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1 Introduction

The contamination of water resources by active pharmaceutical
compounds (APCs) has become a pressing environmental issue.
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Coaxial electrospinning is a facile and versatile method for the fabrication of core—shell metal oxides for
environmental applications. The use of core-shell metal oxide nanofibers with a magnetic core and
photocatalytic shell is a new approach for the photocatalytic degradation of active pharmaceutical
compounds (APCs) in water and the removal of photocatalysts by a magnetic field. In the present work, we
report the fabrication and characterization of novel FesO4—Fe;NiO4/NiO core—shell nanofibers with advanced
structural, optical, magnetic and photocatalytic properties via co-axial electrospinning. The aim of this work is
to investigate the photocatalytic degradation of acetaminophen by the novel metal oxide core-shell
nanofibers with different structural properties. The core—shell nanofibers were fabricated using constant core
solution parameters (PAN 7.55% w/w and Fe nitrate 5.5% w/w) and variable shell solution parameters (PVP
11.4-11.1% w/w and Ni acetate 5.29-8.51% w/w). The phase transition of FesO0, — Fe,NiO4 was observed in
the core. The FesO4—Fe,NiO4/NiO nanofibers exhibit a high optical absorption in the visible range (band gaps
of 2 eV and 2.2 eV), significant magnetization (15 A m? kg™) and high efficiency for the degradation of
methylene blue (80%) and acetaminophen (45%). The photocatalytic properties of the FesO4—Fe,NiO4/NiO
nanofibers significantly depended on their core and shell chemical composition. The formation of spinel
FeoNiO4 in the core was one of the factors that limited the photocatalytic performance of the core—shell
nanofibers. Thus, their photocatalytic performance could be improved by adjusting the core and shell
fabrication parameters. The advanced properties of the FesO4—Fe,NiO4/NiO core—shell nanofibers highlight
their applications for the efficient degradation of active pharmaceutical compounds in water resources.

APCs significantly change the water environment and increase
antibiotic resistance in humans."” Therefore, the efficient
degradation of APCs in water resources has become a recent
global focus.**

Recently, we have reported the use of electrospun nanofibers
for the photocatalytic degradation of APCs in water.*” Indeed,
the photocatalytic properties of metal oxide (MOX) nanofibers
have been controlled by doping and varying the technological
parameters of the deposition.® The developed MOX nanofibers
showed high rates of APC degradation under visible light
conditions.” One of the restrictions of the developed MOX
nanofibers in real applications is the difficulty in removing
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them from water sources.®* Thus, new MOX nanofibers with
advanced optical, magnetic and photocatalytic properties could
be a promising solution for the degradation and removal of
APCs from water sources by using a magnetic field.

Coaxial electrospinning is a powerful method for the fabri-
cation of core-shell nanostructures with tailored properties.®*
Coaxial electrospinning enables the production of functional
nanomaterials, like metal oxides, metal/metal nanofibers and
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hollow metal oxide nanotubes.’** Novel core-shell MOX nano-
fibers show new optical properties due to the presence of
defects on their interface and enhanced charge separation and
surface properties.*** Most recently, ZnO/In,03, SnO,/In,03,
and TiO, core-shell nanofibers have been tested as gas sensors
and in catalysis applications.®*

The fabrication of magnetic-optical core-shell nanofibers by
coaxial electrospinning for photocatalytic applications is quite
challenging. Iron oxides are typical materials used as the
magnetic core in other methods.*** It is known that iron tends
to form non-magnetic spinels with other oxides under high-
temperature treatment (over 500 °C).'* However, its interdiffu-
sion and spinel layer effects on the optical, magnetic and pho-
tocatalytic properties of core-shell nanofibers have not been
studied to date. Recent reports showed the successful fabrica-
tion of Ni/C, Fe;0,/C and Ni-Co spinel nanofibers via the
coaxial electrospinning method."”>* However, no reports on the
fabrication, design, and main properties of magnetic metal
oxide/metal oxide nanofibers have been published to date.

Recently, we reported the fabrication of core-shell ZnFe,0,/
ZnO nanofibers via coaxial electrospinning.'® It was found that
the obtained samples showed no magnetic properties. Due to
the formation of spinel, the core of the fiber was composed of
ZnFe,0, with a diameter of 120 nm, and the ZnO shell was
composed of ZnO particles with an average size of 20-30 nm.
The samples showed good photoelectrochemical properties.
However, the primary goal of achieving magnetic metal oxide/
metal oxide nanofibers with advanced optical and magnetic
properties was not realized.

Transition metals and their oxides (NiO, M0oO,, MnO,, and
Co30,) are promising materials for energy, multi-functional
materials,?** sensor, photoelectrocatalytic and
photocatalytic'”*#*53° applications. Due to their different
oxidation states, they show enhanced interaction with target
molecules and high photocatalytic performance.

Fe;0,/NiO core-shell nanoparticles with advanced optical,
magnetic and photocatalytic properties have been widely
investigated.®** They demonstrated good photocatalytic
performances and their significant removal from water ach-
ieved using a magnetic field. The fabrication of Fe;0,/NiO core—-
shell nanoparticles requires multistep procedures with high
dependence on the fabrication parameters, such as concentra-
tion of core and shell precursors, pH of solution and annealing
temperature.®***** Conversely, the coaxial fabrication of core-
shell metal oxide nanofibers only requires two steps. It depends
on the concentration of the core and shell solutions, pumping
speed and annealing temperature. Our previous experience
showed that the fabrication of Fe;0,/NiO core-shell nanofibers
with advanced properties is a new topic to investigate. Also,
opto-magnetic Fe;O,/NiO core-shell nanofibers have never
been tested as visible light photocatalysts for the degradation of
APCs.

