun by adding nanoscale
components into the polymer carrier. However, in order to form
uniform nanoparticles some materials require pre-treatment.
Common examples of pre-treatment include sol-gel treatment
of the polymer solution and dispersive pre-treatment of compo-
site nanoparticles, such as ultrasonic dispersion'®™"* or coating
with oleic acid (or grafting with a coupling agent) to prevent
undesirable aggregation.***”

2.1.2 Electrospinning rigs. Fig. 2 shows the wide range of
electrospinning rigs that have been used to create various
nanofibrous fabrics. The most commonly used electrospinning
rig is relatively simple and is comprised of a power supply, a
liquid supply device and a collector (Fig. 2(a)). The power
supply provides sufficient electric field force to create liquid
filaments. Adjustment of the liquid supply parameters such as;
flow rate of solution, needle structure and mode of liquid
supply, allow for continuous and uniform fibres to be formed.
In addition to common single and multiple needle set-ups,
there are also needleless devices such as silk thread, bulged
roller and liquid pool. In these cases, the collector is usually a
flat plate and the morphology of the fibre mat can be regulated
by changing the collection method.""

2.1.2.1 Uniaxial electrospinning. Uniaxial electrospinning is
the most simplistic device design (Fig. 2(a)). The liquid supply
uses a solitary nozzle to prepare a single component of solid
micro/nanofibre.'® Fibres have been prepared, via uniaxial
electrospinning, with different morphologies including; nano-
belt (Fig. 3(c)), bead-on-string (Fig. 3(d)), and connected fibre
mesh structures.'®?> The various morphologies provide different
characteristics, such as hydrophobicity and mechanical properties.
Superhydrophobicity is caused by the huge specific surface area of
the fibrous mesh membrane. The large surface area of the
membrane can greatly reduce the contact area between the fibrous
membrane surface and the liquid. Additionally, the micro- and
nanoscale voids on the surface of the specimen can easily trap air,
and when water droplets come into contact with the material the
air holds the droplets up in accordance with the typical Cassie-
Baxster contact model.”* Additionally, it has been shown that
electrospinning can be used to construct a composite structure
of electrospun nanofibres decorated with microspheres to
provide the superhydrophobic character. On this basis it
becomes easier to design and control the micro-nano structure
of the surface, allowing the perfect realisation of superhydro-
phobic structures.>**

2.1.2.2 Coaxial electrospinning. Coaxial electrospinning
(Fig. 2(b and c)) can be used to produce continuous, single-
channel, or multi-channel core-shell and hollow fibres. The
fibres are prepared by using two or more coaxial nozzles of
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Fig. 2 Variety of different electrospinning apparatus including: (a) three
basic parts, (b) core—shell needle, (c) multi-channel needle, (d) Janus fibre
needle, (e) fibre blend, (f) layer-by-layer fibre, (g) drum collector, (h)
twisted fibre collector, (i) multi-needle electrospinning, (j) drum electro-
spinning and (k) magnetically assisted electrospinning.

Fig. 3 SEM images of electrospun fibres and particles: (a) NFs with
encapsulated MNPs;® (b) NFs with dip-coated MNPs;® (c) nanobelts;>® (d)
beaded fibres;'° (e) hollow fibres;?® (f) Janus NFs;* (g) cross section of a
bi-layered composite nanofibrous film;® (h) the fibre of left layer contain-
ing the terbium complex Tb(TTA)3(TPPO), (where TTA is thenoyltrifluor-
oacetone and TPPO is triphenylphosphine oxide);*® (i) the fibre of right
layer containing PANI-Fe30,4-PAN;® reproduced from ref. 36 with permis-
sion from the PCCP Owner Societies; (j) random fibre mat;*® (k) oriented
fibre mat;*® reproduced from ref. 45 with permission from the PCCP
Owner Societies (1) yarn twist fibres®® (Published by The Royal Society of
Chemistry); and (m—q) electrosprayed and electrospun fibres of styrene—
(ethylene-co-butylene)-styrene from neat tetrahydrofuran (THF) solutions
at varying polymer concentration (8 wt%, 10 wt%, 12 wt%, 14 wt% and
18 wt% for m—q, respectively).’

differing diameter, which are loaded with the shell and core
materials, respectively. The high speed of the jets prevents the
disparate materials from mixing, resulting in a distinct boundary
between the core and shell materials. Coaxial electrospinning is a
useful method for separating the material of the inner and outer

This journal is © The Royal Society of Chemistry 2021
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layers whilst protecting the load material (typically contained
within the core). Yu et al.*® loaded air into the inner syringe to
prepare hollow NFs (Fig. 3(e)) to be applied in targeted drug
delivery applications.

2.1.2.3 Janus structure electrospinning. Janus nanostructures
consist of two segregated materials with distinct physical and
chemical properties to create a single nanostructure with two ‘faces’.
Commonly, the two materials exhibit antagonistic properties, such
as being hydrophilic/hydrophobic (polar/nonpolar), which forms an
important area of research in materials science. To create Janus
NFs, two different fibres are produced from separate nozzles that
have opposite charges. The two different fibres attract one another
to form the final Janus structure (Fig. 3(f)). The Janus structure stops
the two parts of the material interfering with one another to prevent
the loss of dual performance. This technology has been utilised to
produce materials with superior properties in catalysis, sensing,
biomedicine and display technology.>”°

2.1.2.4 Collecting methods and collectors. In addition to
nozzle design, and the whip and curing stages of the electro-
spinning process, the overall morphology of the fibre can be
controlled by changing the method of collection. In addition to
a stationary plate, common collection methods include (but are
not limited to) additional magnetic field,"**"** mechanical
traction,®® spinning® and layer-by-layer blending?>*® (Fig. 2).
For example, Yang et al.>® prepared a novel sandwich-structured
pellicle via layer-by-layer blending where the electric, magnetic
and luminous layers could be effectively isolated from each other.

The arrangement of fibres can also be controlled by using
different collectors. Again, compared to the more traditional
flat plate, other collectors include the drum®”™*' (Fig. 2(g)),
parallel roller*"*>** (Fig. 2(h)) and slit collector. These collectors
allow NF membranes to be obtained with intricate patterns
(Fig. 3(j-1)) for more innovative applications.*®*> Among these
collectors, the drum is the most common for preparing oriented
fibre fabrics and membranes.*°

2.1.2.5 Combinations. The aforementioned methods (discussed
in Sections 2.1.2.1-2.1.2.4) are often combined to achieve
enhanced control over the process. Such combinations have been
exploited to access morphologies such as the yarn twist (Fig. 2(i)),
Janus array fibre films*****” and oriented coaxial fibres."® Wang
et al.*® fabricated highly fluorescent membranes made up of Janus
NFs composed of magnetic [Fe;O,4/polyvinylpyrrolidone (PVP)] and
fluorescent terbium ligand complex Tb(BA);phen/PVP (where BA is
benzoic acid and phen is phenanthroline) NFs. The trifunctional
bi-layered composite nanofibrous film was produced using layer-
by-layer electrospinning and by systematically altering the process
parameters during the electrospinning process.

2.1.2.6 Industrial production. In order to improve production
efficiency, and to allow scale-up from the laboratory to industrial
manufacture, modifications to the electrospinning equipment are
often made. Most commonly the liquid supply device is adjusted
commonly to; the use of densely packed needle arrays® (Fig. 2(j)),
separate silk threads used as spinnerets,” a drum with grooves
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that rotates in a liquid pool to fill the hole for the supply of liquid
(Fig. 2(k)) or a feedstock pool mounted with columns of magnets
to directly supply the magnetic liquid® (Fig. 2(1)).

Generally, the development of electrospinning rigs has been
based on the design and combination of the two main components:
the solution feeding system and collector. The development of
industrial mass production equipment has also contributed to the
commercialisation of electrospinning fibres.

2.1.3 Morphology and parameters. The processing para-
meters that affect the structure and morphology of an electro-
spun fibre include the applied voltage, liquid flow rate and the
distance between nozzle and collector. The applied voltage
determines the electric field intensity and charge density of
the droplet, which directly influence the diameter of the fibres
produced. Generally, a simple increase in voltage, without
changing any other parameters, results in a decrease in fibre
diameter. However, special cases still exist. For example, beaded
fibres can be produced at low polymer solution concentration
and at increasing (but low) voltages, the diameter initially
increases with decreasing bead density. It is only at significantly
higher voltages that a reversal is observed; the fibre diameter
decreases and the beads reappear.’” Additionally, a voltage
increase can also decrease the uniformity and length of the
fibres produced.”® Conversely, increasing the flow rate of the
liquid results in an increase in fibre diameter. Sufficient time is
required for the solvent to fully evaporate during the fibre
forming process, which corresponds directly to the distance
between the nozzle and collector. If the distance between the
nozzle and collector is too short there is insufficient time for the
solvent to evaporate and fused fibres are formed. Similarly,
fused fibres are formed when the distance is too large, this is
attributed to the reduced electrostatic field strength experienced
by the fibres meaning they are not stretched appropriately. In
this latter case, the fibres formed often have large diameters
which is a result of solvent being trapped within.>*

System properties such as polymer molecular weight, concen-
tration, solution viscosity, solvent type and solution electro-
conductivity also affect the fibre morphology. Electrospinning
relies on chain entanglement to produce fibres. The level of
chain entanglement is directly related to the solution viscosity,
which is intrinsically linked to the polymer molecular weight
and sufficiently high solution concentration. Insufficient chain
entanglement causes bead-like morphologies instead of continuous
fibres. Wang et al® studied the effect of co-solvent and polymer
concentration on fibre morphology and the phenomenon of micro-
phase separation during solution fibrillation (Fig. 3(m-q)). They
found a morphological transition from fibres to beads occurred
when increasing the concentration of dimethylformamide (DMF) in
the THF/DMF co-solvent system. However, for the polymer system
to self-assemble (microphase separate) the quantity of THF present
had to be between 65-90 wt%. In another example, Doepke et al.>
investigated nanoparticle concentration when preparing polymer
bead/fibre mats for data storage. In this case they found that
mechanical dispersion by ultrasonic treatment allowed for higher
quantities of nanoparticles to be incorporated in both mats
and bead formation without unwanted agglomeration effects.
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MNPs or their constituent components (e.g. inorganic metal
salts, alloys and oxides) are typically added into solution. These
materials are highly electroconductive and alter the solution
permittivity and conductivity, which in turn affects the creation
of the local electrical field, improves the fibre morphology and
decreases the fibre diameter.”” Additionally, environmental
factors such as humidity and temperature can also influence
the fibre structure. Typically, these conditions relate to the
speed of solvent volatilisation and thus affect the overall fibre
morphology.

In order to obtain the desired morphology or functionality
for the target application, the electrospun fibrous membrane is
often post treated. The surface of the NFs can be coated with
functional entities (e.g. collagen®’) or heat treated to chemically
crosslink the polymer to improve mechanical strength and/or
prevent dissolution (e.g. for temperature-controlled drug release)."
Sandwich structure fibrous membranes have also been prepared
by thermally treating the electrospun sample post-deposition.”®
The magnetic mat is sandwiched between two non-magnetic mats
before an alternating magnetic field is used to induce magnetic
heating, which in turn thermally bonds the nanofibrous mats
together.

