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Electrospun metal oxide—polymer nanofiber composites hold promise for revolutionizing biomedical
applications due to their unique combination of electronic and material properties and tailorable
functionalities. An investigation into the incorporation of Fe-based nanofillers for optimizing the
polyacrylonitrile matrix was conducted, where the systematic and organized arrangement of inorganic
components was achieved through non-covalent bonding. These carefully dispersed nanomaterials
exhibit the intrinsic electronic characteristics of the polymers and concurrently respond to external
magnetic fields. Electrospinning was utilized to fabricate polyacrylonitrile nanofibers blended with Fe,Osz
and MnZn ferrite nanoparticles, which were thermomechanically, morphologically, and spectroscopically
characterized in detail. With the application of an external magnetic field in the course of dynamic
mechanical measurements under tension, the storage modulus of the glass transition Ty of PAN/Fe,Os
rises at the expense of the loss modulus, and a new peak emerges at ~350 K. For the PAN/MnZn ferrite
nanofibers a relatively larger shift in Ty (from ~367 K to ~377 K) is observed, emphasizing that in
comparison to Fe,Os, Mn?* ions in particular enhance the material's magnetic response in MnZn Ferrite.

The magnetic oxide particles are homogenously dispersed in polyacrylonitrile, corroborated by high-
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towards larger angles, related to the shrinkage of the polymer. Produced nanofibers with high
DOI: 10.1039/d4na00631c mechanical and heating efficiency can optimize the influence of the intracellular environment, magnetic

rsc.li/nanoscale-advances refrigeration systems and sensors/actuators by their magnetic behavior and heat generation.

to produce diverse forms of polymeric fibrous assemblies. The
remarkable specific surface area and high porosity make elec-
trospun nanomaterials highly attractive to ultrasensitive sensor
technologies and increase their importance in other nano-
technological applications. In terms of production, the specific
polymer types, that is, electrospinnable polymers, polymer
blends, solution, and processing parameters, significantly affect
the fiber morphology.> Adding carefully selected materials to
polymer fiber blends can enhance their properties and make

Introduction

Electrospinning is an important processing method for deriving
micro- and nanofibers from polymer solutions in the presence
of electrical forces." This technique exhibits the unique ability
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them suitable for a wider range of applications, including
filtration,>* self-cleaning surfaces,” biotechnology,® environ-
mental engineering* and green chemistry.® In particular, smart
textile products play a crucial role in their development, such as
medical textiles used in wound dressing, tissue engineering,
and drug delivery, as well as protective clothing, touch screen
displays, flexible fabric keyboards, energy storage, catalysts,
electric double-layer capacitors (EDLC), and sensors’ (Fig. 1).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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It has been shown that carbon nanotubes (CNTs) can
significantly increase the strength and stiffness of electrospun
nanofibers. Studies demonstrated that well-dispersed CNTs can
lead to enhanced modulus, strength, and fracture resistance of
nanocomposites.® Our group previously reported the positive
influence of CNTs containing polybutadiene-poly(ethylene
oxide)’ and styrene-butadiene-styrene' by increasing the
decomposition temperature or promoting the crystallization
kinetics. Carbon shells and graphene sheets combined with
Fe,O; nanoparticles have been reported to provide electrical
networks that allow fast and efficient electron transport when
these composites are used as anode materials in Li-ion
batteries.™

Due to the magnetocaloric effect, which describes the
influence of a magnetic field on the thermal properties of solids,
the presence of iron makes magnetic refrigeration a viable
cooling technology. This technology has the potential to
compete with traditional gas compression methods used in air
conditioning, refrigeration, and gas liquefaction.*

Iron oxide nanoparticles in small sizes exhibit super-
paramagnetic properties where their properties can be altered
by an external magnetic field. Iron oxide nanoparticles provide
electrical networks, allowing fast and efficient electron trans-
port when these composites are used as anode materials.™
Specifically, an H atom can bind to the surface of iron oxide
(FeO) at unblocked sites on symmetrically equivalent oxygen
atoms, forming a hydrogen bond with another symmetrically
equivalent O atom, as revealed by scanning tunneling micros-
copy measurements.”* MnZn ferrites possess almost zero mag-
netocrystalline anisotropy, high permeability, saturation
induction, low power losses and high magnetic induction,
which make them suitable candidates for wide range of appli-
cations.” In nanostructure forms, they possess high redox
pseudocapacitance, making it highly appropriate for energy

Breathable layer

Nanofiber mat

Breathable layer

Fig. 1 Various application features of electrospun nanofibers.
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storage devices.” This improvement may stem from several
greater
surface area for interactions, or alterations in the material's

factors, including enhanced magnetic properties,
microstructure.*

Fe-based soft magnetic composite polyacrylonitrile (PAN)
nanofibers might have improved magnetic characteristics
compared to traditional bulk metals with large crystals due to
their good thermal and mechanical stability."”” Combinations of
the composing units of such nanocomposites with the inclu-
sion of metal-based magnetic nanoparticles (MNPs) in
a biocompatible PAN (known as technical textile material) will
create an efficient electron transport.*®