Herein, we report the development of novel core-shell metal
oxide nanofibers with advanced properties via co-axial electro-
spinning. The effects of the core and shell solutions on forming
the structure and optical and magnetic properties of the metal
oxide core-shell nanofibers have been studied. Also, the
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photocatalytic degradation of methylene blue and acetamino-
phen by the novel core-shell nanofibers under visible light
excitation has been investigated. Subsequently, the effect of
phase transitions (Fe;04/NiO to Fe,NiO,) in the core-shell
nanofibers on their optical, magnetic and photocatalytic prop-
erties have been discussed.

2 Experimental
2.1 Materials

Polyvinylpyrrolidone (PVP) (M,,: 1 300 000) (CAS No: 9003-39-8),
polyacrylonitrile (PAN) (CAS No: 25014-41-9), N,N-di-
methylformamide (DMF) (CAS No: 68-12-2), Fe(NOj;),-9H,0
(CAS No: 7782-61-8), nickel acetate (NiAc) (CAS No: 6018-89-9),
and acetaminophen (ACT, CAS No: 103-90-2) were purchased
from Sigma Aldrich.

Methylene blue hydrate (MB < CAS: 122965-43-9), 2-propanol
(99.9%, CAS: 67-63-0), p-benzoquinone (C¢H,0,, =99.5%,
CAS:106-51-4) and ethylenediaminetetraacetic acid (EDTA,
99.995%, CAS: 60-00-4) were from Sigma-Aldrich.

2.2 Solution fabrication

The core solution (Solution A) was prepared as follows: DMF (4
mL) was heated to 75 °C. Then, PAN (0.41 g) was added to the
hot DMF and stirred (Solution 1). DMF (1 mL) and Fe(NO3), (0.3
g) were mixed and ultrasonicated for 15 min (Solution 2). When
PAN in Solution 1 was fully dissolved, Solution 2 was added to
Solution 1 under continuous stirring. The fabricated Solution A
was stirred overnight at room temperature.

The shell solution (Solution B) was prepared as follows: DMF
(3 mL) was heated to 50 °C. Then, PVP (0.65 g) was added to the
hot DMF and stirred (Solution 3). DMF (2 mL) and metal salts
(NiAc (0.3-0.5 g)) were mixed and ultrasonicated for 30 min
(Solution 4). When the PVP in Solution 3 was fully dissolved,
Solution 4 was added to Solution 3 under continuous stirring.
The fabricated Solution B was stirred overnight at room
temperature.

The parameters of Solution A and B were recalculated using
the weight fraction (W/Wsoution) Of polymers and metal precur-
sors. The deposited samples had the following parameters:

FeNi33: PAN 7.55% and Fe 5.5% (0.3 g Fe nitrate)/PVP 11.4%
and Ni 5.29% (0.3 g Ni acetate);

FeNi34: PAN 7.55% and Fe 5.5% (0.3 g Fe nitrate)/PVP
11.26% and Ni 6.93% (0.4 g Ni acetate);

FeNi35: PAN 7.55% and Fe 5.5% (0.3 g Fe nitrate)/PVP 11.1%
and Ni 8.51% (0.5 g Ni acetate).

2.3 Electrospinning

Solutions A and B were loaded in separate 5 mL plastic syringes
and attached to a coaxial needle (Linari Engineering, Pisa, Italy)
with plastic tubes. The coaxial needle had an inner diameter of
0.5 mm and an outer diameter of 1 mm. The syringes were
installed in two independent syringe pumps and set up with
pump rates of 450 pL per h (Solution A) and 600 pL per h
(Solution B). The needle was installed in the spinning camera
20 cm above the collector. The collector was covered by an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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aluminum foil. The rotating speed of the collector was 200 rpm.
The voltage applied between the needle and the collector was 20
kv.

Control samples of NiO nanotubes and iron oxide nanofibers
were deposited without metal precursors in the core and shell,
respectively. The control samples of iron core/empty shell and
empty core/nickel shell are denoted as FeNF and NiNT,
respectively.

The as-prepared nanofibers were dried under vacuum over-
night at room temperature and annealed at 500 °C for 1 h. The
control NiO nanotube and iron oxide nanofiber samples were
deposited as mentioned above without precursors in the core
and shell, respectively.

2.4 Characterization

X-ray diffraction (Bruker D8 diffractometer, CuKa radiation,
Germany) was applied to identify the phases of the developed
core-shell nanofibers. To analyze the molecular vibrations and
bonds in the obtained materials, Raman spectroscopy
measurements were performed on a WiTeC Alpha 300R
microRaman system equipped with a laser (532 nm excitation
wavelength). X-ray photoelectron spectroscopy (XPS) was used
for oxidation state evaluation and chemical shift determination
using a Thermo Fisher Scientific Escalab Xi" spectrometer
under high vacuum conditions. The samples were deposited on
carbon pads, and any loose material was removed with high-
velocity airflow. Charge compensation (flood gun, standard
mode) and surface etching (ion gun, mild conditions for 10 s)
were used to remove surface contamination and reduce surface
charging. XPS data were analyzed using the Avantage 5.2995
software, and the adventitious carbon peak at 284.8 eV was used
as the calibration point.