Overall, the development of solution supply systems has
provided a rich and varied internal structure of individual fibres
and the development of the collector has resulted in a diverse
range of inter-fibre structures.

2.2 Magnetic materials and properties

Magnetic nanomaterials such as Fe;O,, o/y-Fe,O; (hematite/
maghemite) and MFe,0, (M = metal) have received considerable
attention due to their properties and potential applications.
Herein, we review the magnetic materials that have been used in
electrospun polymer-based NFs and how this relates to their
final structure and properties.

2.2.1 Fe;0,. Fe;0, (magnetite) is one of the most commonly
used magnetic materials due to its ease of preparation, biocompat-
ibility, high surface area, catalytic activity, electrical conductivity, low
toxicity and almost full spin polarisation at room temperature (RT).
Superparamagnetic®®**>® and ferrimagnetic’®®" Fe;0, NPs have
been prepared with varying saturation magnetisation (M) values.
The surface of Fe;0, nanoparticles can also be modified to alter or
enhance given properties. Song et al.>' prepared Fe;0,~polyhedral
oligomeric silsesquioxane (POSS) particles using a hydrosilylation
reaction whilst maintaining an My value of the Fe;O,-POSS at
18.77 emu g . The POSS was used in the system to improve the
stability of the surface potential and charge retention of the mats.
Gong et al®? synthesised Fe;O,-loaded multi-walled carbon nano-
tubes (MWCNTs) (as a template for the Fe;0, NPs), achieving M; as
high as 71.549 emu g~ ". Fe;0, NPs can also be mixed with a variety
of polymer materials to increase their stability, introduce stimuli-
responsiveness and manipulate the interparticle distance and
magnetic interactions (Fig. 4). Additionally, polymers can guide
the assembly of Fe;0, NPs to form novel structures.'*?3%37°

Since polymeric materials can encapsulate and bind the
nanoparticles as a matrix, research groups mix polymer materials
with Fe;0, NPs by uniaxial electrospinning, coaxial electrospinning

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Magnetization curves produced when mixing FezO4 NPs with different polymeric materials

PAN,**®” and (c) FesO4 NPs in PVP 146870

and parallel-plate electrospinning. The method of electrospinning
used affects the structure and properties of the composite material.
The M; of fibres prepared by uniaxial electrospinning increases with
increasing mass of Fe;0,.”"”> Savva et al.”® prepared oleic acid-
coated magnetite nanoparticles, which show lower saturation
magnetisation (~40 emu g ') due to the presence of the
organic, nonmagnetic oleic acid coating. However, no significant
agglomeration phenomena occur during the electrospinning
process as exhibited in Fig. 5(a).

Fluorescent magnetic NFs have been targeted in research
owing to their suitability in a wide range of applications such as;

Fig. 5 (a) TEM bright field image of a PVP/PLLA/OA-FezO,4 nanocomposite
membrane;” (b) BM image of [FesO4/PMMA] coaxial nanobelts;’* (c) BM
image of [FesO4/PANI/PMMAI//[Tb(BA)sphen/PMMA] Janus nanoribbons;®
(d) FESEM image of PVP NFs;** (e) TEM image of a-Fe,Os/europium
complex [Eu(DBM)z(Bath), where DBM is dibenzoylmethanate and Bath is
bathophenanthroline]/PVP composite NFs;** () TEM image of CoFe,O.,/
yttrium aluminium garnet (YAG):5% Eu®*/PVP composite NFs;”® reproduced
from ref. 75 with permission from The Royal Society of Chemistry; (g) TEM
image of strontium hexaferrite nanoparticles (SrM-NPs) embedded in a PVA
matrix;”® (h) TEM image of SrM-NPs;”® () TEM image of NiZn ferrite nano-
particles;”” () SEM image of 1% MGNPs-polymer;”® (k) SEM image of 3%
MGNPs-polymer;”® and () SEM images of 7% MGNPs-PEQ.”®

This journal is © The Royal Society of Chemistry 2021

(a) FesO4 NPs in PMMA, %3756 (b) FesO4 NPs in

light-emitting diodes,” sensors,*® resonators®’ and full-colour
displays.®”> However, heavy losses in fluorescent intensity is
observed when Fe;O, NPs are in direct contact with luminescent
compounds.®® In order to circumnavigate this problem, core-
shell and Janus structures have been produced as they offer the
opportunity to incorporate both components in disparate zones
of the material; minimising the direct interactions that would
typically occur between them. Shao et al.®* reported the fabrication
of tuneable fluorescent colour-electrical-magnetic trifunctional
coaxial nanoribbons using coaxial electrospinning. These coaxial
nanoribbons exhibited similar magnetic properties (M; of
18.58 emu g ') to the corresponding composite nanoribbons
(where all components were mixed within the ribbons). Most
significantly, the fluorescent intensity and electrical conductivity
of the coaxial nanoribbons were considerably higher than those of
the composite nanoribbons, demonstrating the importance of
architecture derived properties. Fig. 5(b) demonstrates the coaxial
nanobelt structure, revealing that the core contains large quan-
tities of dark-coloured Fe;O, NPs whilst the shell of the coaxial
nanobelts appears transparent.”*

Another effective method to create the Janus structure is via
parallel-plate electrospinning. Gai et al®*®* prepared Janus
nanobelts from Fe;0,/PVP and rare earth complex/PVP which
demonstrated desired magnetism-luminescence bifunctionality.
The M, ranged from 3.16 emu g~ " to 10.19 emu g~ and the results
suggest that the magnetism can be tuned via different Fe;O, NP
loadings. The Janus nanobelts exhibited superparamagnetic beha-
viour using Fe;O, nanoparticles of approximately 15 nm diameter.
When the dimensions of the magnetic component, such as
magnetite, drop to less than 20 nanometres, its magnetisation
direction can flip randomly under the influence of temperature.
However, in this circumstance, magnetite becomes superparamag-
netic with only one magnetism domain.®® In another example, Ma
et al.® fabricated Janus NFs with Fe;0,/poly(methyl methacrylate)
(PMMA) as the magnetic component and the M, reached
32.61 emu g ' when the mass ratio of Fe;0, to PMMA was
6:1. This is similar to Fe;O,/rare earth complex/PMMA compo-
site nanobelts (32.15 emu g~ ') that have also been produced.®®
However, the fluorescent intensity of the Janus nanobelts is
considerably higher than that of the composite nanobelts.
Additionally, luminescent-electrical-magnetic trifunctional
materials are also a popular target structure in multifunctional
nanocomposites. Lv et al® added polyaniline (PANI) to the
magnetic half of the Janus structure and the electrical conductivity
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values of the Janus NFs increased with increasing PANI loading.
However, the conductivity of the Janus NFs decreased with increas-
ing amounts of Fe;0, NPs due to the influence of Fe;O, on the
polymerisation process of aniline. The inner structure of the
Janus nanoribbons can be revealed by the transmission light of
a biological microscope (BM). As shown in the Fig. 5(c), one side
of the Janus nanoribbon contains large quantities of dark
coloured PANI and Fe;O4 NPs and, by contrast, the other side is
transparent.>®

2.2.2 o-Fe,O; and other iron oxides. o-Fe,O; is another
popular choice of magnetic material due to its high stability,
ease of fabrication, appropriate saturation magnetisation and
increased acid resistance compared with Fe;0,. Additionally,
a-Fe,0j3 also has excellent adsorption ability of heavy metal ions
and organic pollutants.®® Wang et al.** fabricated NFs based on
a-Fe,O; nanoparticles and a europium complex to achieve
magnetic-photoluminescent bifunctionality. The coercivity of
the sample was 327 Oe with a remanent magnetisation (M,)/Mj
ratio of 0.244. Wang et al.** found that the *D,~"F, transition
was higher in the pure complex than in the composites. This
was due to the addition of a-Fe,O; nanoparticles decreasing the
symmetry of the coordination environment for the Eu®* ions. As
shown in Fig. 5(d), the pure poly(vinyl alcohol) (PVA) NFs are
relatively smooth. After incorporation of europium complexes
and o-Fe,0; nanoparticles into the polymer matrix the average
diameter increased; this was due to an increase in viscosity of
the feed solution.

Hematite is also often blended with polymeric materials via
uniaxial electrospinning. Meng et al.®® produced a paramagnetic
nanofibrous composite film with polylactide (PLA), hydroxyapatite
and y-Fe,0; nanoparticles. The M; of y-Fe,0; NPs was 67.6 emu g~
whilst the M, of the film was 0.0492 emu g™, achieved at a mass
ratio of 8.3% y-Fe,O; NPs within the film. Alternatively, Khanlou
et al.”® prepared y-Fe,O; NPs through a chemical co-precipitation
process with an M; of 12.19 emu g '. Following the chemical
co-precipitation, at 5 wt% v-Fe,O; NPs, the NPs were added to
a PMMA solution. The M; of the composite produced was then
6.172 emu g~ '. Both cases demonstrate that the magnetic
properties of MNP blended NFs are not proportional to the
mass ratio of MNPs. Polymers do not simply act as a loading
matrix but interact with MNPs and mutually influence the
overall magnetic properties.

Additionally, there are other iron oxides that can be used to
produce magnetic nanomaterials. For example Zhu et al.°" pro-
duced core-shell Fe-FeO nanoparticles with an average diameter
of 20 nm. The M of the Fe@FeO NPs was 108.1 emu g~ ' whilst
that of the nanocomposite fibres was 30.6 emu g '; with a
nanoparticle loading of 30 wt%. Before electrospinning, the radii
of the core and shell was calculated to be 13.2 and 6.8 nm,
respectively. However, after electrospinning the radii became
12.7 (core) and 7.3 nm (shell). The shell thickness increase was
attributed to an increase in particle oxidation at the extremely
high voltages used during the electrospinning process.

Finally, Murillo-Ortiz et al.”® embedded strontium hexaferrite
nanoparticles (StM-NPs) in PVA NFs. The ratio of M,/M increased
by 81 when 30 wt% SrM-NPs were added to the PVA solution.
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As observed in Fig. 5(g), these nanoparticles have uniform size
and have a localised distribution of NPs inside the surface of
the NFs. Additionally, they do not show the presence of
agglomerates. Fig. 5(h) then shows that the nanoparticles are
ordered on the surface of the fibre and aligned with respect to
the NFs’ growth. This is a consequence of the nanoparticles’
interaction with the highly intense electric field aligned with
the electrodes in a point-plate configuration.

2.2.3 MFe,0, (M = metal). In typical spinel and inverse
spinel structures of magnetite, Fe(u) and Fe(m) ions are dis-
tributed in either octahedral or tetrahedral voids. MFe,O, can
be prepared by doping Mn>", Fe**, Co** and Ni*" metal ions
into the crystal voids of the iron oxide nanoparticles (IONPs).”>
This has resulted in nanoscale spinel ferrites MFe,O, (M = Co,
Mn, or Ni) with 1D structures (e.g. fibres) being studied more
actively in recent years.”?

