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In this study, a gradient FezO4/PVDF magnetic composite was prepared using magnetic-assisted template
filling technology. The purpose of this study was to explore a simple, economical, and scalable method for
preparing gradient magnetic composites. The structure and magnetic performance of the composite were
studied, and the parameters that influenced the gradient magnetic properties of the material, such as
magnetic intensity, magnet spacing, initial content of magnetic particles, and magnet movement speed,
were investigated. The results showed that increasing magnetic intensity during the template filling
process enhanced the electromagnetic force on the magnetic particles, resulting in a greater magnetic
particle content gradient. The variation in magnet spacing affected the spatial magnetic field distribution,
and increasing the magnet spacing increased the gradient of the magnetic intensity in the y-direction.
The magnetic gradient of the FesO4/PVDF composite first decreased and then increased as the magnet

spacing increased. Increasing the magnet movement speed enhanced the gradient of the magnetic
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Accepted 1st March 2024 intensity in the y-component but shortened the duration of the electromagnetic force. By adjusting

these parameters, it is possible to regulate the structural and magnetic properties of the FesO,4/PVDF
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1 Introduction

As important functional materials, magnetic materials have
a wide range of applications and are closely related to infor-
matization, automation, mechatronics, and the national
economy.' Traditional inorganic magnetic materials, such as
ferrites, rare earth magnets, and aluminum-nickel-cobalt alloy
magnets, have drawbacks such as high density, brittleness,
large deformation, and difficulty in producing precision prod-
ucts.* The commonly used magnetic material Fe;0, can exhibit
magnetism under the influence of a magnetic field, but it does
not retain magnetization after the magnetic field is removed. It
has high saturation magnetization, superparamagnetism, and
special force-responsive, biocompatible, chemical, and thermal
properties, and has attracted widespread attention in the
preparation of magnetic materials.>® However, traditional
single materials are no longer able to meet the demands of
current industrial production. To solve this problem, magnetic
composite materials, especially magnetic gradient materials,
have gradually become a research hotspot and represent the
future development trend.
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the development and innovation of magnetic materials.

In the forming process of magnetic composites, different
base materials (inorganic or organic) can be selected according
to actual needs.”® Wang et al.® prepared ordered Co-Ni core-
shell magnetic nanorod arrays using a two-step electrodeposi-
tion process, providing the possibility of adjusting appropriate
coercivity at the nanoscale. Zhu et al.*® achieved continuous and
controllable adjustment of magnetic parameters by utilizing
different bending radii of membranes. Li et al.™ improved the
magnetic performance of rare earth-based sintered composite
magnets by adjusting the element distribution. Dong et al.*?
adjusted the magnetic properties of a seven-coordinated dys-
prosium(m) single-molecule magnet by manipulating the effect
of positional isomer on the axial crystal field. Shang et al.*®
studied the modulation of multi-scale copper distribution on
the magnetic properties of Sm(CoFeCuZr), magnets.

Magnetic fields are ubiquitous in nature and find wide
applications in materials forming, control of chemical reac-
tions, modulation of magnetic nanoparticles, and adjustment
of magnetic composite material properties. Researchers have
combined magnetic fields with traditional micro/nano fabrica-
tion methods such as evaporation deposition, hydrothermal
synthesis, and template synthesis, bringing new development
opportunities for micro/nano materials. Vives* refined
aluminum alloys using alternating current (AC) magnetic fields.
Gavira et al.*® found that a strong magnetic field of 7 Tesla can
influence the nucleation and growth of tetragonal lysozyme
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crystals. Hu et al.*® believed that magnetic fields can enhance
the diffusion of Mo ions and promote the oriented growth of
MosS,, thereby improving its conductivity and lithium storage
performance. Zhu et al.'” applied a magnetic field during the
hydrothermal preparation process of MnO, nanostructures and
studied its influence on phase and morphology transitions.
Hippo et al' obtained highly oriented silicon arrays with
a diameter of 100 nm and an aspect ratio of 160 using magnetic
field-assisted anodization. Cui et al' proposed a dynamic
model to analyze the motion and mechanics of nanoparticles in
magnetic fluids, providing a theoretical basis for describing the
distribution evolution of magnetic particles under magnetic
and flow fields. The oriented arrangement of magnetic nano-
particles provides a new option for manipulating material
properties.