The structural properties of the deposited nanofibers were
investigated by SEM (Hitachi, Japan) and TEM/EDX (JEOL,
Japan).

The optical properties of the core-shell nanofibers were
studied by diffuse reflectance spectroscopy in the UV-visible
range using an Ocean Optics fiber optic light source (DH2000,
250-900 nm, USA), integrating sphere (Ocean Optics, IS-8, USA)
and fiber optic spectrometer (Ocean Optics HR4000, USA).

The magnetic properties of the samples were characterized
by vibrating sample magnetometry (VSM). Measurements were
performed using a Lake Shore Cryotronics Co., model 7404 VSM
vibrational sample magnetometer. A magnetizing field in the
range of —1 T to 1 T was applied in a sequence starting with zero
field, and then sweeping through the range twice, enabling both
zero field susceptibility and any possible hysteresis to be
recorded. The sample holders were found to have non-
negligible magnetic properties (especially in the case of less
magnetic samples), and therefore the magnetization of each
holder was measured prior to sample measurements and sub-
tracted from the results.

Electrochemical measurements were carried out using an
Autolab PGSTAT302 potentiostat operated in potentiostatic
mode (potential scan). A 3-electrode cell configuration was
used, consisting of the following electrodes: WE - sample, RE -

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ag/AgCl (3 M KCl), and CE - Pt wire. The measurements were
conducted within the potential range of —0.3 to 1.5 V vs. Ag/
AgCl, over the frequency range of 20 000 to 5000 Hz. A 1 M
KOH aqueous solution was used as the electrolyte.

2.5 Photocatalysis tests and kinetic measurements

Photocatalytic degradation experiments were carried out using
a custom-built photoreactor equipped with a visible-light
halogen lamp (R7S Quartz Linear, 400 W, 3000 K, 220-240 V,
118 mm, Ref: 2430800281468), emitting predominantly within
the 400-700 nm range, with negligible UV contribution. The
lamp-to-solution distance was consistently set at 10 cm, and the
reaction temperature was maintained at 20-25 °C via a circu-
lating cold-water system. In a typical procedure, 50 mg of core—-
shell nanofibers was dispersed in 100 mL of an aqueous solu-
tion containing 10 ppm of the target pollutant (MB or ACT),
stirred in the dark for 30 min to establish adsorption—-desorp-
tion equilibrium, and subsequently irradiated under visible
light. Aliquots (2 mL) were collected at 30 min for visible light,
and then filtered through 0.45 pm membranes, depending on
the target molecule. The ACT degradation intermediates and
products were further analyzed using a high-performance liquid
chromatography (HPLC) system equipped with a C18 reverse-
phase column (Nucleoshell RP18) and a Quattro-Micro mass
spectrometer with an electrospray ionization source (Waters
Micromass, UK). Photocatalytic efficiency was assessed using
eqn (1), as described in ref. 5 and 36.

G -C

0

Degradation efficiency (%) = { ] x 100 (1)
where C, and C are the pollutant concentrations before and
after irradiation, respectively. Additionally, the kinetics of
photocatalytic degradation under visible light were evaluated
using a pseudo-first-order model expressed as eqn (2), as
follows:>*®

In(Co/C) = Kyppl 2)

where C, is the initial concentration, C the concentration at the
time ¢, and K,pp, is the apparent rate constant.

3 Results

The SEM images of FeNi33, FeNi34 and FeNi35 are presented in
Fig. la-c, respectively. The SEM images show well-shaped
nanofibers fabricated by electrospinning. The dimensions of
the fibers were 183 + 38 nm, 200 + 24 nm and 232 + 41 nm for
FeNi33, FeNi34 and FeNi35, respectively. The average length of
the nanofibers is 8 pm.

The XRD spectra of the core-shell nanofibers are shown in
Fig. 2a. Analysis of the XRD spectra showed that Fe,Oj; is formed
in the case of the control FeNF nanofibers (Fig. 2a) (PDF stan-
dard card JCPDS#33-0664), whereas Fe;O, is formed in the
core-shell nanofibers (Fig. 2a) (PDF standard card JCPDS#19-
0629). An NiO phase was identified in the NiNT and FeNi
nanostructures (Fig. 2a) (PDF standard card JCPDS#47-1049).
The full width at half maximum (FWHM) of the XRD peaks of

RSC Adv, 2025, 15, 46541-46552 | 46543
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Fig.1 Structural properties of the core—shell nanofibers, measured by
SEM: (a) FeNi33, (b) FeNi34, and (c) FeNi35.

NiO slightly increased for the core-shell FeNi nanostructures
compared to NiNT. Given that no correlation between the [Fe/
Ni] concentration ratio and FWHM was found, we assume
that the peak widening could be explained by the lattice strain
at the interface of Fe;0,/NiO. Analysis of the XRD peaks of the
core-shell nanofibers showed an increase in the NiO peak
intensity with an increase in the [Ni/Fe] concentration ratio,
indicating an increase in the shell thickness.