Chen et al® synthesised and modified CoFe,O, nano-
particles to improve dispersion. The diameter of the CoFe,0,
particles produced was 5 nm and the M achieved was 50 emu g~ .
The diameter achieved is smaller than that of the bulk materials,
due to the size of the CoFe,0, crystallites and fewer defects being
present in the structure. Finally, the CoFe,0, NPs were mixed with
polyacrylonitrile (PAN) and the composite exhibited an My of
45 emu g~ ". The decrease in M, is attributed to the non-magnetic
material coating (PAN) and its influence on the uniformity and
magnitude of magnetisation by extinguishing the surface
magnetic moment. Alternatively, Wang et al°® fabricated
Janus NFs using CoFe,0, to achieve magnetism-luminescence
bifunctionality. When the mass ratio of CoFe,O,:PAN was 1:3
the M, and H. achieved were 5.09 memu g ' and 20 kOe,
respectively. Additionally, Bi et al.”® electrospun [Fe(NO;); +
Co(NOs3),]/PVP precursor solution before annealing in air at
700 °C for 4 hours to prepare CoFe,O; NFs. YAG:5% Eu®
calcinated NFs were also prepared via the same method. Janus
NFs were then fabricated from both the CoFe,O, NFs/PVP and
YAG:5% Eu®" NFs/PVP solutions, as shown in Fig. 5(f). The M,
of the CoFe,0, NFs was 41.34 emu g ' whilst the M, of the
Janus NFs ranged from 3.12-20.32 emu g~ '. The observed
enhanced performance is attributed to the isolation of YAG:5%
Eu®" luminescent NFs from the CoFe,O, magnetic NFs. Goncalves
et al.’® prepared composite fibres of CoFe,0, and poly(vinylidene
fluoride) (PVDF). The composites demonstrated an increase in
magnetisation with increasing CoFe,O, content. They also found
that the piezoelectric coefficient of the NF composites increased
with increasing applied magnetic field. This is a result of the
strain-mediated coupling between the magnetostrictive CoFe,O,
nanoparticles and the piezoelectric PVDF matrix. However, when
compared with bulk polymers the piezoelectric coefficients were
lower. It is speculated that this reduction is due to clamping by the
surrounding material; which may significantly reduce the local
deformation of the NFs.

Ghanbari et al.”” synthesised CaFe,0O, nanoparticles that exhibit
ferrimagnetism before producing cellulose acetate (CA)-Ag-CaFe,O,
nanocomposites by electrospinning. The M, of the nanoparticle
compared to the NF, decreased from 6.1 to 0.31 emu g~ ' whereas
the H. increased from 40 to 78 Oe, respectively. The authors stated

This journal is © The Royal Society of Chemistry 2021
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that the magnetic moments of the CaFe,O, nanoparticles are
pinned by the polymer chains so that a higher magnetic field is
required to align the single domain nanoparticles in the field
direction. Additionally, Khan et al.”” prepared Niy ¢Zn, 4Fe,O, nano-
particles (see the transmission electron microscopy (TEM) image in
Fig. 5(i)) with M; of 26.81 emu g™ ". The NPs were then incorporated
into composite NFs [with carbon nanotubes and recycled polystyr-
ene (PS)] at 7.5, 15, and 30 wt% to produce fabrics with M; values of
2,4, and 8 emu g~ ', respectively.

2.2.4 Other magnetic materials. Other active magnetic
materials that have also been incorporated into NPs include Ni,
Co, and some dopants (such as Sr). Chen et al.’® reported the M
of pure Ni nanoparticles as 14.3 emu g~ ', which was considerably
lower than bulk nickel (58.57 emu g~ ). The decrease is attributed
to the oxidation of the nickel nanoparticles as a consequence of
their large surface area. In another study, Gupta et al.>® measured
the M, of pure MnZnFe-Ni as 25.47 emu g~ ' before forming a
blend with Estane®™ 5750; a polyester-based segmented poly-
urethane (PU). The M; of the blend increased from 1.71 emu g *
to 6.33 emu g !, with increasing MnZnFe-Ni content, and the
composite NFs formed demonstrated superparamagnetic beha-
viour. Murillo-Ortiz et al'” synthesised SrFe;,0y with diameters
ranging from 37 nm to 179 nm. The M,/M, and H.. of the SrFe;,04
were 0.63 and 6.22 kOe, respectively. The remanent squareness
increased by 15% and the coercivity by 1.2% when SrFe;,0q9
nanoparticles were added to the PVA NFs by electrospinning.
Additionally, the thermal stability and arsenic adsorption ability of
the NFs was improved upon SrFe;,0;9 addition.

Erfan et al.”® prepared ferrimagnetic glass ceramics, with a
diameter of 10 nm, through the use of high-energy ball milling.
The M, of the magnetic glass ceramic nanoparticles (MGNPs)
was 53 emu g ' and the H,. equal to 88 Oe. The M, of the
composite fibre reached a maximum of 4.16 emu g~ when the
mass ratio of MGNPs was 7%. Low MGNPs concentration
(1 wt%) NFs (Fig. 5(j)) appear clear and smooth, however, the
roughness and nanoparticle aggregation on the surface of the
NF increased at higher MGNP content (Fig. 5(k) (3 wt%) and
5 (1) (5 wt%)).

Min et al'® fabricated PVA/ferritin superparamagnetic
fibres. The interaction between the host PVA hydrogel and the
protein shell on the ferritin bio-nanoparticles was controlled by
thermal methods to vary the size and concentration of the
ferritin clusters. The average size and concentration of the
ferritin clusters increased in the PVA NFs when the mixing
temperature was raised from 30 to 80 °C. The close proximity of
the ferritin cores within the clusters resulted in magnetic
ordering and increased magnetisation in some cases.

Additionally, many research groups are now developing
novel magnetic nanomaterials. One example is FePt which has
demonstrated good chemical stability and high magnetocrystal-
line anisotropy.'°* Another example shows micron size graphene
sheets decorated with cobalt NPs to endow magnetism.'*> There
has also been an increasing focus on producing composite fibres
with a range of polymeric materials. However, the mechanism
regarding the interaction between the magnetic nanoparticles
and polymer materials remains unclear.

This journal is © The Royal Society of Chemistry 2021
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3. Electrospun fibrous templates

This section discusses the various approaches used to create
magnetic nanofibrous materials by electrospinning template
constructs and the post-spinning treatment used: (i) deposition
of magnetic NPs; (ii) carbonisation; and (iii) calcination.
Fig. 1(b and c) highlights the different routes that have been
used in this area of research. Table 2 serves as a comprehensive
summary of this section, listing the various systems that have
been explored, the magnetic reagent(s), polymer(s), electrospinning
and processing approach, the final morphology obtained, major
magnetic property and applications (where relevant) in each case.

3.1 Product morphology and corresponding processing

The template method is a cost-effective and scalable route used
to produce both pure inorganic magnetic NFs and organic-
inorganic hybrid magnetic NFs. Electrospun fibrous templating
is also a convenient method for inorganic magnetic nanofibre
(MNF) fabrication and the MNFs produced sometimes exhibit
an increase in M,.'°® However, the change in M, depends on a
range of complex factors and is not always enhanced. The
appearance of a magnetically inert layer in the fibrous
structure,'® the formation of ferromagnetic phase'®> and smaller
grain size are all factors that may contribute to a decrease in My in
1D nanostructures prepared by the electrospun fibrous template
method.'% The templating procedure of the MNFs (Fig. 1(b and c))
generally encompasses two steps: electrospinning to create a
fibrous template followed by post-treatment of the template.
A typical template-assisted electrospinning precursor solution
is made up of three parts: (i) a magnetic component;
(ii) polymer(s); and (iii) a solvent system. The magnetic component
is typically in the form of magnetic nanoparticles (MNPs)'"” or
metal salts. Polymers are added to the system to meet the viscosity
demand of electrospinning (i.e. to provide entanglements). The
most widely used polymers include PANI,'® poly(ethylene oxide)
(PEO),'” polyurethane,'”” PVA,''® PAN,''"112 apd pyp28113-116
The purpose of the solvent is to dissolve the polymer(s), disperse
or dissolve the magnetic component used and improve the
charge-carrying capacity of solution. Typical solvents used are
DMF, dichloromethane (DCM), methyl ethyl ketone (MEK),
deionised water, ethanol*'® or a combination thereof.'®” The
viscosity, concentration, surface tension and dielectric pro-
perties of the spinning solution exert a great influence on
the electrospinnability of the solution and the diameter,
morphology, crystallinity and tensile strength of the NFs. Such
influences have been referred to in previous studies.'”''®
Finally, Fig. 1(c) highlights an alternative route where NFs
without any magnetic components are used as templates before
MNPs are deposited upon them.

In the sol-gel process, literature reports have demonstrated
the use of metal nitrate''*"*®*'% and acetate''* precursors with
polymer(s) in the production of electrospun NFs with uniform
distributions, even at very high loadings."®® Although the
mechanisms for such processes were not explicitly discussed,
the conditions in which the precursor solutions were prepared
are reported.*5121:122
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Following initial deposition, the obtained fibres are often
dried and pre-sintered to evaporate any solvents,>*'4116:119:121,123
This is followed by calcination, at a given heating rate, in order
to (partially or completely) remove the polymers to form pure
inorganic fibres. Concomitantly, the metal ions are converted to
their neutral elemental state®® and the atoms aggregate to form
nanoparticles."”>* The calcination conditions are adapted to
meet the varying demands of a given system. For example, air
is an idealised atmosphere if metal oxide NFs'?® are targeted,
whereas hydrogen (H,),"”®"?® often in combination with an
inert gas such as argon (Ar),">*"*?> and ammonia gas (NH;)
are adopted as a reduction (often referred to as de-oxidation in
the literature) source. In some cases, the calcination atmo-
sphere is selected to generate oxygen vacancies or eliminate
impure phases."** For example, o-Fe,0; NFs obtained in a study
by Guo et al."** were heated in an NH; atmosphere and the
crystallites were transformed into Fe;O, crystallites. Additionally,
when the temperature was raised, Fe,N NFs were obtained. The
electrospinning parameters, environmental conditions, physical
and electrical properties of the spinning solution, and calcinating
conditions (temperature, rate, profile and duration) all enable the
crystal structure, morphology and ultimate properties of the final
product to be manipulated.*® For example, the preparation of
mullite-nickel nanocomposite NFs'*> was performed through
two heating stages. The first was used to convert Ni** to Ni NPs
in a reducing atmosphere between 550-750 °C before the mullite
phase was formed at 1000 °C. However, if the first stage was not
allowed to proceed for sufficient time (to permit Ni** to be fully
reduced to Ni NPs), an undesirable spinel phase mixed with a
mullite phase was formed during the second heating stage. In a
similar procedure, a Fe/Ni alloy was prepared from the
reduction of NiFe,O, (300-600 °C) to produce Fe-Ni alloy
nanoribbons."?®'*® The morphology of the Fe-Ni alloy pre-
cursor (body-centred cubic or face-centred cubic) was influenced
by the heating temperature used during the reduction stage.