In recent years, gradient magnetic composites have become
a hot topic of research, with scholars conducting extensive
studies in theoretical design, preparation processes, perfor-
mance modulation, and application fields. Shi et al.*® carried
out theoretical analysis on the magnetic energy harvester of
functional gradient composite cantilevers to improve harvest-
ing capacity and adjust resonance frequency. They established
a theoretical model of magnetic-mechanical-electric (MME)
effect for functional gradient composite cantilevers. Silva®
created functional-level adhesive joints using polyurethane
adhesive and iron microparticles, applying an appropriate
magnetic field in the central region of the overlap area to form
the functional-level adhesive joints. Mazur et al.?*> studied the
self-assembly of magnetic nanoparticles on a flat nano-
composite surface with hidden magnetic patterns and demon-
strated that the application of multilayer stamped media and
the presence of magnetic field gradients can attract and orga-
nize superparamagnetic iron oxide nanoparticles into pre-
defined regions. Phuoc and Ong* prepared NiFeW thin films
using composition-gradient deposition technique and charac-
terized their static and dynamic magnetic properties at different
temperatures. Cabo et al.** synthesized component-gradient
mesoporous composites of NiO/NiCo,0,/Co;0, by controlling
the reaction conditions and formulations during synthesis to
achieve compositional gradients. Zhong et al.*® used a hybrid
deposition method combining oblique gradient composition
sputtering and gradient composition sputtering techniques to
prepare FeSiAl-Al,O; films. Du et al.*® deposited FeCoB films
using a composition-gradient sputtering method and studied
the static and high-frequency magnetic properties of FeCoB/Ru/
FeCoB trilayer films.

Currently, most of the researches on magnetic gradient
materials are focused on the field of inorganic materials.
However, the development of this field has been limited due to
the disadvantages of inorganic materials, such as high density,
susceptibility to deformation, and the requirement for high
processing temperatures. At the same time, polymer materials,
as one of the three major materials alongside metals and
ceramics, are playing an increasingly important role. The use of
mature polymer processing methods and equipment to prepare
polymer-based gradient materials will bring new opportunities
for the research and application of polymer-based composites.”
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Therefore, this study uses polymers as the matrix material and
combines the magnetism of ferric oxide with polymers to
produce polymer-based magnetic gradient materials. By
describing the principles, steps, and experimental results of this
method in detail, we aim to evaluate its feasibility and appli-
cability in the field of gradient magnetic composites. Through
this study, we hope to provide a more concise and efficient
solution for the preparation of gradient magnetic composites,
offer strong support for research and applications in related
fields, and contribute to the advancement and innovation of
magnetic materials.

2 Experimental

Fig. 1 demonstrates the formation process of gradient magnetic
composites, which involves the application of both a magnetic
field and a pressure field during the template filling process.
The magnetic-assisted template filling device consists of two
main components: a device for generating a moving magnetic
field and a device for applying pressure to fill the template. The
device for generating a moving magnetic field generates an
electromagnetic force that causes magnetic nanoparticles to
move in the direction of the magnetic field, resulting in
a gradient in particle content along the direction of movement.
The magnetic slurry system is a mixture of magnetic particles
and fluid, and under the influence of an external magnetic field,
the magnetic particles become magnetized and generate
a magnetic force. The relationship between the magnetization
strength (M) of the particles and the magnetic field strength (H)
can be expressed as:*®

M=yH (1)

Here,  represents the intrinsic magnetic susceptibility of
the magnetic particles themselves, and H represents the spatial
magnetic field in which the magnetic particles are located.
Therefore, the magnetic field force acting on the magnetic

e—— Magnetic Slurry

Template

Fig. 1 Forming principles of gradient
composite.