Fig. 2b shows the Raman spectra of the core-shell nano-
fibers, NiO nanotubes and iron oxide nanofibers. The Raman
peaks identified at 223, 291, 409, 496 and 611 cm " (Fig. 2b)
represent the Agq, Egq, Eg1, Ag; and Egy vibrational modes of
Fe,0;.*” The Raman spectrum of the NiO nanotubes (Fig. 2b)
showed peaks located at 401 cm ™" (1P-TO), 499 cm ™" (1P-M) and
599 cm~ ' (1P LO), confirming the presence of the NiO phase.*®

The Raman spectra of the core-shell nanofibers (Fig. 2b,
curves 3-5) showed a significant difference from the Raman
peaks related to pristine Fe,O; and NiO. The peaks located at
198 (T14(1)), 328 (E4) and 698 cm ™' (A4) correspond to the Fe;0,
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Fig. 2 Structural properties of the core—shell nanofibers measured by
(a) XRD and (b) Raman.

phase,**** showing good agreement with the XRD measure-
ments.*>* The Raman peaks assigned at 465 (1P-TO), 544 (1P +
1M) and 659 cm ' (1P LO) correspond to NiO.?®*3#

In our previous work," we observed the formation of spinel
in core-shell metal oxide nanofibers. These spinel-type mixed
oxides align with the expected interdiffusion and solid-state
reactions between the iron and zinc components during the
thermal processing of the core-shell nanofibers. The Raman
spectra of FeNi33-35 should be analysed in more detail.

In their Raman spectra (Fig. 2b), the Raman peaks at 460-
480 cm ™' and 560-580 cm™ ' could be also related to the Ni-O
vibrations in the NiO, NiFe,O, and FeNi,O, crystalline
lattices.**>* The peak at 675-692 cm ™~ * could be associated with
the Fe-O vibrations in the Fe;0,4, NiFe,0, and FeNi,O, crystal-
line lattices.***®* We observed a significant decrease in the
intensity of the Raman peaks at 198-202 and 325-328 cm ™"
when the concentration of Ni acetate in the shell increased. This
finding could be explained by the phase transfer of Fe;O, to the
spinel form due to iron interaction with a higher concentration
of Ni acetate (Fig. 2b). Thus, the Raman spectra confirm the
phase transition of Fe,O;3 to Fe;O0, and possible formation of
spinel via the transition of Fe;O, to NiFe,O, and FeNi,O, in the
core of the fibers.

The TEM images of the shell are shown in Fig. 3. The linear
dimensions of the core and shell are summarized in Table 1.

Fig. 4 presents the TEM-EDS elemental mapping and
compositional analysis of the FeNi35 nanowire sample, high-
lighting distinct differences between the two regions associated
with the proposed core-shell structure. The area in Fig. 4a
corresponds to the region interpreted as the core, where EDS

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images of (a) FeNi33, (b) FeNi34 and (c) FeNi35.

Table 1 Dimensions of the core diameter and shell thickness of the
core-shell nanofibers

Core Shell
FeNi31 174 + 15 nm 13 £ 7 nm
FeNi33 172 + 12 nm 23 + 12 nm
FeNi35 178 + 22 nm 36 + 15 nm

mapping reveals a higher concentration of iron relative to
nickel, with the atomic percentage of Fe of 25.20%, Ni of
12.58%, and O of 62.22%. The composite and individual
elemental maps show a relatively uniform distribution of
oxygen. At the same time, Fe is more abundant than Ni,
consistent with an Fe:Ni ratio of approximately 2:1. This
stoichiometry closely matches that of Fe,NiO,, supporting the
identification of this region as the outer shell of the nanowire.
In contrast, the area in Fig. 4b corresponds to the nanowire
shell, where the EDS data indicate a reversed elemental ratio
with Fe of 15.08%, Ni of 29.07%, and O of 55.84%. The Ni-rich
composition aligns well with the stoichiometry of FeNi,Oy,
suggesting that this region forms the core of the nanowire. In
both regions, oxygen is homogeneously distributed, indicating
complete oxidation. The EDS spectra further confirm these
trends, with the area in Fig. 4a showing a dominant Fe signal
and the area in Fig. 4b showing a dominant Ni signal, corre-
lating well with the corresponding atomic concentrations.
Thus, the mapping, quantitative data, and spectral profiles
provide compelling evidence of a compositional gradient
consistent with an FeNi-based core-shell nanostructure.

Elomont  Atom. %
fo 2820
N 1258
o 6222

Fig. 4 TEM-EDS elemental maps of Fe, Ni and O taken from the area
of (a) core and (b) shell of the FeNi 35 sample (EDS analysis was per-
formed for the area selected by red circles).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The XPS results are presented in Fig. 5a-c. Deconvolution of
the Fe 2p,,, and Fe 2p;,, peaks showed the presence of the Fe**
and Fe®" oxidation states with binding energies of 725 eV (Fe**)/
723 eV (Fe**) and 711 eV (Fe*")/709 eV (Fe*"), respectively.™
Deconvolution of the Ni 2p,/,, and Ni 2p;/, peaks showed the
presence of the Ni** and Ni** oxidation states with binding
energies of 872.9 eV (Ni**)/871.6 eV (Ni*") and 855.7 eV (Ni**)/
854.2 eV (Ni*"), respectively.>* Deconvolution of the O 1s peaks
showed characteristic peaks at 529.5 eV and 531 eV,

Fe 2p Fe 2p;,

-~ FeNi35

3

8

£

g FeNi34

3

I-F ]
FeNIB3 7~ N\, \\ i

740 730 720 710 700

Binding energy (eV)

880

] O1s

FeNi35

Intensity (a.u.)