There are few studies present in the literature for the Fe,Os/
PAN systems, but they are mainly focused on the filtration and
removal by adsorption of heavy metal ions, ie., electrospun
polyacrylonitrile nanocomposite fibers reinforced with Fe;0,
nanoparticles were studied by ref. 19. The a-Fe,O3/PAN nano-
fiber mats were prepared via electrospinning followed by
a hydrothermal method and used for the adsorption of Pb>" by
ion exchange between the proton of surface hydroxyl groups
and Pb>",?* and mixed-matrix membranes (MMMs), consisting
of polyacrylonitrile (PAN) and hematite (a-Fe,O3) nanoparticles
(NPs), were produced for the removal of nitrate (NO;™ ) from
aqueous solutions.*" «-Fe,Oz/polyacrylonitrile (PAN) hybrid
composite adsorbent was also used to eliminate methylene blue
(MB) from aqueous solution.?” Functionalized polyacrylonitrile
coated with iron oxide nanoparticles was also applied to the
nitrate removal from aqueous solution.>

We have recently studied PAN-2-(acryloyloxy)ethyl ferroce-
necarboxylate polymer (FcP) blend nanofibers which were
electrospun from the solution of N,N'-dimethylformamide and
characterized by mechanical, spectroscopic, structural and
electrochemical means.** Frequency-dependent thermo-
mechanical characterization via dynamic mechanical analysis

>
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(DMA) reveals pronounced changes in the glass transition,
rubbery plateau, and onset of degradation, as well as in their
storage and loss modulus values, particularly when small
amounts of FcP are present. For wearable sensors made from
soft, fabric-like patches on the skin (textile transdermal
patches), PAN nanofibers offer several advantages. They
improve breathability while effectively delivering drugs and
biomolecules to promote cell healing. Additionally, PAN nano-
fibers have applications in demanding fields like automotive
and aerospace, where their electro-active properties create
highly sensitive and selective sensors.”> Magnetic nanoparticles
have been exploited in intracellular magnetic hyperthermia,
novel photothermic treatments, magnetic resonance imaging,
magnetic particle imaging, magnetic-guided drug delivery,
integrated biosensors and bio-separations.>® By applying
various magnetic components for electronic devices, lighter and
more compact designs can be generated for current and power
transformers, inductors, and current sensors.>”

In this study, production and advanced experimental char-
acterizations and interfacial interaction of confined and
homogenously dispersed magnetic nanoparticles of iron oxide
and manganese zinc ferrite in the PAN matrix as in the nano-
fiber form are studied in detail. The main focus points are
processing novel engineered functional nanocomposites and
assessing compositional, and mainly thermomechanical prop-
erties under the applied magnetic field of confined magnetic
nanoparticles in PAN nanofiber matrix.

Experimental section

Material

Polyacrylonitrile (PAN, average M, 150000), N,N-dime-
thylformamide (DMF = 99.8%) were obtained from Sigma
Aldrich. Iron oxide nanopowder (y-Fe,O3, 99.9%, 10 nm average
diameter, near-spherical) and MnZn ferrite (MnZnFe,O,,
99.99%, size diameter 28 nm, near-spherical) nanoparticles
were obtained from US Research Nanomaterials, Inc. All these
chemicals were analytical grade and used as received.

Preparation of PAN/metal oxide nanoparticle composite fibers

The electrospinning setup included a grounded collector placed
within a syringe, a high voltage direct current (DC) power source
capable of producing positive DC voltage up to 50 kV and
a syringe pump with a feeding rate ranging from 5.5 uL h™" to
400 mL h™". The syringe needle, which had an outside diameter
of 0.7 mm, was fitted with a positive electrode. A syringe pump
was utilized to regulate the polymer solution's feeding rate, and
the solutions were electrospun horizontally onto the aluminum
collector. For the production of nanofibers, the polymer
mixtures were electrospun at ambient temperature with driving
voltages of 10-15 kV. There was a constant distance of around
15 cm between the capillary tip and the collector, and the feed
rate was 1 mL h™". These parameters were chosen based on our
previous studies in this subject, which were proven to generate
uniform nanofibers with second-phase inclusions.** Different
types of metal oxide nanoparticle contents were always prepared
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in 100 mL of 10% PAN solution. They were combined contin-
uously and stirred overnight while PAN/metal oxide nano-
particle combinations were dissolved in DMF solution. The
precursor solution was prepared by dissolving PAN in DMF
solvent containing the MnZn ferrite and iron oxide nano-
particles. The precursor mixtures were prepared to be 5% (w/w,
PAN/metal oxide nanoparticles) via mass. The nanoparticles
were first dispersed well in a cup horn sonicator to avoid sedi-
ment formation, which is a common method in the dispersion
of carbon/carbon-based materials. Nanofibers were continu-
ously obtained by electrospinning continuously for 3 hours
without sedimentation in polymer nanofiller solution. Nano-
particles were distributed homogeneously without agglomera-
tion during long mixing times using the vibrations imposed by
this device. The mixing cup is regularly checked by the lab
technician to confirm that there was no nanoparticle sedi-
mentation. After each electrospinning trial, no visual sedi-
mentation was observed in the syringe.