Often the calcinated products are formed as powders and do
not maintain their structure.”* Efforts have been made to resolve
this problem by shifting towards the production of fibre mats that
offer the added benefit of being flexible, easy to produce, recyclable
and cost-effective. In one example, flexible fibre mats have been
utilised in the development of magnetic devices; offering a new
design method for electromagnetic shielding systems.'** Addition-
ally, the ease of recycling the mats and the enhanced structural
stability, when compared to powders, is highly desirable in
applications such as waste water treatment.*® The key factors
that influence the flexibility of these fibrous mats are the uniform
distribution of NPs throughout the NFs,"'° the porous structure of
the mats''® and the interfacial energy between NPs and NFs.'*
Consequently, attempts have been made to improve the interfacial
interactions between the MNPs and the matrix.”* For example,
zein (a maize protein) was used as an adhesive between NiFe,O,
NPs and SiO, NFs to render the resultant fibre mats with extra-
ordinary flexibility.'*® In addition, Wang et al. reported that oxygen
plasma treatment was an effective way to keep the membrane
integrated during the stage where the organic component is
removed.*’ Finally, flexible calcinated y-Fe,O3/C NF mats have
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100 nm

Fig. 6 Example SEM images of: (a) fibres with particle deposition;*°”
(b) necklace-like NFs;**® (c) short NFs;**° (d) nanobelts;''* (e) core—shell
NFs;14° reproduced from ref. 140 with permission from The Royal Society
of Chemistry; (f) hollow NFs;*** reproduced from ref. 134 with permission
from The Royal Society of Chemistry; (g) nanotubes;*** reprinted with
permission from ref. 141. Copyright (2021) American Chemical Society; (h)
3D crosslinking NFs:1%° and (i) regular NFs (calcinated).**? Specific details:
(a) Fes04@PU NFs, Fez0,4 NPs at 1 mg ml™%; (b) SrFe;»045 NFs calcinated at
1000 °C; (c) BiFeOs NFs calcinated at 550 °C; (d) Fe3s04/C NFs calcinated at
800 °C; (e) CoFe,04—Pb(Zrg5,2Tin 48103 NFs calcinated at 750 °C; (f) FeoN
NFs calcinated at 400 °C; (g) SnO, NFs calcinated at 500 °C; (h) FesO4—
alginate (SA)/PVA crosslinked NFs; and (i) NiFe,O4/multi-walled carbon
nanotube (MWCNT) carbon-based NFs (CNFs) calcinated at 850 °C.

also been prepared by combining electrospinning, hydrothermal
synthesis and calcination.'?>*%”

NFs with different morphologies can also be fabricated by
changing the shape of the liquid supply nozzle or by adjusting
the calcination parameters used to remove the polymer construct.
In the first stage, when polymers are present, fibres decorated
with inorganic particles are obtained. Once the polymers have
been removed, necklace like NFs, short NFs, nanobelts, core shell
NFs, hollow NFs and regular NFs can be obtained. Fig. 6 shows
the various types of MNFs that can be targeted by electro-
spinning, as discussed in the following sections.

3.1.1 Decorated fibres. Fig. 1(c) shows how fibres decorated
with particles can be created and Fig. 6(a) shows an example of such
surface topology. Polymers are electrospun to form fibres and then
MNPs are coated onto the fibres either by in situ synthesis'*'** or
post-spinning deposition.'*”****? Both approaches face the issue of
aggregation, however, there have been few research efforts focused
on resolving this problem.'®”''%'** In one notable example, in situ
synthesis was studied, focussing on the influence of drying
mode on the morphology of iron oxides upon polyimide (PI)
NFs.'*® This study concluded that drying under vacuum was
more effective than drying in air to allow for uniform particle
distribution. When using the deposition method, specific
techniques are used to provide uniform distribution of the
MNPs. These techniques include use of a surfactant,'*® polyol
immersion'®” and layer-by-layer assembly.'** In some cases,
where the polymer completely remains, cross-linking agents

This journal is © The Royal Society of Chemistry 2021
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can be used to form 3D cross-linked networks"®®
water resistance and mechanical integrity.'*>

3.1.2 Necklace-like nanofibres. In single nozzle electro-
spinning, where amorphous polymer templates are removed
by calcination, NFs will inevitably transform from smooth
morphologies to rough surfaces before necklace-like structures are
eventually formed (Fig. 6(b)). This happens when the calcination
temperature reaches a relatively high value. For example, Xiang
et al.*** found that the calcinated Co, sNi, sFe,O, NFs formed the
necklace-like morphology when the temperature was greater
than 800 °C. The transmission electron microscopy (TEM)
images collected in this study revealed that the rapid growth
of nanocrystals, aggregation of small NPs and resultant for-
mation of larger NPs at high temperatures gave rise to their
unique morphology.

3.1.3 Short nanofibres. The length of electrospun NFs can
reach several tens to even hundreds of microns,**®*” where
‘short’ NFs are defined as those that are less than ten microns
in length (Fig. 6(c)). Short/broken fibres are typically generated
under two circumstances: (1) when the NPs experience uneven
thermal stress and they aggregate; and (2) by the inhomoge-
neous distribution of sacrificial templates."*'*® In both cases,
the local area will fracture readily. For example, Sakar et al.™>°
fabricated BiFeO; NFs at varied spinning voltages (8, 10, 15 and
20 kv) and found that 10 kv or less was not sufficient to homo-
genously distribute the polymer. The calcinated products then have
the tendency to be broken at the area where the polymer is scarce.

3.1.4 Nanobelts and nanoribbons. Necklace-like NFs (Fig. 6(b)),
nanobelts (Fig. 6(d)) or nanoribbons can be fabricated with minor
adjustment to the composition of the spinning solution and electro-
spinning experimental conditions."’" One possible formation
mechanism suggests that if the solvent evaporates rapidly
during jet flow, a columnar transition state structure is formed
with a thin elastic polymer skin. This structure buckles gradually
and finally becomes belt-like.'****® Additionally, in this process,
specific polymers (such as PMMA) are found to be beneficial
towards the formation of the flat shape belt NF morphology.'"*
Additionally, the effects of calcination have been investigated and
show no significant changes to the morphology of the nanobelt
following removal of the polymer.

3.1.5 Core-shell nanofibres. An example of the core-shell
structure is illustrated in Fig. 6(e). These structures are typically
generated by coaxial electrospinning or, alternatively, by using
a single nozzle, followed by calcination and finally coating.
There have been a number of reports where magnetic core-
shell NFs are produced. In one example, Bayat et al. coated
polydimethylsiloxane (PDMS) on Fe;O0,/C NFs, which were
produced via electrospinning followed by pyrolysis at 900 °C,
for future use as electromagnetic interference (EMI) shields."°
In a second method, o-Fe,O; NFs were soaked in a tetraethyl
orthosilicate (TEOS) precursor solution whereby a catalysed
hydrolysis and condensation polymerisation reaction resulted
in a uniform silica (SiO,) coating along the fibres.'** Li et al.?
and Zou et al.**? coated SrFe;,0;, and CuFe,O, NFs with TiO,
and CeO,, respectively, via a soaking and calcination procedure.
In addition to these multi-step procedures, as aforementioned,

to improve
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core-shell NFs can be fabricated through a straightforward one-
step method by coaxial electrospinning. In this case, two different
spinning solutions are loaded into inner and outer syringes. Each jet
flow is then formed with a different velocity and collected before
being annealed to obtain magnetic-magnetic,'>*™*>> magnetic-
luminescent'*® or magnetic-electric*®'***” bifunctional core-
shell nanofibrous materials.

3.1.6 Hollow nanofibres. Similar to the construction of
core-shell MNFs, hollow fibres (Fig. 6(f)) can be prepared with
single'*'% or coaxial nozzles,">'®! both followed by calcination.
During the single spinning procedure, both Cheng et al.*®® and
Chen et al®® identify the key factor critical in hollow or solid
morphology determination. Cheng et al. shows that the gas
diffusion rate, from the interspaces between the nanoparticles, is
slower than the PVP decomposition. As the polymer decom-
position continues, the observed increase in internal pressure
forces the nanoparticles to the exterior and hollow fibres
form."®® However, the study of Chen et al highlighted that
metallic shell formation is the key factor in hollow morphology
determination.’®*'3® When the NFs are heated in air, metal
oxide clusters begin to form on the surface of the fibre until
they create a shell. After which, at even higher temperatures,
the polymer component degrades to form volatile decomposition
products leaving behind the hollow NF structure. This illustrates
that hollow structures are difficult to produce in cases where the
metal oxide forming temperature is higher than the decomposi-
tion temperature of the polymer matrix. Further studies by Zhao
et al.™™ have determined that a concentration gradient (which
causes varied consumption rates of Cu®* and Fe*") and difference
in gas pressure between the inside and outside of the fibre are also
two important factors to consider when preparing hollow CuFe,O,
NFs. On the other hand, Fu et al. determined that phase separation
caused by a concentration gradient is the most critical factor in the
preparation of hollow MNFs."** Notably, the organic nanofibrous
template can be removed afterwards to create hollow MNFs."®*

Nanotubes (Fig. 6(g)) are similar in structure to hollow fibres
and the differences between them are subtle and sometimes
difficult to identify."®® In some cases, the term ‘nanotube’ is
used to describe shorter, defect-free hollow fibres, but there is no
clear definition and the term tends to be used interchangeably
with hollow NFs across the literature. Accurate heating methods
are required for nanotube construction via single nozzle electro-
spinning and Jiang et al. has reported the successful synthesis of
nanotubes several microns in length.'®* Additionally, Li et al
obtained NaYF,:Yb/Er/Gd-decorated SiO, nanotubes via single
nozzle electrospinning followed by calcination using a spinning
solution comprised of NaYF,:Yb/Er/Gd nanocrystals, TEOS and
PVP. The as-spun NFs were annealed between 200-600 °C at a
heating rate of 2 °C min~". In this example, PVP is forced to
migrate to the surface once leaving the nozzle resulting in a
PVP-silica shell with the magnetic component and TEOS within
the core. Upon removal of the organic material, nanotubes were
produced.'®

In the coaxial spinning procedure, the pure organic part
(such as mineral oil, polymers or components that incorporate
magnetic ingredients'®®) can be adopted as the core solution.'®”
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However, the flow rate of the inner solution should be controlled
to prevent leakage."®

In addition to the aforementioned traditional single-walled
hollow structures, there are novel structures that have been
obtained, such as hollow-core-double-shell NFs. Kim et al.'*®
produced CoFe,O, core-PANI double shell structures. Initially
hollow CoFe,0, NFs were obtained by calcinating the precursor
fibres between 80-550 °C at a heating rate of 5 °C min~" for
2 hours. The inner and outer surfaces were then coated with
PANI via in situ oxidative polymerisation.

3.1.7 Three dimensional networks. Post-treatment can be
adopted to enhance the properties of NF mats. If the polymer
scaffold is retained in the final product, a cross-linking agent is
frequently used to form 3D cross-linked networks'® (Fig. 6(h)) to
improve water resistance and enhance mechanical stability."** For
example, Gao et al. adopted N,N'-trimethylene-bis[2-(vinylsulfonyl)-
acetamide] as a chemical cross-linking agent for PVA. Whilst a
slight weight loss (<0.4%) was observed after immersing the
mat in hot water for two hours the cross-linked PVA NF mats
demonstrated enhanced water resistance.'®® Chemically cross-
linking the polymer chains prevents dissolution of the macromo-
lecules and changes the mechanical properties of the constructs,
due to the creation of a chemically bound mesh that no longer
relies on physical entanglements for structural integrity.