528

530
Binding energy, eV

Fig. 5 Structural properties of the core—shell nanofibers measured by
XPS: (a) Fe 2p: 1-FeNi33, 2-FeNi34, and 3-FeNi35; (b) Ni 2p: 1-FeNi33,
2-FeNi34, and 3-FeNi35; and (c) O 1s: 1-FeNi33, 2-FeNi34, and 3-
FeNi35.
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Table 2 Summary of the XPS peak area ratios

Ni** 2ps/,/Ni** Fe** 2pg), e (O 1s 529 eV)/

Sample 2Ps/ 2Ps/ (0 1s 530 eV)
FeNi33 2.07 2.58 2.074

FeNi34 1.96 2.57 2.082

FeNi35 2.23 3.62 1.82

Fe,0; — 1.53 1.69

NiO 2.47 — 2.28

corresponding to lattice oxygen and defect states/adsorbed
surface oxygen/water, respectively.*

The presence of two oxidation states, Ni**/Ni*" and Fe**/Fe**,
explains the phase transitions and formation of defects in the
core-shell metal oxide nanofibers.*>** Particularly, in the case of
NiO, the XPS ratio of [Ni**/Ni**] is denoted as a key parameter
for the formation of a spinel phase and defects in the NiO
structure.> To evaluate the presence of defects in the core-shell
nanofibers, the calculated ratios of the XPS peaks for Ni**/Ni*",
Fe®*/Fe®" and oxygen are summarized in Table 2.

Based on the obtained results, the concentration of defects
and part of the spinel phase in the NiO layer increased with an
increase in the concentration of Ni acetate and achieved the
highest value for the FeNi35 sample.****

The Fe**/Fe*" ratio increased from sample Fe33 to Fe35. This
finding matches the higher possibility of the formation of
NiFe,O, rather than of FeNi,O, when the concentration of Ni
acetate increased.

The (O 1s: 529 eV)/(O 1s: 531 eV) ratio shows part of the
stoichiometric metal oxide. This ratio is a parameter defining
the forming of defects. The reduced ratios (O 1s 529 eV)/(O 1s
531 eV) for the NiO shell confirm our assumption about the
intense formation of defects in NiO>**

The XPS analysis of the Fe,O; nanofibers and NiO nanotubes
is shown in Fig. 1Sa-d. Deconvolution of the peaks of Fe 2p,,
and Fe 2p;/, showed the presence of the Fe*" and Fe** oxidation
states with binding energies of 725 eV (Fe*")/723 eV (Fe*") and
711 eV (Fe*)/710 eV (Fe>"), respectively. Deconvolution of the Ni
2p1,» and Ni 2p;,, peaks showed the presence of the Ni** and
Ni*" oxidation states with binding energies of 872.95 eV (Ni*")/
871.1 eV (Ni*") and 855.6 eV (Ni**)/853.7 eV (Ni*"), respectively.
Deconvolution of the O 1s peaks showed characteristic peaks at
529.8 eV, 531, 531.7 and 533 eV for Fe,O; and 529.8 eV, 531.2,
532.5 and 533.7 eV for Fe,O; and 531 eV, corresponding to
lattice oxygen and defect states/adsorbed surface oxygen/water,
respectively. The ratios of the Ni**/Ni**, Fe’"/Fe** and oxygen
peaks are summarized in Table 2. Due to the different chemical
compositions of Fe,0; and Fe;Oy, it is hard to compare the Fe**/
Fe”* oxygen peak ratios. The Ni ratio of Ni**/Ni** in pure NiO
was sufficiently higher in a single nanofiber, indicating a higher
concentration of Ni-based defects. However, the ratio of the
deconvoluted XPS peaks of oxygen for pure NiO showed a higher
value compared to that of FeNi33-35, consistent with the less
defect structures of oxygen vacancies in the single nanofibers.
XPS of the single Fe,O; nanofibers and NiO nanotubes did not
show evidence of the formation of NiFe,O, in the interface
between the core and shell.
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Closer inspection, supported by the TEM-EDS data (Fig. 4),
revealed additional contributions from iron nickel oxide pha-
ses, specifically FeNi,O, (ICSD 01-074-6507) and Fe,NiO, (ICSD
01-071-3850). These mixed-oxide phases have similar crystallo-
graphic parameters and space groups (e.g., Fd3m for FeNi,O,),
leading to overlapping diffraction peaks with that of Fe;0, and
NiO, complicating their straightforward identification in the
XRD patterns.