Crosslinked membranes were prepared on Al foil under
a constant nitrogen flow in a Hénle UVASPOT 400 using an H,
filter over 5 h. Further melted/oxidized samples were prepared
either directly during Raman microscopy by irradiation with the
integrated 532 nm 75 mW DPSS laser at 10 mW over 0.5 s, or
separately (for UV-vis and IR) using a Leister fiber-guided diode
laser (940 nm, Novolas Basic AT) including Optic Globo V3.1 on
a Gunnar x/y vacuum table (TTC 119 s) set to 4 A, 200 °C, 1 bar,
focus of 10.5 and speed of 10 mm s~ writing parallel lines at
2 mm distance reaching 120-200 °C (according to the integrated
pyrometer).

Characterization methods

Dynamic mechanical analysis (DMA) experiments were per-
formed using PerkinElmer DMA-8000 in the temperature range
300 K-800 K with a heating rate of 5 K min~" and measured in
tension mode at different frequencies with the applied sinu-
soidal force of 0.5, 5 and 15 Hz. The samples were prepared in
sheet form for the tension geometry with sizes of about 10 x
7.5 x 0.13 mm?>. To account for the effects of a magnetic field on
the elastic properties of the sample in the regions of glass
transition and crystallization, a static magnetic field of 120 mT
(SMF; 120 mT [Bpax]) was applied parallel to the long sample
side, which corresponds to the direction of tension. The storage
modulus E’ is calculated using E' = g/¢, cos(d), where oy is the
stress and ¢, the strain amplitude, and ¢ is the phase angle
between the instantaneous stress and strain at time ¢. The loss
modulus E” is calculated using E” = a/¢, sin(6), whereas loss
tangent (tan ¢) is found from the ratio of loss and storage
modulus, i.e. E'/E". Data was acquired directly from the device
software and plotted by OriginLab 2023b. XRD was performed
in Bragg-Brentano (6-26) geometry with a Bruker D2Phaser
diffractometer with an LYNXEYE-2 detector between 5°-100°.
Co Ka radiation of A = 0.17902 nm using a step size 0.005 was
employed. The morphological characteristics and chemical
composition analysis of the produced nanofibers were exam-
ined by scanning electron microscopy (SEM) and integrated
energy-dispersive X-ray (EDX) analysis, respectively. Surface

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Possible interaction of Fe,Oz with polyacrylonitrile.

features were investigated on a Hitachi S-4800 SEM at 2 kV
acceleration voltage on samples coated with Au/Pd (5 nm) using
secondary electron (SE) mode. The same device was used at 20
kV acceleration voltage on C-coated samples (10 nm) for back-
scattering (BSE) analysis, combined with the subsequent EDX
mapping on the same samples with the same acceleration using
a ThermoFisher Scientific Axia ChemiSEM LoVac. Samples of
electrospun (ES) membranes were prepared by biopsy-punching
and gently pressing Al-backed samples on Carbon tape. Analo-
gously, nanopowders were thinly spread on Al-foil and pressed
on Carbon tape. Images and maps were then recorded at either
250, 10k or 30k magnification, with 10k images used for average
diameter and standard deviation determination on 50 fibers via
Image] Software.

In contrast, more densely packed nanopowders and flat-
tened ES membranes were prepared in between a glass and
cover slide for Raman confocal spectroscopy and microscopy on
a WITec (Oxford Instruments) alpha300R using a 532 nm 75
mW DPSS laser. Zeiss EC “Epiplan” 10x and LD “Epiplan-
Neofluar” 50x objectives were used for recording Raman
spectra over 0.05 s at 20 to 50 accumulations and 10 mW laser
power to avoid carbonization. Detailed maps and carbonization
spectra were recorded using a Zeiss EC “Epiplan-Neofluar”
100X objective over 0.2 s at 20 accumulations and 10 mW laser
power. Finally, similarly compressed samples were prepared for
Fourier-transform infrared spectroscopy (FTIR) analysis on
a Varian 640-IR by direct pressing with the sample holder.
Spread-out UV-vis spectra were recorded on a Varian Cary 4000.
Spectra were normalized to the highest peak, usually at 1450
and 2250 cm ™" for IR and Raman, respectively.