FesO4/PVDF magnetic
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particles in the fluid under the action of the magnetic field can
be expressed as:

Fp = |[[ypoMVHAV, )
Lg=4ﬁn(%)‘ (3)

where u, and V;, represent the vacuum permeability and volume
of the magnetic particles, dj, is the diameter of the magnetic
particles, and it is assumed to be 100 nm in this paper.
Assuming the magnetic particles are approximately spherical
and the magnetization intensity is uniform inside the particles,
the magnetic susceptibility can be treated as a constant.
Therefore, the relationship between the magnetization intensity
of the magnetic particles and the magnetic field intensity can be
further expressed as:

3x
M= —"—"—H 4
3+x (4)

Hence, eqn (2) can be simplified as:

3x

Fm :MOMX VHVp:,uOme

(H x V)H )

Therefore, the electromagnetic force acting on magnetic
particles is primarily influenced by the magnetization intensity
and magnetic field gradient of the particles. This paper will
investigate the regulatory mechanisms of the distribution of
magnetic particles and the magnetic properties of composites
by designing controlled experiments to study the parameters
that affect the magnetization intensity and magnetic field
gradient of magnetic particles.

Table 1 presents the names, chemical formulas, and manu-
facturers of the primary experimental materials employed in the
fabrication of Fe;0,/PVDF gradient magnetic composites. No
additional treatments of the experimental materials are neces-
sary throughout the experimental procedure. The self-made
template used in this study was fabricated from shape
memory epoxy resin using a compression molding technique.
The specific fabrication process can be found in ref. 29. The
template size selected for the shaping process of Fe;O,/PVDF
magnetic composites is 1 mm wide, 2 mm deep, and 10 mm
long. In order to precisely control each experimental step of the
magnetic-induction mold shaping process, the forming process
of the Fe;0,/PVDF gradient magnetic composite is divided into
the following two steps:
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Preparation of Fe;0,/PVDF magnetic slurry**-=

A solution mixing technique is used to prepare Fe;O,/PVDF
magnetic slurry. First, sequentially take x g of Fe;O, nano-
particles, (10 — x) g of PVDF powder, and 50 mL of DMF solvent.
Secondly, the weighed nanoparticles are added to DMF solvent
and treated in an ultrasonic cleaner for 1 h to ensure complete
dispersion of the magnetic particles. The slurry is preheated at
60 °C during this process. Then add the pre-weighed PVDF
powder into it. After thorough stirring, the mixture is kept at
60 °C in a water bath for at least 3 h until a homogeneous,
viscous, and black mixture slurry is obtained. Throughout the
heating and insulation process, ultrasonic oscillation is
continuously applied to ensure the uniform dispersion of Fe;0,
magnetic particles in the magnetic slurry and prevent sedi-
mentation. In this experimental process, the amounts of Fe;0,
nanoparticles added were 1 g, 2 g, and 3 g respectively. For
convenience in writing, the initial content of Fe;O, nano-
particles is designated as 0.1, 0.2, and 0.3, respectively.

Filling of Fe;0,/PVDF magnetic slurry

After cleaning the template in alcohol and letting it air dry,
apply dimethyl silicone oil on its surface before placing it inside
the mold base. Once the template is securely sealed, 10 mL of
the Fe;0,/PVDF magnetic slurry prepared in step (1) is slowly
injected into the piston chamber using a syringe. The piston rod
is then inserted into the piston cylinder and fixed in place. To
fill the Fe;0,/PVDF slurry into the template, the hydraulic jack
is continuously pressed, causing the pressure plate of the press
to gradually move upward. This squeezing action helps to
ensure that the slurry completely fills the template. Once the
pressure gauge reaches 500 N, the pressure is maintained at
that level. Next, the stepper motor of the magnetic field gener-
ator is activated, and it moves back and forth in an up-and-
down motion based on the specified driving program. This
movement of the magnetic field generator helps to distribute
the Fe;O0,/PVDF slurry evenly within the template during the
filling experiment. The process continues until the template
filling is complete. After the DMF solvent in the slurry
completely evaporates, the sealing device is opened, and the
filled template is carefully removed. Any remaining Fe;O0,/PVDF
magnetic slurry on the surface of the template is wiped off.
Finally, the template is demolded, resulting in the formation of
the Fe;0,/PVDF gradient magnetic composite.