3.1.8 Regular nanofibres. If the NFs are calcinated solid
fibres that cannot be categorised into any of the aforementioned
morphologies, they are defined as regular NFs (Fig. 6(i)). Regular
NFs are then subdivided into two categories, depending on
whether they have rough or smooth surface morphology. Gen-
erally, aggregated crystals consisting of NFs appear after the
removal of organic components and result in the surface
morphology of the NFs being rough. However, there are two
exceptions to this rule. The first case is when carbon-containing
backbone polymers are carbonised instead of being completely
removed. In this case, MNPs are embedded in the continuous
carbon phase.’ The second case is when the calcination atmo-
sphere is controlled. For example, Barakat et al.'®® revealed that
smooth morphologies of nickel NFs were retained even after
heat treatment in argon. However, previous studies where
hydrogen has been adopted to reduce the nickel precursor
NFs do not produce a smooth morphology. To obtain NFs with
a uniform size distribution, the surface tension, viscosity and
electronic conductivity can be adjusted through the addition of
a low molecular weight agent, if optimum conditions cannot be
otherwise identified."®®

3.2 Processing parameters and magnetic properties

The most common processing parameter for electrospinning
NF templates is calcination. Calcinated NFs still possess superior
magnetic performance than their zero-dimensional (0D, i.e. nano-
particles) or bulk counterparts. The most apparent property
enhancement is in the coercivity (H.) due to the anisotropic nature
of NFs, as compared to NPs."*” The magnitude of the coercivity is
related to the anisotropy of the material, which includes magneto-
crystalline anisotropy, shape anisotropy and stress anisotropy.
However, the NF structure possesses large shape anisotropy as a

9064 | J Mater. Chem. C, 2021, 9, 9042-9082

View Article Online

Review

+
= Nanoparticles
&,
=
2 Coercivity
I Nanofibers & (BH)mox
> enhancement
=y 1-D spring magnet

= 0 +
Applied Field (a. u.)

Fig. 7 Scheme of expected magnetic performance in a uniform, one-

dimensional, hard—soft magnetic core-shell nanocomposite and its

counterpart.*>* Adapted with permission from ref. 154. Copyright (2021)

American Chemical Society.

result of the strict restriction of magnetic moment along the fibre
7% For example, LaFeO; exhibits antiferromagnetism in the
bulk, yet is ferromagnetic when in processed as a one-dimensional
(1D) nanostructure with an increased coercivity value of
28000 Oe."”" In addition, 1D hard-soft exchange-coupling nano-
materials offer a unique platform for enhancing the maximum
magnetic energy product [(BH)max] due to the reduced self-
aggregation when compared to their 0D counterparts.”>*'>* In
another case, Lee et al.*>* fabricated core-shell Sm,Co,-/FeCo NFs
by electrospinning, calcination, calciothermic reduction and elec-
troless plating. Relative to its 0D counterpart, the well-dispersed
1D/core-shell nanostructure demonstrates an enhancement in
(BH)max (46% increase) as a result of the dense homogeneous
soft magnetic coating as shown in Fig. 7. However, it should be
noted that the magnetic properties are not always improved by
simply introducing anisotropy (going from nanoparticles (0D) to
NFs (1D) nanomaterials). This was highlighted in a study where
the M, value of CoFe,O, NFs was lower than that of CoFe,O, NPs
and even the bulk counterparts.'””

3.2.1 Morphology. As aforementioned, morphology is
another factor that influences the magnetic properties of the
final NFs. Manipulating the electrospinning voltage can cause
the morphology of the MNFs to go through a series of changes.
However, this has only been demonstrated in a limited number
of studies. In one example, at lower voltages (~ 8 kV) the NFs
aggregate and by gradually increasing the voltage pass through
the following formations: rods (~10 kV), fibres (~15 kV) and
finally, belts (~ 20 kV). The M; values are then shown to decrease
in the sequence of belts > rods > fibres > aggregated fibres."*’
In another notable example, Zhao et al. highlighted that SnO,
nanotubes exhibit stronger room-temperature ferromagnetism
than the corresponding NFs. This observation is attributed to a
larger number of surface defects that result from the Sn inter-
stitial and O vacancies having lower formation energies than the
Sn vacancy and the surface area-to-volume atom quantities for
the nanotubes being greater.’”® Additionally, the average particle
size for the nanotubes (30 nm) was larger than that of the NFs
(20 nm). Similarly, the average outer diameter of the nanotubes
(110 nm, with a 10 nm wall thickness) was also larger than that of
the NFs (100 nm).

3.2.2 Calcination. The magnetic properties of NFs are
strongly dependent on calcination. Diamagnetic as-spun NFs

axis.
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have been shown to exhibit ferromagnetic behaviour after
calcination. The calcination parameters such as rate, temperature
and calcination atmosphere exert influence on the final properties
of the NFs.'”* When the organic components are completely
removed, the calcinated products are typically composed of nano-
crystallites of various size. Overall, the magnetic behaviour of the
nanocrystallites assembly is determined by the shape and size of
the crystalline NPs and the interactions between them,*#12%15%17>

3.2.2.1 Calcination temperature. The relationship between
calcination temperature and M; is often system dependent.
Generally, for a given system, lower thermal treatment tem-
peratures result in smaller particles being formed (down to a
critical minimum size) and the smaller particles exhibit smaller
Ms ValueS.106’114'119’122’132’133’170’172’176_188 Larger particles haVe
less magnetic contribution from the surface (whilst the con-
tribution from the interior concomitantly increases) and thus
the M, value increases.'’ However, the smaller M, values
observed at low calcination temperatures are not always only
due to the decrease in size of the particles. For example, in Liu’s
study, the CoFe,04 NFs were calcinated at 700, 750, 800, 850 °C,
respectively. In addition to the increase in particle size, the XPS
results suggested that as the calcination temperature increases,
the migration of cobalt ions to the tetrahedral sites as well as
iron ions to the octahedral sites increases, thus also contribut-
ing to the larger M, observed.'®® However, there are examples
that do deviate from this trend. For example, the M; values of
CuCo,0, fibres have been found to decrease with increasing
calcination temperature."®® In this case, the decrease is attributed
to surface distortions brought about by interactions between
oxygen atoms and transition metal ions. Tiy oV, 10, NFs were also
shown to exhibit a decrease in M, with increasing heat treatment
temperature, which was assigned to the increase of nearest-
neighbour V ions with direct antiferromagnetic coupling.'*

In the study of Liu et al., the M, value of a-Fe,03/TiO, NFs
decreased with increasing calcination temperature. The authors
ascribed this to an increased density of o-Fe,05."”” The decrease in
M; with arising calcination temperature was also found in other
studies.’®* In more recent work, Ponhan et al.'*® determined that
the M, dependency on calcination temperature of ZnFe,O, NFs
exhibits through both of the observed trends. Initially, M increases
with calcination temperature before then decreasing, with crystal-
lite size increasing typically from 19 to 26 nm.

Similarly, the H. transition with calcination temperature is
also system dependent. In most cases, H. increases with
calcination temperature; including that observed for MgFe,0,
nanotubes,"®®> CoFe,0, NFs,'*® NiFe,O, NFs,'®® MnFe,0,
NFs,'%¢ Ni/mullite NFs'*? and Co, sNi, sFe,0, NFs.'?? However,
there are also reports where the H. transition does not follow this
trend. For example, the H. value of MnFe,0,/C NFs decreases
with increasing calcination temperature'® and is attributed to
the MnFe,0,/C NFs exhibiting ferromagnetic properties due to
the distribution of cations over tetrahedral and octahedral sites.
In the study by Lu et al,'® the H. value of CoFe,O; NFs
demonstrated an initial increase followed by a decrease with
increasing annealing temperature. The same phenomenon was
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reported in both SrTiO;/SrFe;,0,4 NFs'®! and yttrium iron garnet
NFs,"”® attributed to the motion of domains experienced at
different particle sizes. Furthermore, the same trend was found
in hollow CuFe,0, NFs."*® In this case, higher calcination
temperatures gave rise to larger MNPs and thus a higher field
force was required to alter the magnetic moment direction; in turn
resulting in higher H.. However, when the particle size exceeded
the critical size for a single-multi domain transition, H. declined.
Findings from the study of CoFe,O, hollow fibres further support
this claim as H, increases with annealing temperature.'® The H,
value of the CoFe,0, nanobelts**® achieved a maximum value of
1802 Oe before decreasing with further increases in calcination
temperature as a result of the particle size being below the critical
domain size. In addition, the absence of domain walls and
unique rectangular cross-sectional shape contributed to the high
magneto-crystalline properties observed.

The final important magnetic property to be discussed in
relation to calcination temperature is remanent magnetisation,
M.. In one example, CoFe,O, NFs, fabricated by single spinning
and calcination, and were shown to exhibit a uniform increase
in M, with increasing calcination temperature. This is com-
monly attributed to an increase in the particle size."** The same
phenomenon was found for MnFe,O, NFs,'®*® SrTiO;/SrFe;,010
NFs,'®? MgFe,0, nanotubes,’*® hollow CuFe,O, NFs'*® and
hollow CoFe,0, NFs.'®® In one contradictory case, the M, value
of CuCo,0, fibres'®® was found to decrease with increasing
calcination temperature, which was suggested to be due to
weakening of the superexchange interaction between the Cu®*
and Co*" cations.

In some fabrication methodologies, the heat treatment
encompasses two stages; calcination and reduction. The mag-
netic properties are known to be dependent on the reduction
temperature. For example, the reduction temperature of Fe/Ni
alloy nanobelts'*® show an increase followed by decreasing
trend in Mg, whereas the H, initially decreases before remaining
almost constant with increasing temperature. In this example,
the Fe/Ni alloy nanobelts were reduced from NiFe,O, and the
initial relative low temperatures used resulted in the observed
partial reduction of M.

The relationship between calcination temperature and M, H,.
and M, has been identified as significantly system dependent.
Factors such as density, surface distortions, cation distribution,
particle size and cation interaction have all been shown to
contribute to the final magnetic properties of the NFs produced.