Results & discussions
Synthesis and possible interaction mechanism

As detailed in the experimental part, nanocomposites, i.e., PAN
nanofibers containing iron oxide and MnZn Ferrite nano-
particles, and pure PAN nanofibers without magnetic nano-
particles, were fabricated by electrospinning technique. C-H
functionalization/activation reactions within a range of poly-
mers using Fe,O; or MFe,O, (M: metal) containing oxide

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles were reported.”®* The Fe-O bonds in the nano-
particles can participate in hydrogen bonding with the C-H
bonds adjacent to the cyanide (C=N) bonds in PAN (Fig. 2),
where such non-covalent bonds are interactions between
molecules or atoms that do not involve sharing electrons. Their
importance lies in their ability to form weak yet specific inter-
actions between molecules, which are crucial for many func-
tions in living systems and materials. This type of interaction
can contribute to forming a network between the nanoparticles
and PAN, decreasing the fiber dimensions and influencing their
strength, elasticity and solubility as discussed in the next
sections.

Structural characterization

X-ray diffraction can reveal the type of crystalline nanoparticles
and the changes in their crystalline structure within an amor-
phous polymer upon production. Fig. 3 displays the comparison
of the PAN, PAN/Fe,0; and PAN/MnZn ferrite. The diffuse peaks
at ~14.2° and ~26.0° correspond to PAN.> The XRD scans of the
nanopowders identify that this broad peak corresponds to the
PAN as well. Similarly, most of the other peaks of the y-Fe,O3
and MnZn ferrite nanopowders match the literature findings
with Cu Ka radiation.*® For both nanopowder types, there is
a slight shift of the peak towards larger angles, i.e., ~0.3° shift
of the (311) peaks. This can be accounted for by the rapid
cooling of the electrospun polymers on the Al foil, leading to
shrinkage of the polymer. This shrinkage probably imposes
compressive stresses on the nanoparticles, leading to a decrease
in the lattice sizes.

Spectroscopic analysis

FTIR lets us identify the functional groups in polymers and
metal oxides (Fig. 4a). The broad peak at ~3600 cm ™" is asso-
ciated with the -OH group due to intermolecular hydrogen
interactions and water contribution.*® The broadness of the
peak might indicate the interaction between the ferrite and
cyanoethyl side groups (-C=N) of PAN. The peak at ~2930 cm "
belongs to the -C-H bonds of PAN.*' The FTIR spectrum of PAN

—— PAN

—— PAN/Fe,0,

—— PAN/MnZn Ferrite
—— Fe,0, powder

—— MnZn Ferrite Powder

Intensity (counts)

20 (°)

Fig. 3 XRD spectra of the PAN, PAN/Fe,Oz and PAN/MnZn ferrite
using Co Ka radiation. XRD of the nanoparticles is also provided.
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exhibits characteristic peaks at 2238 cm ™" (-C=N stretching).*?
Avibration peak at 2355 cm™ " is likely due to the interaction of
free sites of iron oxide with the PAN ethyl cyano groups. Broad
peak between 3000~ 3500 cm™" must be due to the surface -OH
groups of the magnetic nanoparticles.** The peaks confirm the
pristine PAN nanofiber at ~1660 cm™' and ~1450 cm™*
attributed to the -C=0 group in the amide structure and C=N
stretching, respectively.”> The peaks at ~1070 cm ', ~1230
cm ', ~1360 cm ™' should be related to the -C-H (non-flat), -C-
0 and -C-H bonds, respectively.** Sharp peaks around 780 cm ™
are likely due to the bending vibrations of the -C-CN bonds in
the cyanoethyl side groups.* The change in this peak (I;) was
compared for two different powder types by dividing it to the
relatively stable PAN peak at 2238 cm ™" (). A significant rise in
peak ratio is observed by adding MnZn ferrite instead of Fe,O;,
referring to the high interaction for this type of blend (Table 1).
Hydroxyl groups are chemically or physically interacting with
iron atoms on the surface of Fe,O; or Fe;0, nanoparticles. In
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Fig. 4 (a) FTIR (top), (b) Raman (middle) and (c) UV-vis (bottom)
spectra of the different PAN membranes and nanoparticles normalized
to the highest peak (1446 and 2245 cm™! for IR and Raman, respec-
tively). Insert in UV-vis showing a visual representation of membranes
before (fibrous) and after (film) laser irradiation — bottom PAN, middle
PAN with ferrite (represented as FeO), top PAN with MnZn ferrite
(represented as MxO).
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Table 1 Comparison of peak ratios for the FTIR and Raman spec-
troscopy normalized to the highest peak (1446 and 2245 cm™* for IR
and Raman, respectively)

FTIR
Type I, (2255 cm™)/I; (2238 ecm ™)
PAN/MnZn ferrite 0.72

PAN/Fe, 05 0.20

PAN 0

Raman

Type I, (2915 em™ ")/, (2245 cm ™)
PAN/MnZn ferrite 0.52

PAN/Fe, 05 0.46

PAN 0.39

FTIR, the O-H stretching vibration indicates that the hydroxyl
groups are involved in hydrogen bonding or coordination with
iron atoms (2340 to 2360 cm™'). Hence, a possible interaction
between the cyano groups and partial positive charge of Fe*
through hydroxylation exists.** Further investigation is required
to assess the exact Fe-OH bonding mechanism.