The optical properties of the core-shell metal oxide nano-
fibers were investigated via diffuse reflectance spectroscopy
(Fig. 6a). The core-shell nanofibers had a wide absorption range
from 550 to 740 nm with two characteristic slopes. The
measured diffuse reflectance, R, was recalculated to the
Kubelka-Munk coefficient, F, as follows:**

(1-R)

F="57r (3)
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i — (a)
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Fig. 6 Characterization of the optical and magnetic properties of the
core-shell nanofibers: (a) diffuse reflectance spectra: 1-FeNF, 2-NiNT,
3-FeNi33, FeNi34, and FeNi35; (b) calculation of band gap: 1-FeNF, 2-
NiNT, 3-FeNi33, FeNi34, and FeNi35; and (c) magnetic properties: 1-
FeNF, 2-NiNT, 3-FeNi33, 4-FeNi34, and 5-FeNi35.
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The band gap, E,, of the control sample Fe;O, and the core-
shell nanofibers was calculated using the Tauc plot for the
direct optical transitions, as follows:*”

(F x hv)> = 4 x (hv — Ey) (4)

where A and /v are a constant and photon energy, respectively
(Fig. 6b). In the NiO control samples, the power coefficient in
eqn (4) changes to 0.5. It should be emphasized that the Tauc
plot with a power coefficient of 0.5 was only applicable for NiO
(Fig. 6b, curve 2). The iron oxide nanofibers and core-shell
nanofibers showed direct optical transitions.

The band gap values were calculated using the linear slopes
in Fig. 1S, as follows: 2.18 eV (Fe,03), 2.76 eV (NiO), 2.1 eV and
2.23 eV (FeNi33), 2.01 eV and 2.15 eV (FeNi34), and 1.9 eV and
2.13 eV (FeNi35).

It is known that Fe,O3; nanostructures have a direct band bap
in the range of 2-2.5 eV.?®* The band gap energy of Fe;0, is in
the range of 2-2.2 eV.*° NiO has a high band gap energy (2.8-4.5
eV) depending on its preparation, crystallinity and defect
concentration.>>>%61:62

It was shown that defects in NiO reduced its band gap.>>%***
The core-shell nanofibers showed two band gaps with average
values of 2.02 eV and 2.2 eV, corresponding to Fe,NiO, and
Fe;0,, respectively.®**® Due to presence of Fe,NiO, and Fe;0O,
with band gaps lower than 2.4 eV, the fabricated core-shell
nanofibers absorb more light compared to bare Fe,O;. The
absorption by the nanofibers depends on the Fe,NiO,/Fe;0,
ratio. This could be varied by changing the concentrations of Fe
and Ni precursors in the core and shell and increasing the
annealing temperature, promoting the formation of Fe,NiO,.
Based on this, the absorption spectra of the core-shell nano-
fibers could cover a higher spectral interval in the visible range,
which opens perspectives for their photocatalytic application.

The FeNi33, FeNi34 and FeNi35 samples all display
a considerable response to a magnetic field. The magnetization
curves of the samples, as well as the Fe,O; nanofibers and NiO
nanotubes are given in Fig. 6b. The magnetic properties of the
samples are dominated by their iron oxide content, as demon-
strated by a comparison of the curves of the NiO nanotubes and
pure iron oxide nanofibers. The samples are ferromagnetic,
with pronounced hysteresis.

The Raman, XPS, and TEM characterization showed that the
core of the nanofibers consists of FeNi,O, and Fe;0,. The spinel
ratio increased with an increase in the Ni acetate concentration
as more Fe;0, could transform into spinel.

The photocatalytic activity of FeNi33, FeNi34, and FeNi35
was systematically evaluated through the degradation of two
model pollutants, methylene blue (MB) and acetaminophen
(ACT), each at an initial concentration of 10 mg L " in aqueous
solution (pH = 7).

The photodegradation experiments were conducted under
visible light exposure for durations of 3.5 h for MB and 6 h for
ACT.

MB and ACT were selected as representative contaminants
due to their extensive global use and frequent detection in
natural and wastewater environments. Both compounds exhibit

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Visible-light degradation of methylene blue (a) and acetamin-
ophen (b) using FeNi33, FeNi34, and FeNi35 catalysts.

substantial resistance to photodegradation in the absence of
a catalyst, making them suitable indicators for assessing the
photocatalytic performance.>?®

Following 3.5 h of visible light irradiation, the degradation
efficiencies of MB were 81.35% for FeNi33, 63.90% for FeNi35,
and 62.89% for FeNi34 (Fig. 7a). In the case of ACT, the
degradation observed after 6 h was 44.08% for FeNi33, 24.42%
for FeNi34, and 24.57% for FeNi35 (Fig. 7b). These results
clearly demonstrate the comparatively enhanced photocatalytic
efficiency of FeNi33, particularly in the degradation of both
pollutants under visible light.

In contrast, increasing the nickel acetate content in FeNi34
and FeNi35 resulted in a measurable decline in photocatalytic
efficiency. This trend highlights the influence of the NiO shell
thickness and composition on the charge transport and inter-
facial behavior. The XPS results revealed a higher Ni**/Ni*" ratio
with increased nickel content, indicating a higher layer of
spinel.®”*® Although a moderate level of spinel can enhance the
visible light absorption and promote charge separation through
the introduction of a p-n junction with Fe;O,, an excessive
thickness of spinel prevents charge transfer to the NiO surface
layer, thereby hindering the photocatalytic activity.®” A thicker
spinel interface layer may also obstruct efficient electron
transfer across the Fe;0,/NiFe,0,/NiO interface, potentially
introducing interfacial energy barriers that impair the charge
mobility. This is especially relevant in core-shell structures,
where their optimal photocatalytic performance depends on
a delicate balance among shell coverage, structural integrity,
and defect engineering.® FeNi33 appears to offer this balance,
with its intermediate NiFe,O, content providing sufficient n-p-
p junction formation and defect-mediated enhancement
without crossing into the regime of detrimental recombination.
These observations underscore the critical role of core-shell
design in tailoring the optical and electronic properties of core—
shell nanomaterials for effective photocatalytic applications.