Samples with a thickness of 1 mm were extracted from three
different sections of the Fe;O,/PVDF magnetic composite: the

starting end (A), middle (B), and ending end (C).
Table 1 Experimental materials used for the preparation of FesO4/PVDF magnetic composites
Material name Chemical formula Purity Manufacturer
Fe;0,4 nanoparticles Fe;0, AR Shanghai Chile metallurgy
PVDF [-CH,-CF,-],— AR Tianjin Fuyu Fine chemical Co., Ltd
DMF C;H,NO AR Tianjin Fuyu Fine chemical Co., Ltd
Dimethyl silicone oil [(CH3),Si0], AR Tianjin Fuyu Fine chemical Co., Ltd
Template Epoxy resin — Self-made
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Microstructural characterization and EDS analysis of the
samples were conducted using the field emission scanning
electron microscope (FEI QUANTA FEG250), equipped with the
EDAX element spectroscopy system. The EDS analysis was
carried out in surface scanning mode. Due to the inability to
measure hydrogen element content, PVDF was calibrated using
carbon (C), and fluorine (F) elements, while iron (Fe) and oxygen
(O) elements were used for calibration of the Fe;O, magnetic
nanoparticles. However, due to the incomplete evaporation of
DMF solvent, there may still be residual nitrogen (N) elements.
Therefore, the subsequent analysis will focus on the Fe, C, F, O
and N content and distribution to investigate the impact of
varying magnetic field strength, magnet spacing, initial particle
content, and magnet movement speeds on the distribution
state of magnetic particles in the composite material. The
magnetic properties of the Fe;0,/PVDF composite were evalu-
ated using the Quantum Design-PPMS 9 comprehensive phys-
ical property measurement system. The testing process was
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conducted at a temperature of 300 K, with a selected magnetic
field strength range of —10 000 Oe to 10 000 Oe. The Bruker D8
Advance is used to test the phase composition of Fe;O,
magnetic nanoparticles and Fe;O,/PVDF composites, with
a Cobalt target material. This paper defines the ratio of Fe to F
element content as the parameter Rger, to characterize the
variation of Fe;O, nanoparticles content in Fe;O,/PVDF
composites.

3 Results and discussions
3.1 The structure and performance of Fe;0, nanoparticle

Fig. 2 presents the test results of the microstructure, X-ray
diffraction (XRD), and magnetic performance of Fe;0,
nanoparticles. From the SEM images, it can be seen that the
particle size of the magnetic particles is nearly uniform, at
approximately 100 nm, consistent with the nominal value. XRD
indicates that the magnetic particles consist only of the Fe;0,

(11

(b)

80 -
60
40 4
204

Intensity (a.u)

(220)

(400)

{440)

(511

<
1

M (emu/g)

=20 4

(422)

2-theta (degree)

Fig. 2 The SEM image (a), XRD patterns (b), and magnetic properties (c) of FezO4 nanoparticles.
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phase, and are well preserved without any signs of
deterioration. The nanoparticles reach saturation at a magnetic
field strength of 5000 Oe, with a saturation magnetization of
77.1 emu g, residual magnetization of 6.9 emu g ', and
coercivity of 77.7 Oe.

3.2 The structure of Fe;0,/PVDF composites

Fig. 3 shows the microstructure and elemental distribution of
the Fe;O,/PVDF composite, as well as the XRD patterns. During
the PVDF polymerization process, as the DMF solvent gradually
evaporated. Surface tension or cohesion forces on the PVDF
polymer molecule surfaces led to their continuous aggregation,
ultimately forming the spherical shape observed in Fig. 3. The
PVDF spheres showed nearly uniform coverage of the entire
region. From the XRD patterns, it can be seen that PVDF