Interestingly, an obvious change in the vibrations between
1500 to 1800 cm ™' from pristine over inertly to laser irradiated
samples was observed. While pristine PAN membranes seem to
exhibit C=C vibrations around 1650 cm™" (ref. 34) potentially
because of remaining monomers, these entirely disappear after
any irradiation either because of evaporation or polymerization.
Generally, pure PAN does not change significantly depending
on oxygen. However, particle-containing membranes seem to
increase in intensity of C=N vibrations under inert conditions,
indicating only cyclization without further oxidation, such as in
graphene.* This is followed by a distinct multitude of peaks
appearing between 1500 and 1800 cm ™" after laser irradiation
without an inert atmosphere, which suggests the formation of
graphene oxide. Similarly, such signals appear above
3500 cm ™", It should also be noted that the particle-specific
signals between 2300 and 2400 cm™ ' disappear in samples
irradiated under inert gas, indicating either partial deoxygen-
ation of particles or potential covering of particles with polymer
due to induced nanoscopic melting behavior. After laser irra-
diation, these peaks reappear, indicating either disintegration
or phase separation during the macroscopic melting of the
membranes into films. Unfortunately, such peaks also appear
in “pristine” PAN samples, likely because of
contamination during storage or physical handling. Despite
this, no transformation into graphene or graphene oxide is
observed in the 1500 to 1800 cm ' region, indicating that
superficial particles do not significantly catalyze the
carbonization/oxidation processes. Raman spectra of PAN
nanofiber and composite nanofiber insights into the chemical
bonding and molecular structure of PAN and nanopowder
interactions (Fig. 4b). In the Raman spectrum, the dominant
band is the nitrile CN stretching band at 2245 cm ™" and the CH
stretching band at ~2925 cm™'. Another characteristic bands of

Cross-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PAN concern the CH, bending at 1455 cm ™', CH bending at
1350 cm ™', C-OH bonding at 1070 cm ™, and CCH stretching at
830 cm™'.** The characteristic PAN peaks are suppressed or
even disappear after their interaction with nanoparticles since
such samples showed significant discoloration and sensitivity
to the strong laser light in Raman and hence were recorded in
lower resolution. The ratio of the largest two peaks (I; =
2245 cm ‘and I; = 2915 cm ') in each measurement is given in
Table 1. Results show that the ratio increases with nano-
powders, with MnZn ferrite being higher.

It is well-known that three major stabilization reactions—
cyclization of the nitrile groups, dehydrogenation, and oxida-
tion — take place concomitantly during heating PAN over 573-
673 K.*” Thermal stabilization is critical in transforming poly-
acrylonitrile (PAN) fibers into an infusible, stable ladder poly-
mer structure. This process involves the conversion of the cyano
(CN) triple bonds in the PAN backbone into aromatic rings with
cyano (CN) double bonds.*®* The dehydrogenation reaction
exhibits a diminished rate when conducted in an inert gas
atmosphere.* Finally, UV-vis spectra were recorded (Fig. 4c) to
better understand the more or less visual changes, specifically
a slight greying after irradiation under a protected atmosphere
and the transparent but stronger colored films obtained after
laser irradiation. Since the UV-vis analysis was conducted in
transmission mode, no significant change was observed after
the irradiation under inert gas to pristine membranes.
Presumably, some carbon fibers were formed, which might have
protected the voluminous membranes below and, hence, barely
changed the bulk of the samples. In contrast, laser welding
resulted in the melting of all samples, with all samples signif-
icantly shifting their absorption towards UV, which is likely
caused by oxidation. The results of optical properties analyzed
by UV-vis spectroscopy support that with an increase of nano-
particle content in PAN/Fe,O; composite fibers, the absorbance
as a function of wavelength increases. This absorption was
recorded at a similar position (560 nm), confirming the inter-
actions between nanoparticles and the polyacrylonitrile.*

Morphological investigation

High-resolution SEM results showing homogeneous nanofiber
formation and nanoparticle and partial cluster distribution
(Fig. 5), especially at high magnification, indicate that the
particles are well-dispersed and electrospun membranes have
a uniform nanofiber morphology. Single nanoparticles
throughout both fiber types were observed, with only a slight
difference between backscattering and secondary electron SEM.
The imaging of the nanopowders is shown in the ESI section
(Fig. S1t). Fig. S2t presents environmental scanning electron
microscopy (ESEM) images that illustrate the overall morphology
of the samples. PAN nanofibers (Fig. 6-top) show a wrinkled
texture with a uniform thickness of 970 4+ 110 nm. By embedding
nanoparticles, the nanofibers exhibit several porous beads
(Fig. 6-middle, bottom), which is caused by agglomerates with
very high surface area and porosity persisting after spinning,
preventing a smooth covering polymer layer. However, the
complementary in-depth backscattering image (BSE) reveals that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PAN/ MnZn Ferrite

Fig. 5 HRSEM imaging in BSE (left) and SE (right) modes for three
nanofiber types.