The kinetics for the degradation of methylene blue (MB)
under visible light irradiation were evaluated using a pseudo-
first-order kinetic model, as supported by the high linearity of
the fitted curves and correlation coefficients (R*> values)
approaching unity (Fig. 10a and b). Among the investigated
materials, FeNi33 exhibited the highest photocatalytic activity,
as reflected by its rate constant of 0.0018 min~* compared to
that of 0.0011 min~" and 0.0010 min " for FeNi34 and FeNi35,
respectively. This enhanced performance can be attributed to
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the synergistic interaction between NiO and Fe,NiO,-Fe;0,
within the core-shell architecture of FeNi33, which facilitates
improved charge separation and interfacial charge transport.
Consistent photocatalytic behaviour was also observed in the
degradation of acetaminophen (ACT), where FeNi33 again
demonstrated a superior kinetic performance with a rate
constant of 0.0077 min~', surpassing that of FeNi35
(0.0050 min~") and FeNi34 (0.0048 min ). These results
highlight the importance of compositional and structural
optimization in achieving efficient photocatalytic activity under
visible light conditions.

It is worth noting that due to the phase transitions between
the core-shell nanofibers FeNF of Fe,O; — Fe;0,, fibers with
different chemical compositions and catalytic properties were
fabricated. This is the novelty of our fabrication method,
restricting the fabrication of control nanofiber samples.
According to the literature, Fe;0, showed good a photocatalytic
performance for the degradation of dyes and APC when
combined with other materials to improve the separation of
photogenerated charges.”®”* The photocatalytic applications of
NiO nanostructures show that they are efficient only under UV
light excitation or in combination with other nanomaterials.” "
A zone diagram of the developed core-shell nanofibers is pre-
sented in Fig. 8. This diagram is based on the electron affinity of
Fe;0, (5.3 eV)®° and NiO (2.5).”” The electron affinity of
NiFe,0, is not presented in the literature. We used the values of
the work function (5.1 eV) and valence band position (E¢ — E, =
0.75 eV) reported in.”® According to the diagram, the n—p-p
structure will be formed, possessing the layer thicknesses of d;,
d,, ds, corresponding to Fe;0,, NiFe,0, and NiO, respectively.

Mott-Schottky spectroscopy is a powerful method to analyse
the charge transfer in complex compounds, such as core-shell
nanostructures.” Investigation of the conductivity type and flat
band potential of the single Fe,0; and NiO nanofibers is shown
in Fig. 9a and b, respectively. It was found that the Fe,O;
nanofibers and NiO nanotubes showed n- and p-type conduc-
tivity, respectively.®>®* The flat band potentials of the Fe,O;
nanofibers and NiO nanotubes were calculated according to the
following equation:*

1 2 kg T
== (E-E,- "%
Cc? esoNdAz( * q ) (5)

where C is the capacitance of the space charge layer, ¢ is the
dielectric constant of the ZnO layer, ¢, is the vacuum permit-
tivity, g is the elementary charge, Ny is the donor density, 4 is
the square of the electrode immersed in the electrolyte, E is the

Fig. 8 Zone diagram of developed core-shell nanofibers.
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Fig. 9 Mott-Schottky spectra: (a) Fe,O3z nanofibers, (b) NiO nano-
tubes, and (c) FeNi35.

applied potential, Eg, is the flat-band potential, kg is the Boltz-
mann constant, and 7 is the temperature.

The calculated flat band potentials are shown in Table 3.

FeNi investigated by Mott-Schottky spectroscopy showed
different behaviors from singe iron and nickel oxide nano-
fibers.®*®® In FeNi35, we identified three characteristic parts
related to Fe;0,,** Fe,NiO, (ref. 85) and NiO.** The calculated
flat band potentials are shown in Table 3. Based on the
comparison of the single nanofibers, the flat band potentials
increased due to the formation of a p-n junction.*>*

The comparison of the 1/C* values of the Fe,0;, NiO and
FeNi35 samples show a significant increase in the 1/C> value
due to the formation of a depleted layer after forming the Fe;0,/
NiFe,0,/NiO n-p-p junction.” The Mott-Schottky measure-
ments confirm the proposed scheme of the photogenerated
charge transfer between the core/shell interface.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Calculated flat band potential values

Built in potential, V

Fe,0; ~1.15
NiO +1.12
FeNi35 ~1.3,0.35,1.2

Light-induced transitions form electrons and holes in Fe;O0,
and NiFe,0,. In NiO, holes are formed due to the transition
between its valence band and defect states. Significant charge
separation is formed in between Fe;O, and NiFe,0,, directing
holes to the NiFe,O, layer. Based on the zone diagram, the
photogenerated holes will migrate to the surface through the
NiFe,0,/NiO interface and participate in photocatalytic reac-
tions. The photocatalytic properties are defined by the relation
of dy/d,/d;. When the concentration of Ni acetate increases,
more phase transitions are recorded following the order of d, >
d, > ds. In this situation, holes are located in the bulk of the
fiber and its photocatalytic activity is low. When the concen-
tration of Ni acetate decreases in the order of d, > d, > d;, the
photocatalytic activity increases due to hole transport to the
surface through the NiFe,0,/NiO interface. Thus, the FeNi33
core-shell nanofibers showed the highest photocatalytic prop-
erties for the degradation of MB and APC.