3.2.2.2 Calcination atmosphere. The calcination atmosphere
used can have a significant effect on the magnetic properties of
NFs. For example, SrFe;,0,9/CoFe,0, obtained from as-spun
NFs calcinated in air showed a H, value of 3190 Oe. On the other
hand, SrFe;,0;4/FeCo obtained from as-spun NFs calcinated in
air and then reduced in hydrogen showed a significantly lower
H, value of 1249 Oe. This change is attributed to the close
contact of the soft and hard phases which in turn results in
strong exchange coupling. In addition, Fe,O; hollow NFs
obtained from as-spun NFs calcinated in air were superpara-
magnetic and achieved an M; value of 4.34 emu g ', whilst
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Fe;0, and Fe,N hollow NFs obtained from as-spun NFs calcinated
in air and then reduced in gaseous ammonia achieved M; values of
82.99 emu g ' and 2.07 emu g, respectively. Finally, the Fe;0,
hollow NFs exhibited ferromagnetism whilst the Fe,N hollow NFs
demonstrated superparamagnetism.">*'>* The morphology of the
fibre can also be altered depending on the calcination atmosphere
used and, as previously discussed, is directly related to the
magnetic properties of the final fibre. In one example o-Fe,O;
nanotubes and Fe;O, NFs were produced when the calcination
atmospheres were air and argon, respectively. Nanotubes were
formed due to the lack of oxygen present as gas diffusion from the
decomposed organic component (PEO) drives the nanoparticles
from the inside to the outside of the fibres.'*

3.2.3 Magnetic component loading. The most influential
factor on the overall magnetic performance of NFs are the compo-
nents used to make them, rather than how they are made. This is
particularly evident in cases that involve the combination of
magnetic inorganic constituents and non-magnetic polymers.
Typically, Mg has a linear correlation with the quantity of
magnetic components,'%”'*%19671% whilst the addition of non-
magnetic components generally impairs the M, value.>*°°>
Therefore, the M, values of NFs where polymers are retained
are lower than those observed for fibres that consist of pure
MNPs.”*'%” Another common example, reflecting this logical
observation, is M enhancement after carbonisation. Again,
due to the loss of the non-magnetic compounds during the
procedure. With ascending carbonisation temperature, M, will
increase when the size and coarsening of MNPs within the NFs
increases and if a new phase with larger M, comes into force.'*®
However, one report claims that the M; value in their system was
independent of shape and size of the MNPs and is only affected
by the total quantity of magnetic atoms."*®

Moreover, carbonisation often induces the transformation
from superparamagnetism to ferromagnetism in electrospun
NFs.'®* This is due to the formation of a new phase, such as the
carbide crystal, which destroys the single crystal domain of the
original NFs."”” It has also been claimed that enhancement of
particle size leads to higher magnetocrystalline anisotropy.™®”'*®

3.2.4 Types of polymer. The different types of sacrificial
polymer result in varied magnetic properties in the final NF.
For example, NiO NFs obtained from poly(2-ethyl-2-oxazoline)
(PEtO,)/nickel(u) acetate tetrahydrate precursor were shown to
exhibit antiferromagnetism, whereas NiO NFs obtained from
styrene-acrylonitrile random copolymer (SAN)/nickel(u) acetate
tetrahydrate precursor exhibited ferromagnetism at RT.>*® The
authors suggested that the change in magnetism occurs because
of the distinct degradation mechanism of the different poly-
mers. The degradation of SAN begins with elimination of the
nitrile group followed by random scission of the backbone. In
contrast, PEtO, begins with random chain scission followed by
elimination of the side chains. Additionally, the activation
energy for grain growth and corresponding grain sizes were also
different. Both factors lead to non-stoichiometry of the NiO NFs.

3.2.5 Polymer concentration. Polymer concentration notably
influences the electrospinning process, which determines the
morphology and magnetic properties of the fibres produced.
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Typically, increasing the concentration of the polymer produces
fibres with increased diameter, uniformity and tensile strength.***
The variation in morphology, particularly NF diameter and uni-
formity, is also often attributed to the solution properties (polymer
and solvent) on the electrospinning process; most significantly the
viscosity of the electrospinning solution. The viscosity, alongside
the surface tension, ultimately determine the ability of a given
solution to be electrospun. Therefore, it is unsurprising to see
examples in the literature that describe increased solution viscosity
due to higher concentrations of polymer resulting in NFs with
increased diameter.”® In one investigation, the effect of PVP
concentration on the morphology and magnetic properties of
SrFe;,0,, nanobelts was investigated.''® It was found that
increasing the PVP concentration from 8.5-12.3 wt% led to
the increase in the width of the nanobelts produced. Additionally,
the diameter of NPs were reduced and the NPs’ overall size was
largely below the single domain size. As a direct result of this, H,.
achieved a maximum value of 7310 Oe (the highest known value in
the literature to the best of our knowledge) of all the pure 1D
SrFe;,0,9 structures. This value is also close to the theoretical
limit."*®

3.2.6 Dopants. Doping has been shown to affect the crystal
size of magnetic materials, which influences the magnetic
properties of the final MNFs. The extent of this effect depends
on the properties and loading of the dopant.’’*'* Typical
dopants that have been explored to enhance the magnetic
properties and direct the morphology of MNFs include graphene
oxide (GO),>" Co,”™ Ni,””® Cu®" and Zn.**® For example,
GO-doped Nij gGd,,Fe,0, NFs showed a transformation from
fibre to ribbon morphology and a decrease in M with increasing
GO content. Additionally, Ni-doped Fe NFs were shown to exhibit
lower M; and H, values compared to pure Fe NFs."”® Ni-doped
CoFe,0, NFs were also found to show a decreasing trend in M, and
H, with increasing Ni*" concentration, which was due to the lower
magnetic moment and magnetocrystalline anisotropy of Ni**
compared to Co®" ions.>" It is important to note that the change
in magnetic properties with dopant concentration is not always
uniform®® and can contradict known theories (such as Brown’s
theory*'”) where M, and H_ are inversely related. For example, the
M; value of Zn-doped CuFe,O, NFs initially increases before
decreasing with increasing Zn>* concentration due to increased
exchange interaction between ions within the lattice.”'® Co-Doped
ZnO NFs were fabricated by electrospinning a PVA/Co-doped ZnO
suspension followed by sintering in air.>'® Doping ZnO NFs with
1.8-7.2 wt% Co was shown to change the material properties from
ferromagnetism to ferrimagnetism, as shown by the temperature-
dependent magnetisation curves and Curie-Weiss fits in Fig. 8.
The origin of ferrimagnetism in Zn, ,Co,O NFs is attributed to the
substitution of Co for Zn and the corresponding change of
characteristics in the electronic state.

Doping has also been known to lead to the production of NFs
with unique properties. For example, hole-doped manganites, with
the general formula R; ,A,MnO; (where R refers to a trivalent rare
earth element and A is a divalent alkaline earth element) were found
to exhibit colossal magneto resistance (CMR). Lay 33Pr( 34Ca9.33MnO;3
NFs (prepared at a calcination temperature of 600 °C) exhibited
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Fig. 8 The effect of doping ZnO NFs with Co®* on magnetic properties,
illustrated through: (A)—(D) temperature-dependent magnetisation (M—T)
curves of Zn;_,Co,O (x = 0, pure ZnO nanowires) NFs with 1.8, 4.4 and
7.2% Co, respectively. This visually shows the transition from ferromagnetism
to ferrimagnetism. (E) Co®* doping-induced ferromagnetism to ferri-
magnetism crossover.?'® Reproduced from ref. 218 with permission from
The Royal Society of Chemistry.

CMR over a wide temperature range and the magneto resistance
reached a maximum value of 95% at the metal-insulator
transition temperature of 70 K under 7 Tesla.>*? In another case,
doping o-Fe,0; nanotubes with V,05 was found to increase Mj,
and decrease H., which was attributed to the aforementioned
Brown’s theory; where H, and M are inversely proportional to
one another”” In other work, after Co doping, SrTiO; was
endowed with room temperature ferromagnetism due to Co
addition and oxygen vacancies,”””'”> which has also been
demonstrated in the study of SnO, nanotubes.””® However,
Mohanapriya et al. suggests that ferromagnetism in Mn-doped
SnO, NFs is induced only by precipitated impurity phases instead
of pure SnO, or dopant.>*' Nevertheless, Mn doping was found to
impair the ferromagnetism of BaTiO; and resulted in dia- and
paramagnetic behaviour of the BaTipoMn,;0; NFs that were
produced.”*® Fe-Doped NiO NFs were prepared as a diluted
magnetic semiconductor (DMS) and, notably, doping was shown
not to affect the fibre diameter or surface morphology.>** Finally,
the addition of GO dopant to CoFe,O, NFs demonstrated
enhanced crystallinity, which boosted M, values at low loadings,
but was then shown to exhibit a slight decrease in M, with higher
GO loadings.”**

This journal is © The Royal Society of Chemistry 2021
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3.2.7 Alloys. Alloy systems with nanoscale dimensions often
demonstrate outstanding magnetic properties. There have been a
number of reports where alloys have been processed into NFs to
create magnetic materials. For example, Zhang et al.**® reported
Fe-Ni NFs for the first time and demonstrated that the use of an
Fe-Ni alloy resulted in superior ferromagnetic properties. Addi-
tionally, it was suggested by Jiang et al.'*° that an Fe-Ni alloy also
produces NFs with high saturation magnetisation, permeability,
Curie temperature (T.), low coercivity and low energy loss. FeCo
is another promising soft magnetic nanomaterial which exhibits
low magneto-striction, high saturation magnetisation, high
resistivity, small coercive forces, high Curie temperature and
high magnetic anisotropy energies.”>® Finally, a range of novel
Sm,Co,; NFs were fabricated by Lee et al. reporting a decrease
in Mg and concomitant H. increase with arising Sm content
within the alloy.>*®

4. Applications

In this section, the application of magnetic materials, and how
this relates to their final properties, are explored. This aptly
highlights the versatility of electrospun magnetic materials
whilst concomitantly highlighting the need for future work
into their production and design.

4.1 Electromagnetic shielding/absorption

With the extensive utilisation of electronic devices for civil and
military purposes there is a strong desire to reduce electro-
magnetic (EM) pollution due to its associated negative impact
on human health, national defence security and electronic
safety.'*"*¢231 EM wave shielding, or absorption materials,
are designed to address this challenge. Fig. 9 shows a schematic
diagram that illustrates the working mechanism of so-called
microwave absorption materials (MAMs). When incident waves
reach the surface of the material, they are either reflected off the
sample or transmitted into a porous channel; where multiple
reflections occur and the energy is dissipated. The difference
between MAMs and electromagnetic-induced (EMI) shielding
materials is that MAMSs require EM waves to be transmitted into

Incident EM waves

Reflected
waves

Ti-OH(F) Dipoles

fs ]
4 Transmitted EM waves

Fig. 9 Electromagnetic wave attenuation through a shielding material.?*
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the materials to be dissipated rather than simply reflected at the
surface.”**'°® MAMs achieve EM attenuation through a combination
of magnetic loss, electric loss and geometry (morphology).****®
Magnetic loss originates from the eddy current effect, natural
ferromagnetic resonance and exchange resonance. For ferro-
magnetic materials, the magnetic loss ability is related to initial
permeability (y;), as shown in eqn (1), where a and b represent
constants relating to the material being used, and 4, k, &, M and
H. are the wavelength, magnetisation constant, elastic strain
parameter of a crystal, saturation magnetisation and coercivity,
respectively. Eqn (1) shows that high M, and low H, values are
required to increase i, to deliver better magnetic loss ability.>**>*>

ME

M= KHM, + bie ()

For electromagnetic wave absorption (EWA) properties, complex
permittivity & = ¢’ — j&’ and complex permeability p, = u' — ju" are
two critical factors in microwave absorption property determination.
The real part (¢’ or ') corresponds to the energy storage whilst the
imaginary part (¢/ or u”) corresponds to the energy dissipation.