Fig. 6 The surface texture of the PAN (top), PAN/Fe,Os (middle) and
PAN/MnZn ferrite (bottom) nanofibers.

the majority of the particles were homogenously dispersed
within the nanofibers (see Fig. 5). Homogeneous fibers and
distribution are obtained for all cases, including the PAN/Fe,0O;
and MnZn ferrite case, with fiber diameters slightly decreased
when particles are incorporated (520 £ 50 nm and 520 + 90 nm
for Fe,0; and MnZn ferrite, respectively). This is most likely
caused by an increase in conductivity in the spinning solution
caused by the nanoparticles and hence increased stretching. The
impedimetric value of PAN fiber measurement at 1 Hz was
measured as |Z|= ~10°-10° Q (insulator).** On the other hand,
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according to our findings at 1 Hz in 0.5 M H,SO, |Z| of PAN/Fe,O3
and PAN/MnZn Ferrite are ~44 x 10° Q and ~75 x 10° Q,
respectively. The increase in the conductivity of the nanoparticle-
containing PAN nanofibers leads to the decrease of the thickness
of the PAN fibers from 970 + 110 nm to 520 &+ 50 nm (PAN/
Fe,0;), 520 + 90 nm (PAN/MnZn Ferrite). The viscosity of the
solution can vary with metallic oxide particle addition upon
electrospinning due to insensitive viscosity measurement
conditions in the vicinity of the needle tip as well as the shear-
rate dependency of the electrospun polymer.*

Compositional investigation

In order to investigate the distribution of particles and
perhaps identify any separation in the MnZn ferrite particles,
SEM-energy dispersive X-ray was performed (Fig. 7). The quant
map in Fig. 7a depicts the Fe concentration at the local points
where nanoparticles are located, confirming the Fe,O3; nano-
particles. Typically, for EDX, the carbon signal is weak and
hence unsuitable for spatial or quantitative analyses, espe-
cially since carbon coating was used. Analogously, the quant
map (Fig. 7b) corroborates the presence and homogenous
dispersion of MnZn ferrite nanoparticles within PAN. Here, it
needs to be indicated that the signal quality of Zn is low, which
is probably due to the very low content, and thus, was not

Fig.7 EDX quant map showing the (a) Fe (PAN/Fe,O3) and (b) Fe + Mn
(PAN/MnZn ferrite) accumulation.
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observed in EDX measurement. The fact that Mn and Fe maps
overlap indicates no significant separation of the two-particle
species, with a rather homogeneous distribution side-by-side.
Fig. S31 shows the EDX spectra of the PAN/Fe,O; and PAN/
MnZn Ferrite samples.

Thermomechanical results under magnetic field

To understand the influence of the magnetic Fe,O; and MnZn-
ferrite nanoparticles within the PAN matrix, dynamic mechanical
analysis under an external magnetic field (120 mT) was carried
out. All samples showed distinct changes in the glass transition
(T,) (around 370 K) and stiffening (around 600 K) regions (Fig. 8).
Before the glass transition, there is also a stiffening of the sample
as the relaxation processes in the polymer increase, which leads to
the reorganization of atoms (chains). The material becomes more
homogeneous with fewer vacancies and, accordingly, more rigid.
At the same time, we observe an increase in the modulus of
elasticity before T,. The situation is similar to that of samples
containing nanoparticles. But when a magnetic field is applied,
the magnetic field aligns the dipolar moments of the magnetic
nanoparticles. In the vicinity of the glass transition, the material
allows for enough deformation under a magnetic field, adding
additional stiffness to the material and shifting the glass transi-
tion to a high-temperature region.

The pure PAN sample displays a clear T, and crystallization
temperature Ty which intensify as the frequency rises from 0.5
to 15 Hz (Fig. 8a). The shift in the first glass transition Ty, is
more obvious from the dynamic loss modulus E”, whereas the
second glass transition temperature Ty, can be observed from
the tan ¢ (ratio of E” to dynamic storage modulus E'). The
comparison of the PAN with PAN/Fe,O; and PAN/MnZn ferrite
samples at 0 T shows similarities, except that the PAN/Fe,03
shows a very pronounced Ty, seen from the tan ¢ vs. T graph
(Fig. 8b). Comparison of all three curves at 0.5 Hz can be found
in Fig. S4.f DMA results of the PAN/Fe,O; and PAN/MnZn

0.4+ PAN / Fe,0, 0.4+ PAN / MnZn Ferrite
b c
0sl 0.5 Hz ; 0.5 Hz ~J
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Fig. 8 DMA of the (a) PAN sample at three different frequencies without applied external field (O T), comparison of the PAN/Fe,Oz and PAN/
MnZn ferrite samples at (b) O T and (c) 120 mT and 0.5 Hz frequency. (Top) Storage modulus, (middle) loss modulus, and (bottom) tan é.
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PAN /iron oxide
E, (0 T) = 552 +/- 58 kJ/mol
E, (120 mT) = 564 +/- 47 kJ/mol