View Article Online
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predominantly exhibits three crystal structures, including (020),
(110) and (131). The distribution of N element almost overlaps
with that of C and F elements, and the ratio between N and F
elements remains constant. Furthermore, EDS mapping
confirmed that Fe and O elements were uniformly attached to
the PVDF spheres, with the small particles observed in the SEM
image representing Fe;O, nanoparticles. Changing the experi-
mental conditions only alters the content of magnetic nano-
particles without causing any change in the PVDF structure.
Therefore, the variation of Fe element content in composites
can be used to characterize the proportion of Fe;O, nano-
particles. Considering the minor differences in the SEM
morphology of the Fe;O,/PVDF composite, this paper will
discuss the compositional gradient changes through the anal-
ysis of EDS statistical results.
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Fig. 3

spacing 5 mm, magnet movement speeds 1.0 mm s %

(a—f) SEM-EDS mapping images of FezO4/PVDF composites prepared under the conditions of magnetic field strength 0.5 T, magnet
, and initial particle content 0.2, showing the distribution of the constituent elements, (g)

XRD patterns for FesO4/PVDF composites, in which (020), (110) and (131) correspond to PVDF, while the others correspond to FesO4

nanoparticles.
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3.3 Effect of magnetic field strength on the composition and
magnetic properties

Magnetic field strength plays a significant role in the electro-
magnetic force acting on magnetic particles. In this study,
a single-variable experiment was conducted with a constant
initial content of magnetic nanoparticles set at 0.2. The distance
between the magnets was 5 mm, and the speed of magnet
movement was 1 mm s . Fe;0,/PVDF magnetic composites
were prepared under magnetic field strengths of 0.35 T, 0.5 T,
and 0.8 T. The highest concentration of Fe;O, nanoparticles was
found at the end (C) of the composite, while the lowest
concentration was observed at the starting end (A). This finding
directly demonstrates the effectiveness of the magnetic-assisted
method for creating gradient magnetic composites. The content
of Fe, C, F, O, and N elements, as well as the parameter Rg., in
Fe;0,/PVDF magnetic composites prepared under different
magnetic field strengths can be found in Table S1.f As the
magnetic field strength increased from 0.35 T to 0.5 Tand 0.8 T,
the initial Rg/r in the starting end (A) decreased from 0.466 to
0.378 and 0.336, respectively. In contrast, the Rg/r in the ending
end (C) increased from 1.028 to 1.447 and 2.563, respectively.
Thus, the gradient of Fe;0, nanoparticles between the starting
end (A) and ending end (C) of the Fe;0,/PVDF composite
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increased with the magnetic field strength. It is important to
note that with a magnetic field strength of 0.8 T, Fe;0, nano-
particles primarily accumulated in the starting end (A) during
the initial stage of magnet movement. However, they subse-
quently moved downwards due to the electromagnetic force
exerted during the magnet movement process. Therefore, the
final result still followed the pattern of lower nanoparticle
content in the starting end (A) and higher particle content in the
ending end (C). However, the concentration of Fe element in the
starting end (A) of the Fe;0,/PVDF composite was higher than
that in the middle (B).

This study aimed to investigate the impact of variations in
magnetic field strength on the gradient of the Fe;O0,/PVDF
composite. By examining samples extracted from three different
positions of the composite (starting end A, middle B, and
ending end C), the magnetic properties were characterized, as
shown in Fig. 4. The results revealed that the magnetization of
the Fe;0,/PVDF composite reached saturation within the range
of —10 000 Oe to 10 000 Oe magnetic field strength, indicating
that the composite is a soft magnetic material. The magnetic
properties of the composite exhibited gradual improvement
along the direction of the magnetic field movement, as a result
of the magnetic orientation motion of the Fe;O, nanoparticles.

(b)— 0.5T-A

—0.5T-B

o
=
L

=
1

M (emu/g)

-10 -

=20

=30

aon =
H (0¢)

1
I
1
1
I
1
1
! S0 26 6 20
|
T
0

-10000 -5000 5000 10000

40 T T I T T
1
30 1 a 1 |
( )— 035 T-A 1
204 —035T-B : 4
—035T-C |
= 10 1
E [/
I N AR
E I 4 —— U35 T-A
_10 - 1 T2 —035T-R
] —0.38 T
VE ol /
=20 1 =
1 2.
1
-30 1 (- i
1 -400 =200 [ 200 400
-40 . T } —
-10000 5000 0 5000 10000
H (Oe)
40 T T
301 (c)— 0.8 T-A
—0.8T-B
20 -
T 10
=
Y
E
-10
=20 4
=30
-40