. . . ¢
Dielectric loss and magnetic loss are expressed by tan (Q) and

!
tan (i) , Tespectively.'94226:228
u

"

Reflection loss (RL) is calculated from eqn (2)-(4):'°%*2%2%8

Zin — ZO
Zin + ZO

Zo = /20 3)
Zin = \/%tanh ng} (4)

where, Z;,, and Z, are the input impedance of the absorber and
impedance of free space, ¢, and p, are vacuum permittivity and
permeability, and &, u, f, ¢ and t are the relative complex
permittivity, permeability, frequency of the electromagnetic
wave, velocity of electromagnetic waves in free space and
thickness of the absorber, respectively.””® Accordingly, thick-
ness plays an important role in the magnitude of RL.>****” RL
decreases and the absorption peaks shift to lower frequencies
with increasing absorber thickness. Dielectric and magnetic
losses also influence RL and are used in combination to
improve the microwave absorption performance.**® Additionally,
crosslinking the structure can cause a geometric effect that
contributes to RL, as demonstrated with Fe/C cross-linked net-
work structures.”*®

Carbon fibres can be equipped with magnetic properties
through the addition of MNPs to create EM absorbing materials.
The ultimate EM wave absorption capability is a direct result of
both the dielectric and magnetic properties, with higher M5 and
lower H, values also contributing to the magnetic wave absorption
properties.*****® Notably, NiFe,O,/multi-walled carbon nanotubes
(MWCNTs)/carbon nanofibrous membranes, with thicknesses of
2-5 mm, have been created as MAMs that achieve high perme-
ability and reflection losses >20 dB (5.36-18 GHz)."**

RL(dB) = 20log )
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4.2 Separation: pollutant treatment and catalysis

Functional pollutant absorbers and photocatalysts are used
extensively in wastewater treatment. However, the challenge on
how to avoid secondary pollution of any residual absorber or
catalysts remains a significant problem. One method used to address
this issue is the incorporation of electrospun NFs with unique
magnetic properties. After degradation, these materials are easily
recycled by use Of a pel‘manent magnet.45,158,166,177,199,200,202,2347247
For example, Liang et al.>*® prepared multifunctional switchable
chemosensors for Hg>* with fluorescent probe 1-benzoyl-3-[2-(2-
allyl-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-ylamino)-
ethyl]-thiourea (BNPTU), PNIPAM copolymer moiety for
thermo-responsiveness and on-off photoluminescence and Fe;O,
NPs for easy removal. Chang et al. deposited bismuth oxyiodide
nanoflakes on o-Fe,O; NFs via the SILAR (successive ion layer
absorption and reaction) method.>*” The final product reached a
maximum specific surface area of 35.27 m> g~ !, rhodamine B
degradation efficiency of 98% after 2 hours of visible light
irradiation and an M; value of 0.9 emu g~', demonstrating its
potential for use as practical separable photocatalysts. As these
MNPs render the fibres ferromagnetic, or superparamagnetic,
they can be attracted to external magnetic fields.>*%?*92>!
In addition to this, it has been shown that under stronger
magnetic fields the catalysts can be demulsified and therefore
recycled back for reuse.>**

4.3 Tissue engineering scaffolds, cell culture and differentiation

Electrospun NFs have been extensively explored as scaffolds for
regenerative medicine. Recently, superparamagnetic fibrous
scaffolds have been discovered to have a positive effect regarding
cell differentiation (Fig. 10). Furthermore, after implanting the
scaffold into the human body, the magnetic property enables the
device to be manipulated remotely. The most common
approach in this area is to combine MNPs, such as y-Fe,05,>>> 2>
Fe;0,,%%%2%072%9 CoFe,0, and bioglass,>*® with bio-compatible
polymers [such as PVA,>>*72°>2%0 polycaprolactone (PCL), poly(r-
lactide), poly(lactic-co-glycolic acid) (PLGA), poly(succinimide)
and poly(aspartic acid)®>®****%] to create flexible composite
fibrous mats. These mats have been shown to exhibit enhanced
mechanical properties compared to pristine non-magnetic NF
mats. NFs with a dense, uniform, surface coverage of MNPs are
targeted, however, their production remains a challenge.'**>*>

g i
— ” - %
ol
Electrospun )

scaffold Magnetic R

effect % TRl T Y
IONPs e

Stem cell

Fig. 10 Schematic showing the mechanism and effect of the IONP-
assembled electrospun scaffold on the cells.*** Adapted with permission
from ref. 144. Copyright (2021) American Chemical Society.

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1tc01477c

Open Access Article. Published on 28 June 2021. Downloaded on 1/21/2026 8:08:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

There have been attempts to employ electrospun fibrous
templates to create tissue engineering scaffolds, where such
methods appear to facilitate better distribution of MNPs on the
surface of the NFs. For example, the layer-by-layer assembly
technique was used to afford virtually continuous, compact and
uniform o-Fe,O; nanoparticle immobilisation on PLGA/PCL
electrospun scaffold surfaces.'** In this example, the super-
paramagnetic scaffold was found to significantly enhance the
differentiation of adipose-derived stem cells for the treatment
of osteogenesis. Moreover, the capping layer brings about
auxiliary benefits such as hydrophilicity, elasticity of the inter-
face and the affinity for stem cells. In other work, composite
Fe;0,/silk fibroin NFs were compared to silk fibroin fibrous
templates with coated Fe;O, NPs to show the effect of the
fabrication method on the final properties of the fabrics. The
composite material (electrospun from a single solution) was
more effective as a cell scaffold whilst the fibrous mat coated
with MNPs was more suitable as a magnetic-sensitive interface.®

4.4 Hyperthermia treatment

The treatment of cancer cells includes chemotherapy, radiation
therapy and surgery. Whilst these treatments have been used
for decades it has been suggested that methods typically used
to treat hypothermia could be an effective and ideal approach.
This is based on the incorporation of superparamagnetic NFs
which can either give out a fatal amount of heat to kill the
cancer cells or the raised temperature of targeted tissues can
enhance the effects of other therapy (such as drug release as
shown in Fig. 11) used to destroy the cancer,'”10%145:261,262
Superparamagnetic fibres produce a thermal effect in response

Temperature-responsive nanofiber

NH O NH
NH ‘\(
0 o

O

—

L Alternating
/ Magnetic

L Field (AMF)

OFF

Apoptosis

v v ' o~
ﬁ oy -

- ) A
/’
Cancer cells

Fig. 11 Design concept for a smart hyperthermia NF system that uses
MNPs dispersed in temperature-responsive polymers.t
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to an applied alternating magnetic field. The significant advan-
tage of superparamagnetic NFs is their demagnetisation in the
absence of an external field. Non-toxic, biodegradable polymeric
matrices'®® serve as carriers to provide mechanical support
alongside other performance-enhancing properties, such as inhi-
biting the overgrowth of malignant tissues.'”” The further merit
of NFs in biomedical applications lies with their large surface
area-to-volume ratios that lead to faster degradation of the
scaffold after they have served their purpose. A large ratio of super-
paramagnetic NPs relative to polymer is required to provide an
adequate number of accessible sites and immobilise the NPs on the
NFs."*® There are reports where the number of MNPs on fibres have
been quantified. Chen et al. used Fe*" to chelate with alginates
before fabricating a crosslinked Fe;O,~SA/PVA mat by chemical
co-precipitation. Immobilising the NPs on the fibre was then
shown to eliminate cytotoxicity effects towards human lung
fibroblast cells.'*”'°

4.5 Drug delivery

Recent developments in nanotechnology have led to polymeric
matrices (e.g NFs) being exploited as controllable drug release
media.”® Encapsulating bioactive agents in a polymer matrix is an
effective method for preventing drug degradation in potentially
hostile environments (e.g. high or low pH). Electrospun ultrathin
fibres exhibit ideal characteristics such as high porosity, large surface
area and diverse controllable morphologies to facilitate the develop-
ment of electrospun fibrous drug delivery systems.®*%*

For example, a core-shell fibrous drug delivery system was
produced by coaxial electrospinning using Eudragit S100 as the
shell and a core composed of PEO loaded with Gd(DTPA)
(gadolinium diethylenetriamine pentaacetate hydrate, magnetic
resonance contrast agent) and indomethacin (model therapeutic
agent).”® Eudragit is insoluble in acidic environments and when
used as oral medication protects the core ingredient as it passes
through the stomach. The core materials are only released when
the fibres reach the intestinal fluids, enabling this core-shell
fibre delivery system to achieve targeted drug delivery to the
colon. In another example, PVA/ferritin NF hydrogels with
controllable magnetic properties were fabricated by partially
unfolding the ferritin protein shell at varied mixing temperatures.'®
The negative image contrast generated by ferritin in the PVA matrix
under MRI provided a method for in vivo imaging of the tissue-
engineered scaffolds.

Meanwhile, magnetic reagents loaded into electrospun fibres
have been shown to demonstrate synergistic effects. Sasikala
et al*®® designed and synthesised an implantable magnetic
nanofibrous device for hyperthermia treatment comprised of
iron oxide nanoparticles and tumour-triggered controlled drug
release (bortezomib). The fibres exhibited a synergistic anticancer
effect by applying the hyperthermia treatment and drug delivery
simultaneously. In other work, a similar design was employed by
embedding MNPs (as heat generators) and DOX (doxorubicin,
anticancer drug) inside a temperature responsive copolymer
of poly(N-isopropylacrylamide)-co-(N-hydroxymethylacrylamide)
[P(NIPAM-co-HMAAm)].' When placed in an alternating magnetic
field, the crosslinked P(NIPAM-co-HMAAm) NF mesh showed
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reversible changes in swelling, which created an ‘on-off’ response
allowing DOX to be released.

Beyond their use in externally triggered controlled release,
the addition of MNPs can have a varied effect on drug release
rate, depending on how the MNPs impact on the system within
which they are placed. Demir et al.>**” found that RhodB (hydro-
philic dye) loaded in PCL NFs was released faster when MNPs
were present due to the magnetic interaction between the nano-
particles and drug. Similarly, Haroosh et al.>*® also found that the
addition of MNPs increased drug release rate. In this case, the
inclusion of the MNPs increased the conductivity of the electro-
spinning solution and also decreased its viscosity, which led to
the production of thinner fibres. The larger specific surface area
of the thinner fibres resulted in the increased drug release rate
observed. Conversely, Wang et al.'® found that the release rate of
indomethacin and aspirin (model drugs) was not affected by the
incorporation of Fe;O, NPs within the cellulose matrix; even
when the MNPs occupied nearly 50% of the fibre mass.

In short, MNPs can be incorporated into NFs for controlled,
triggered drug delivery, or to enhance the properties of the
nanofibrous drug delivery system. In the latter case, caution
must be made when designing and fabricating the device, as
the incorporation of the magnetic nanoparticles can have
variable effects on the drug delivery performance of the system.