PAN / Mn Zn ferrite PAN
E, (0 T) = 443 +/- 39 kJ/mol E, (0 T) = 296 +/- 36 kJ/mol

PAN / iron oxide

= linear fit
34 O 120mT

o —— linear fit
PAN / Mn Zn ferrite
24 O o7
linear fit
o O 120mT
= = linear fit
14
= PAN
O oT
linear fit
04
T
from Y"

T T T T T T T T T
262 264 266 268 270 272 274 276 278

1000/T (K™

Fig.9 Comparison of slopes yielding activation energy of the samples
measured from the Tg; from E”.

Ferrite samples without and with applied magnetic field at three
different frequencies are displayed in Fig. S5 and Se6,f
respectively.

Fig.10 Cyclization of polyacrylonitrile structure by the catalytic action
of Fe,O3 present in composite PAN nanofiber.
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In a magnetic field, the stiffness increases because it aligns
the magnetic nanoparticles along the magnetic field lines and
creates additional strains (stresses) in the sample (Fig. 8c). For
the PAN/Fe,O; sample, an additional peak T shows up at ~352
K. This means that the presence of Fe,O; nanoparticles can
modify the dynamics of the PAN polymer chains at the interface.
This could lead to a distinct relaxation process appearing as
a peak before T,, especially if the magnetic field affects the
interfacial interactions. The shift in T, is more pronounced in
the PAN/MnZn ferrite sample because MnZn ferrite exhibits
a significant response due to its high magnetic permeability
and low coercivity, which strongly interact with the magnetic
field, causing notable shift in the glass transition temperature.
In contrast, Fe,O; has weaker magnetic interactions due to
lower magnetic permeability and susceptibility, resulting in
minimal influence of the magnetic field on its glass transition
properties. Furthermore, MnZn ferrites have a more complex
spinel structure with mixed cations that promote high perme-
ability and susceptibility. The Mn®" ions, in particular, enhance
the material's magnetic response compared to Fe*'/Fe*" inter-
actions in y-Fe,Oj3, which are less effective at promoting strong
magnetic coupling.* The two peaks in tan ¢ with two distinct
changes in the storage modulus in the glass transition region
probably correspond to two relaxation processes. The first
relaxation is the glass transition of the PAN matrix. The second
one corresponds to the glass transition of the PAN matrix
around nanoparticles, where the relaxation processes slow
down due to the contact of the PAN matrix with nanoparticles.
Also, in the PAN/MnZn ferrite sample, we observe a significant
shift of the T before the stiffening region (~600 K, with a shift
of 22 K towards larger values) when the magnetic field applied,
suggesting that the magnetic field also affects the dynamics of
the stiffening process. The change in the condition of the

Fig. 11 Post-DMA examination of the (a and b) PAN/Fe,Os3, (c and d) PAN/MnZn ferrite, and (e and f) PAN at 20kx and 50kx.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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samples containing Fe,O; and FeMn ferrite before and after
DMA testing is given in Fig. S7.t

Fig. 9 compares the activation energies E, of the three
investigated samples with and without external fields. The slope
measurement obtained from the Ty in E" vs. T graph shows
a minor increase in the E, for the PAN/Fe,0;, whereas this
change is huge for the PAN/MnZn ferrite after the application of
the external field. PAN sample shows very small E, value
measured from the Ty, in loss modulus graph (Fig. 8a), referring
to the samples with magnetic particles have higher stability.
The magnetic field enhances the overall activation energy of the
samples containing magnetic particles, yielding faster relaxa-
tion kinetics.

Overall, the results suggest that the magnetic field has
a strong influence on the dynamics of the glass transition and
the stiffening process. This new finding could have implications
for the design and development of new materials with improved
properties.

Stabilization (cyclization) of polyacrylonitrile during
thermomechanical treatment

The heat treatment process for polyacrylonitrile (PAN)-based
carbon fibers critically relies on a chemical transformation
known as the cyclization reaction. For example, the cyclization
reaction of PAN/Fe,O; nanofiber is promoted by the catalytic
effect and the presence of iron and heat during thermo-
mechanical measurements. Zero-valent iron nanoparticles are
reported as nanocatalysts for reduction reactions.** A key step
during this process was the association structures generated by
the interaction of hydrogen bonds under heat treatment and the
cyclization structures composed of C=C and C=N bonds.*

The color change observed upon heating is attributed to the
formation of polyene structures during the polyacrylonitrile
stabilization process. Additionally, it was proposed that the
black color arises from the condensed ring structures absorbing
all wavelengths within the visible light spectrum.* This struc-
ture is formed by cyclization-induced carbon-nitrogen double
bonds (an example provided for PAN/Fe,O; nanofiber is shown
in Fig. 10), known as a ladder structure. During the initial stages
of stabilization (low-temperature range) in an air environment,
PAN fibers undergo dehydrogenation, a process that introduces
double bonds into the polymer backbone. Incorporating double
bonds enhances the thermal stability of the PAN chain.*®

Post-DMA morphological characterization performed ultra-
high resolution SEM shows curvature formation in the nano-
fibers for the PAN/Fe,O; sample, most probably related to
internal stresses caused by the cyclization and oxidation
(Fig. 11a and b). For the PAN/MnZn ferrite (Fig. 11c and d) and
PAN (Fig. 11e and f) samples, the catalytic effect is much lower.
Thus, the maximum temperature applied in DMA (780 K)
cannot initiate the cyclization process completely.