SN0 200 0 200 don
11{Oc)

T T
-10000 -5000

T T
] 5000 10000

H (O¢)

Fig.4 The influence of magnetic field strength variation on the magnetic properties of FezO4/PVDF composite at A, B,and C: (a) B=0.35T, (b) B
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Notably, the ending end C displayed the strongest magnetic
performance, while the starting end A exhibited the weakest. To
quantify the magnetic performance parameters of the
composite, the study extracted the coercive force (H.), remanent
magnetization (M;), and saturation magnetization (M) from the
hysteresis loops, as shown in Table 2. The saturation magneti-
zation and remanent magnetization gradually increased from
the starting end A to the ending end C due to the aggregation of
Fe;0, nanoparticles under the influence of the magnetic field.
However, the coercive force did not exhibit a consistent varia-
tion as it is affected by factors like material grain boundaries
and dislocations.*® Additionally, increasing the magnetic field
strength from 0.35 T to 0.5 T and 0.8 T resulted in an increment
in the saturation magnetization of the ending end C and
a decrement in the saturation magnetization of the starting end
A. This suggests that the magnetic gradient between the starting
A and ending C ends of the composite decreased with higher
magnetic field strength. It is important to note that, at
a magnetic field strength of 0.8 T, the saturation magnetization
of the starting end A surpassed that of the middle B, indicating
a variation in the content of Fe;O, nanoparticles.

3.4 Effect of magnet spacing on the composition and
magnetic properties

The distance between two magnets directly affects the distri-
bution of the magnetic field in the template filling region. In
this study, Fe;0,/PVDF composites were prepared by keeping
a constant initial content of Fe;O, nanoparticles at 0.2,
a magnetic field strength of 0.35 T, and a magnet movement
speed of 1 mm s~ ', with magnet spacings of 5 mm, 7 mm, and 9
mm. The content of Fe, C, F, O, and N elements, as well as the
parameter Rg.r, in Fe;0,/PVDF magnetic composites prepared
under different magnet spacings can be found in Table S2.T For
magnet spacings of 7 mm and 9 mm, the parameter R/ at the
starting end (A) of the Fe;0,/PVDF composite is recorded as
0.445 and 0.663 respectively. In the middle section (B), the
parameter Rg.r is measured as 0.64 and 0.728 respectively,
while at the ending end (C) it is found to be 1.389 and 1.026
respectively. Comparative analysis reveals that the Fe;O,
nanoparticles content is highest at the ending end (C) of the
Fe;0,/PVDF composite when the magnet spacing is 7 mm, with
the largest gradient of magnetic nanoparticle content observed

Table2 Hc, M,, and M, of FezO4/PVDF composite at A, B, and C under
different magnetic field strengths

Items H, (Oe) M, (emu g ") M, (emu g™ )
0.35 T-A 75.4 1.0 16.4
0.35 T-B 72.1 1.4 23.7
0.35 T-C 68.0 1.5 27.2
0.5 T-A 62.7 0.8 14.5
0.5 T-B 66.1 1.2 22.2
0.5 T-C 711 1.6 29.0
0.8 T-A 79.1 0.8 11.0
0.8 T-B 78.9 0.7 10.2
0.8 T-C 73.1 1.9 33.7

© 2024 The Author(s). Published by the Royal Society of Chemistry
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between both ends. This is because the formation process of the
Fe;0,/PVDF gradient magnetic composite requires a balance
between magnetic field strength and its gradient for optimal
results. As the magnet distance increases from 5 mm to 7 mm,
the spatial magnetic field strength in the template filling region
decreases, but the magnetic field gradient in the direction of
magnet movement increases. However, when the magnet
distance further increases to 9 mm, the decrease in spatial
magnetic field strength outweighs the increase in magnetic
field gradient. Therefore, compared to magnet spacings of
5 mm and 9 mm, a magnet spacing of 7 mm is more advanta-
geous in enhancing the gradient of Fe;O, nanoparticle content
between the starting (A) and ending (C) ends of the Fe;0,/PVDF
composite. These observations suggest that manipulating
magnet distances during the preparation of Fe;O,/PVDF
composites is crucial in determining the spatial distribution
and content of Fe;O, nanoparticles within the material. These
findings highlight the importance of optimizing the magnetic
field effect to achieve the desired characteristics.