4.6 Nanogenerators

The development of wearable electronic devices has created a
demand for flexible, lightweight, self-powering and energy scaven-
ging technologies.”***”° In 2001, Glynne-Jones et al.>”* introduced
the piezoelectric vibration-powered microgenerator before various
materials, such as organic materials, metals, textiles and papers
were developed for use in nanogenerators.>***7>77¢

Fabricating PVDF fibrous nanogenerators by electro-
spinning has been widely researched and is considered a good
method to enhance energy generation performance.>’” %' Im
et al.*®* fabricated Fe;0,/PVDF composite NFs for use in a
triboelectric nanogenerator device. Incorporating PVDF resulted in
an increase in the surface area and preferential formation of the
PVDF polar B-phase, which, in turn, enhanced the triboelectric
performance of the device. Additionally, increasing the Fe;O,
content increased the output voltage initially from 124 to 138 V
and enhanced the EMI shielding performance when added in
small quantities. However, a decrease in the output voltage (94 V)
was then observed due to aggregation when the a-Fe,O; loading
was too high (28.3 wt%). Similarly, the tensile strength of the NF
initially increased before decreasing, this time due to the disper-
sion strengthening mechanism. In another example, Wu et al.***
reported a method to synthesise a lead zirconate titanate textile
(using PVP as a scaffold) in which the nanowires were parallel to
one another. This nanogenerator generated a 6 V output voltage,
45 nA output current and qualified to power common liquid
crystal displays and UV sensors. Additionally, the nanowires were
soft and flexible, ideal for use in wearable nanogenerators.

In summary, organic materials have been investigated as
potentially useful counterparts in magnetic NFs for use as nano-
generators. As demonstrated, incorporating polymers, such as
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PVDF, into the NFs has resulted in enhancement to the tribo-
electric performance of such devices. Further advances have
also been made to produce soft and flexible materials to be used
in wearable nanogenerator devices.

4.7 Data storage and transfer

It is well known that modern data storage media function by
storing information as binary data (marked as 0 and 1). Magnetic
materials are widely used for data storage as they can be magne-
tised into two opposing directions, which can respectively repre-
sent the binary codes, 0 and 1. Both simulations and experiments
have shown that nanocylinders or beads that are several hundred
nanometres in diameter can form a vortex state under small or
vanishing external magnetic fields.*®* The magnetisation of these
nanostructures rotates in a closed loop and is often referred to as a
vortex-core. In a fibre, the magnetisation state of the beads
controls the signal to transfer from one side of the beads to
another. The vortex-core can be switched between the two
orientations using short magnetic field pulses,”®* % which
can be used to write binary data.

Electrospinning is considered a useful tool to create combina-
tions of nanofibrous mats with embedded beads. The beaded fibres
can be fabricated when the polymer solid content in the spinning
solution is reduced. Dopke et al 50 electrospun PAN/Fe;0,/0-Fe,0s/
NiO beaded fibres from 14 wt% polymer solution and computer
simulated signal transfer in the beaded fibres. Without an applied
static magnetic field the signal transferred through the beads in the
shape of a snake-like gyrotropic precess from one side to another.
Upon applying a static magnetic field, the magnetisation of the bead
fully oriented along the direction perpendicular to the fibre and the
signal was blocked. This ‘on’/‘off’ state could not only be used for
data storage, but also as logic elements (such as AND or NAND) for
neuromorphic computing. Blachowicz et al.** further simulated the
magnetisation reversal mechanisms under different local spatial
distributions and mutual influences of neighbouring magnetic
fibres. They found a tendency towards larger coercive fields as
the NFs were distributed at a larger random angle range. Fibre
mats consisting of two types of NFs (with and without branches)
were also simulated. In this case the magnetisation reversal was
found to start at smaller negative magnetic fields and end at
larger negative fields compared to that of the single nanofibre.

In general, using electrospun magnetic fibres for data
storage and neuromorphic computing is still in its infancy but
demonstrates promising results. Of the work currently completed
there has been a focus on simulating magnetic properties with
respect to complex intra- and inter-fibre electrospun MNFs.
Blachowicz et al.*®® studied the influence of numbers and dimen-
sions of contact points of electrospun NFs, and proposed a scheme
to verify the mechanism. However, this application requires
further investigation to enable widespread implementation.

5. Summary and future prospects

Current production methods used to make electrospun MNFs
can be divided into two categories. The first introduces magnetic
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components into the electrospinning precursor solutions to
fabricate continuous MNFs. The second method uses electrospun
MNFs as templates in order to process them into various
morphologies and structures. Despite the fact that the magnetic
properties of MNPs have been widely studied, the overall mag-
netic properties of resultant MNFs cannot be predicted since the
interactions between polymers and MNPs are not well-
understood and are therefore rarely discussed. Many types of
MNPs have been added to polymeric materials. In some cases,
the MNPs and polymers were simply blended and there were no
interactions between them, resulting in a linear trend of M with
MNP content. However, for many composite systems a non-linear
trend is observed. M; values were often increased, and yet some
were attenuated, compared to the simple blended systems.
However, to the best of our knowledge, there is no evidence
provided to establish the relevant interactions between MNPs and
polymer materials and the mechanism behind the non-linear
relationship remains unclear. Theoretical modelling is required to
predict the relationship between structure and magnetic perfor-
mance for pure inorganic MNFs. Given that this field is very much
in its infancy, novel composite and inorganic magnetic systems
have been typically investigated to showcase their unique magnetic
performance and are not employed in a given application.

Where specific applications are described there are often
challenges that remain to be addressed. Loading magnetic
resonance imaging contrast agents via electrospinning was a
common method to boost the MRI signal of fibre-based materials
for in vivo applications. However, passively imaging the materials is
not enough for real medical treatment. Smart or environmentally
responsive magnetic fibres are needed not only for location and
shape information of the fibres under MR, but also for linking
physiological indices, microenvironment parameters (pH, tempera-
ture), degrees of degradation or concentration of bio-factors with
MRI signal intensity to provide greater internal body information.

Nanofibres with deposited particles have been found to be
useful in wastewater treatment due to their high surface area (as
compared with MNFs that have MNPs embedded in the matrix),
leading to more catalytically active sites. However, MNPs that have
been deposited onto NFs (post-electrospinning) are often detached
from the fibrous matrix after several absorption-desorption test
cycles, which hampers their viability for long-term use. Therefore,
further investigation is needed to identify how MNPs could be
adhered to the NFs (to survive hundreds of cyclic tests) would be
meaningful work. Sensing technologies for heavy metal ions and
toxic gases that can cause ill effect to humans have been summar-
ized elsewhere.””" Integrating existing pollutant removal technolo-
gies with advanced nanofibrous systems, alongside in-depth studies
on these toxicants would significantly extend their applications.

In summary, advances in electrospinning have allowed a
wide range of magnetic nanofibrous materials to be created over
the past two decades. These advanced materials have shown
huge potential and are set to play a role in smart technologies of
the future. To unlock their true potential, significant work is
needed to understand the key interactions between the various
components in the system to overcome the current drawbacks
that have been encountered.
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The processing methods of electrospun magnetic composite
NFs and pure inorganic NFs from templates, their properties
and related applications have been summarised and discussed
throughout this review. Alongside this, key areas for future
research have been highlighted with the aim of stimulating
advances in the development of electrospun magnetic nano-
materials for a wide range of applications.

Glossary

AR Acid red 27

BA-a Bisphenol-A, paraformaldehyde and
aniline monomer hybrid

(BH)max Maximum magnetic energy product

BM Biological microscopy

BNPTU 1-Benzoyl-3{2-(2-allyl-1,3-dioxo-2,3-dihydro-
1H-benzo[delisoquinolin-6-ylamino)ethyl}-
thiourea

CA Cellulose acetate

CMC Carboxymethyl-cellulose

CMR Colossal magneto resistance

CNFs Carbon-based nanofibers

Cs Chitosan

CTMB Cellulose tris-(4-methylbenzoate)

DCM Dichloromethane

DMA N,N-Dimethylacrylamide

DMF Dimethylformamide

DMS Diluted magnetic semiconductor

DNA-CTMA Deoxyribonucleic  acid-cetyltrimethyl-
ammonium chloride

EMI Electromagnetic interference

EMS Electromagnetic interference shielding

EWA Electromagnetic wave absorption

a-Fe, O3 Hematite

v-Fe,03 Maghemite

FESEM Field emission scanning electron micro-
scopy

Gd(DTPA) Gd(m) (diethylenetriamine pentaacetate
hydrate)

GO Graphene oxide

H. Coercivity

HPMCP Dehydroxypropyl methyl cellulose phthalate

Hy Saturation field

IONPs Iron oxide nanoparticles

MADO P(MMA-co-DMA)

MAMs Microwave absorption materials

MEK Methyl ethyl ketone

MGNPs Magnetic glass ceramic nanoparticles

MMA Methyl methacrylate

MNEF(s) Magnetic nanofibre(s)

MNP(s) Magnetic nanoparticle(s)

M, Remanent magnetisation

M Saturation magnetisation

MWCNTs Multi-walled carbon nanotubes

NFs Nanofibers
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NPs
P(AN-co-AA)
P123
PA6
PAA
PAAmM
PAN
PANI
PBT
PBZ
PCL
PDA
PDLLA
PDMS
PEI
PEK-C
PEO
PET
PEtO,
PF-Na
PHB
PHEMA
PHVB

PI
PLGA

PMMA

PNIPAM
P(NIPAM-co-HMAAmM)

POSS
PS
PS-b-PI
PU
PVA
PVAc
PVDF
PVDF-TrFE
PVP
RL

RT
SAN
SEM
SILAR

Ty

TEM
TEOS
THF
TPEE

Nanoparticles
Poly(acrylonitrile-co-acrylic acid)
Pluronic

Polyamide-6

Polyamic acid

Polyacrylamide

Polyacrylonitrile

Polyaniline

Poly(butylene terephthalate)
Polybenzoxazine
Polycaprolactone

Polydopamine

Poly(p,L-lactide)
Polydimethylsiloxane
Polyethyleneimine
Phenolphthalein polyetherketone
Poly(ethylene oxide)

Poly(ethylene terephthalate)
Poly(2-ethyl-2-oxazoline)
Polyfluorene-Na
Poly(3-hydroxybutyrate)
Poly(2-hydroxyethyl methacrylate)
Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate)

Polyimide

Poly(lactic-co-glycolic acid)
Poly(methyl methacrylate)
Poly(N-isopropylacrylamide)
Poly(N-isopropylacrylamide)-co-(N-
hydroxymethylacrylamide)
Polyhedral oligomeric silsesquioxane
Polystyrene
Poly(styrene-block-isoprene)
Polyurethane

Poly(vinyl alcohol)

Poly(vinyl acetate)

Poly(vinylidene fluoride)
Poly(vinylidene fluoride-trifluoroethylene)
Polyvinylpyrrolidone

Reflection loss

Room temperature
Styrene-acrylonitrile random copolymer
Scanning electron microscopy
Successive ion layer absorption and
reaction technique

Blocking temperature

Curie (transition) temperature
Transmission electron microscopy
Tetraethyl orthosilicate
Tetrahydrofuran

Thermoplastic ester elastomer
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