The carbonization process upon heat treatment was
corroborated by the confocal Raman microscopy with its
intense excitation laser after excess irradiation. The process
includes mapping nanofibers via longer-time exposure to a laser
compared to recording simple Raman spectra, which eventually
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carbonizes the particle-loaded nanofibers (Fig. 12). Confocal
micrographs of untreated samples are shown in Fig. 12a, and an
exemplary close-up comparison before and after carbonization
of the PAN/MnZn ferrite is given in Fig. 12b. The patchy struc-
ture visible in the Raman intensity maps at different Raman
shifts (Fig. 12c) can potentially be explained both by limits in
resolution of nanofibrous carbon in combination with
agglomeration of carbonized and traces of pristine polymer
around or in between particle aggregates. Interestingly, even at
the least intense irradiation/mapping conditions (see high
noise in PAN spectrum), only D (~1350 cm ') and G
(~1600 cm ™) bands of carbon appear after heat treatment of
PAN with nanoparticles, with no trace of PAN remaining
(Fig. 12d). Additionally, the absence of any further band around
2700 cm ' and the similar intensity of the D and G bands
indicate that graphene oxide is obtained immediately instead of

PAN/Fe, 0,

PAN/MnZn Ferrite

80

60

40’

Normalized Raman Intensity (%)

PAN
PAN/Fe,0,
—— PAN/MnZn Ferrite

1500 2000 2500 3000 3500

Raman shift (cm™")

0 500 1000
Fig. 12 (a) Confocal imaging of the PAN/Fe,Os and PAN/MnZn ferrite.
(b) Scale-up image of the PAN/MnZn ferrite before and after laser
treatment. (c) Raman intensity maps for a single nanofiber at approx. (1)
100 cm™, (2) 1350 cm ™, (3) 1600 cm ™%, (4) 2250 cm ™, (5) 2950 cm ™.
Black = no signal, white = highest signal (d) normalized Raman
intensity vs. Raman shift graph for three different kinds of nanofibers
(enlarged image of the selected spectra range in Fig. 12 middle).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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first forming graphene as a stable intermediate. These findings
show the effectiveness of transforming intense light irradiation
into heat by the nanoparticles used in the carbonization process
of PAN. However, due to the complexity of the cyclization
process, Raman spectroscopy cannot provide full evidence
about the cyclization process by itself, and other methods such
as differential scanning calorimetry, thermogravimetric anal-
ysis, nuclear magnetic resonance spectroscopy should be
utilized to provide a complete conclusion.*”

Conclusions

Magnetic nanocatalysts stand out due to their advantageous
combination of low toxicity, widespread availability, cost-
effectiveness, and ease of catalyst recovery using an environ-
mentally friendly, solvent-free, and rapid magnetic separation
method. We present that well-defined Fe,O; and MnZn ferrite
nanoparticle-polyacrylonitrile nanofibers can be obtained by
electrospinning, while CN functional groups located at each
monomer unit of PAN nanofibers can immobilize magnetic
nanoparticles via hydrogen bonding and coordination interac-
tions. Employed advanced characterization techniques, ie.,
HRSEM, XRD, spectroscopic and thermomechanical results
enlighten the mechanism of interaction between nanoparticle—
polymer matrix through the determination of the morphology,
interactions, and the crystallinity of the synthesized fibers with
the presence of nanoparticles. SEM imaging and EDX mapping
indicate NPs are well dispersed in PAN composite nanofibers
with minimum bead formation. Fe,O; and MnZn ferrite nano-
particles embedded in the polymer matrix hinder cross-linking
throughout the network and enhance the inter-chain interac-
tions. Compared to Fe,03, the presence of Mn*? in MnZn Ferrite
nanoparticles leads to the shift of T, by 10 K towards higher
temperatures. On the other hand, for the PAN/Fe,03, the main
peak splits into two peaks under the external magnetic field.
The unit lattice of Fe,O; and PAN nanoparticles shrinks after
blending with PAN, confirming the influence of cooling after
electrospinning. The emergence of D and G bands of carbon-
ized fibers via long-time laser treatment corroborates the
changes in thermomechanical and morphological properties
observed during DMA. These features make them the preferred
catalysts for accelerating numerous industrially relevant reac-
tions through C-H activation.
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