The magnetic performance of the Fe;O,/PVDF composite at
three different positions: the starting end (A), the middle (B),
and the ending end (C), under various magnet spacing condi-
tions, is shown in Fig. 5. Meanwhile, the statistical results for
the coercive force (H.), remanence (M), and saturation
magnetization (M;) of the Fe;O,/PVDF composite extracted
from the hysteresis loops are presented in Table 3. Notably, as
the magnet spacing varies, the saturation magnetization and
remanence of the Fe;O,/PVDF composite gradually increase
from the starting end (A) to the ending end (C), while the
coercive force does not demonstrate a consistent pattern. For
example, when the magnet spacing increases from 5 mm to 7
mm, the saturation magnetization of the Fe;0,/PVDF
composite at the ending end (C) increases from 27.2 emu g~ ' to
30.3 emu g~ ', and the remanence rises from 1.5 emu g~ ' to
1.6 emu g~ ". In contrast, the saturation magnetization at the
starting end (A) decreases from 16.4 emu g * to 15.6 emu g .
However, with a further increase in magnet spacing to 9 mm,
the saturation magnetization at the starting (A) and ending (C)
ends of the Fe;0,/PVDF composite becomes 19.0 emu g~ ' and
25.8 emu g ', respectively, with corresponding remanence
values of 1.1 emu g~ and 1.5 emu g~ . The magnetic gradient
between the starting (A) and ending (C) ends of the Fe;0,/PVDF
composite follows an increasing-then-decreasing trend with the
change in magnet spacing, which is consistent with the fluc-
tuation in the content of Fe;O, nanoparticles. Consequently, it
is advisable to avoid excessively large magnet spacing in prac-
tical applications to maintain optimal magnetic performance.

3.5 Effect of magnet movement speeds on the composition
and magnetic properties

The y-component of the electromagnetic force is the primary
driving force for the magnetically-induced movement of Fe;0,
nanoparticles. This force is directly proportional to the gradient
of the magnetic field strength in the y-direction and the
strength of magnetization of the nanoparticles, as described by
eqn (2). Increasing the speed of magnet movement does not
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Table 3 H., M,, and Mg of FezO4/PVDF composites at A, B, and C
under different magnet spacing conditions

Items H. (Oe) M, (emu g ) M, (emu g™
5 mm-A 75.4 1.0 16.4
5 mm-B 72.1 1.4 23.7
5 mm-C 67.9 1.5 27.2
7 mm-A 77.0 1.0 15.6
7 mm-B 77.4 1.1 17.0
7 mm-C 69.5 1.6 30.3
9 mm-A 74.4 1.1 19.0
9 mm-B 74.6 1.3 20.8
9 mm-C 72.3 1.5 25.8

affect the spatial distribution of the magnetic field but it does
increase the gradient of the y-component of the magnetic field
intensity. As a result, the y-component of the electromagnetic
force acting on the Fe;O, nanoparticles also increases. However,
increasing the speed of magnet movement also significantly
reduces the effective interaction time between the electromag-
netic force and the magnetic nanoparticles. This shortened
interaction time has two opposing effects on the distribution of
the Fe;0, nanoparticles. On one hand, the increased gradient of
the y-component of the magnetic field intensity enhances the
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Influence of magnet spacing variation on the magnetic properties of FesO4/PVDF composite at A, B, and C: (a) 5 mm, (b) 7 mm, (c) 9 mm.