The photocatalytic stability of the FeNi33 nanocomposite
was evaluated through five successive degradation cycles of
acetaminophen (ACT) and methylene blue (MB), each con-
ducted with an initial pollutant concentration of 10 mg L ™" at
neutral pH (pH = 7). After each cycle, the catalyst was recovered
via filtration, thoroughly rinsed with deionized water, and dried
at 100 °C, following the procedures reported in previous
studies.>*® The degradation efficiency of ACT exhibited
a modest decline, decreasing from 44.08% in the first cycle to
41.87%, 39.78%, 40.62%, and 42.76% in the subsequent cycles,
respectively (Fig. 10c). Similarly, the photocatalytic performance
for MB showed a gradual decrease from 81.35% in the first cycle
to 78.90%, 77.32%, 76.54%, and 74.24% over the following
cycles, respectively. This corresponds to an overall reduction in
efficiency of approximately 8% for MB and 3% for ACT across
five cycles.

Despite the minor decline in activity, the FeNi33 composite
retained a substantial portion of its initial photocatalytic effi-
ciency, thereby demonstrating good reusability and potential
for long-term application in visible-light-driven pollutant
degradation systems.

Subsequent photocatalytic experiments on ACT degradation
were conducted under identical conditions using the optimized
FeNi33 composite and in the presence of specific scavengers,
each introduced at a concentration of 0.06 M (ref. 5 and 36)
(Fig. 10d). The selected scavengers isopropanol (IPA),
benzoquinone (BQ), and ethylenediaminetetraacetic acid
(EDTA) were employed to selectively quench hydroxyl radicals
("OH), superoxide radicals (O, "), and photogenerated holes
(h"), respectively. The degradation efficiency of ACT was mark-
edly reduced upon the addition of these quenchers, with
observed inhibition rates of 29.6% (IPA), 37.1% (BQ), and 27.3%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.10 Degradation, repeatability and photocatalysis scavenging tests
of the core—shell nanofibers: (a) kinetics of acetaminophen degrada-
tion in the presence of FeNi33, FeNi34, and FeNi35, (b) kinetics of
methylene blue degradation in the presence of FeNi33, FeNi34, and
FeNi35, (c) recyclability of FeNi33 over five cycles degradation for
acetaminophen and methylene blue and (d) photocatalytic degrada-
tion of acetaminophen using FeNi33 in the presence of scavengers
(EDTA, IPA, and BQ).

(EDTA). These results clearly suggest that reactive oxygen
species (ROS), particularly superoxide radicals and photogene-
rated holes, play dominant roles in the photocatalytic oxidation
of ACT under visible light, while hydroxyl radicals also
contribute to a lesser extent.

According to the literature, Fe,O; is not a good material for
the degradation of MB and paracetamol.®*®

The performance reported by the presented papers showed
a long degradation time or insufficient degradation due to dye
photolysis. In our case, Fe,O3 did not show a good performance
in the photodegradation of MB and paracetamol (less than 5%).
Due to their high band gap, NiO nanotubes do not have good
perspectives for visible light applications. To validate this, the
photocatalytic performance of Fe,O; and NiO in the degrada-
tion of paracetamol was studied, as presented in Fig. 2S.
According to the control measurements, we can conclude that
the core-shell nanofibers show good perspectives for applica-
tion in visible light photocatalysis.

4 Conclusion

The novel core-shell metal oxide nanofibers developed via co-
axial electrospinning exhibit promising optical, magnetic and
photocatalytic properties. The p—n core-shell heterojunction of
iron oxide and nickel oxide showed higher light absorption in
the visible range and higher magnetisation compared to single-
mode iron and nickel oxide nanofibers. The photocatalytic
properties of the novel core-shell metal oxide nanofibers
depend on the structure and interface between their core and
shell. Due to the phase transition of Fe;O, — Fe,NiO,, the
Fe;0,-Fe,NiO,/NiO architecture was formed in the developed
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core-shell nanofibers. Efficient separation of photogenerated
charges between the core and shell was a key factor in the
photocatalytic degradation of methylene blue and acetamino-
phen. The spinel interlayer can capture the photogenerated
charge and block the charge transfer to the surface of the shell.
Therefore, the highest photocatalytic performance was
observed for the fibers with the lowest Ni acetate concentration
and a lower spinel fraction. The advanced properties of the
novel Fe;0,-Fe,NiO,/NiO core-shell nanofibers enable their
future applications in the photocatalytic purification of indus-
trial water from APC by using visible light. However, the
developed fibers did not show the highest degradation rate
towards methylene blue and acetaminophen reported to date.
The photocatalytic activity of the Fe;0,-Fe,NiO,/NiO core-shell
nanofibers could be improved by optimization of the thickness
of their spinel layer. Co-axial electrospinning, as a facile and low
cost method, enables the properties of core and shell solutions
to be varied. This paper opens new prospects to the develop-
ment of new functional nanomaterials via a low cost and effi-
cient fabrication method.
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