movement of the particles. On the other hand, the shortened
interaction time decreases the tendency of the Fe;O, nano-
particles to aggregate downwards. To enhance the magnetic
gradient at both ends of the Fe;O,/PVDF composite, it is
essential to select the appropriate speed of magnet movement.
By carefully choosing the magnet movement speeds, a balance
can be achieved between the increased gradient of the y-
component of the magnetic field intensity and the shortened
interaction time, leading to an improved magnetic gradient.
This study maintains a constant initial content of Fe;O,
nanoparticles at 0.2, magnetic field strength at 0.35 T, and the
distance between the two magnets at 5 mm. The Fe;0,/PVDF
composites were prepared under different magnet movement
speeds of 0.5 mm s~ *, 1.0 mm s ', and 1.5 mm s~ *. The content
of Fe, C, F, O, and N elements, as well as the parameter Rg/g, in
Fe;0,/PVDF magnetic composites prepared under different
magnet movement speeds can be found in Table S3.1 At magnet
movement speeds of 0.5 mm s ' and 1.5 mm s~ ', the parameter
Rper at the starting end (A) of the Fe;O,/PVDF composite is
0.457 and 0.539, respectively. In the middle (B), it is 0.798 and
0.791, while at the ending end (C) they are 1.407 and 1.174,
respectively. The increase in magnet movement speed enhances
the gradient of the y-component of the magnetic field strength

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in space but reduces the interaction time between the Fe;O,
nanoparticles and the electromagnetic force. Consequently, as
the magnet movement speed increases from 0.5 mm s ' to
1.0 mm s ', the movement of the magnetic nanoparticles is
primarily promoted by the increased gradient of the y-
component of the magnetic field strength. However, with
a further increase to 1.5 mm s ', the inhibitory effect of the
shortened interaction time of the electromagnetic force coun-
teracts the tendency of Fe;O, nanoparticles to aggregate
downwards. As a result, the Fe;O0, nanoparticles content in the
ending end (C) of the Fe;0,/PVDF composite is at its maximum
at a magnet movement speed of 1.5 mm s~ ', at its minimum at
a magnet movement speed of 1.0 mm s, and the magnetic
nanoparticles content gradient between the starting (A) and
ending (C) ends of the Fe;O,/PVDF composite is highest at
a speed of 0.5 mm s~ '. Therefore, compared to magnet move-
ment speeds of 0.5 mm s~ and 1.5 mm s~ ', a magnet move-
ment speed of 1.0 mm s~ is more conducive to improving the
Fe;0, nanoparticle content gradient between the starting (A)
and ending (C) ends of the Fe;0,/PVDF composite.

The results of the magnetic characterization of the Fe;O,/
PVDF composite at three different points, namely the starting
end (A), middle (B), and ending end (C), under varying magnet

© 2024 The Author(s). Published by the Royal Society of Chemistry

movement speed are shown in Fig. 6. Table 4 provides the
extracted coercive force (H.), residual magnetization (M,), and
saturation magnetization (M;) of the composite based on the
hysteresis loops. From the analysis, it was observed that the M,
and M; of the composite increased from the starting to the
ending end at different magnet movement speed. For magnet
movement speed ranging from 0.5 mm s~ ' to 1.0 mm s~ ', the
saturation magnetization at the ending end (C) decreased from
29.0 emu g~ to 27.2 emu g~ ', and the residual magnetization

Table 4 H., M,, and M of FesO4/PVDF magnetic composite at A, B,
and C under different magnet movement speeds

Items H, (Oe) M, (emu g ") M, (emu g™
0.5 mm s A 75.1 1.0 15.7
0.5 mms B 70.6 1.3 22.8
0.5 mm s -C 71.1 1.6 29.0
1.0 mm s A 75.4 1.0 16.4
1.0 mm s '-B 72.1 1.4 23.7
1.0 mm s *-C 67.9 1.5 27.2
1.5 mms -A 62.4 1.0 16.7
1.5 mms '-B 71.2 1.3 23.8
1.5 mm s '-C 68.6 1.8 30.6
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also decreased from 1.6 emu g ' to 1.5 emu g~ '. However, the
saturation magnetization at the starting end (A) increased from
15.7 emu g ' to 16.4 emu g '. At a magnet movement speed of
1.5 mm s ', the saturation magnetization at the starting (A) and
ending (c) ends of the composite material are 16.7 emu g~ " and
30.6 emu g ', respectively. Likewise, the residual magnetization
at the starting and ending ends is 0.9 emu g ' and 1.8 emu g *,
respectively. The magnetic gradient between the starting (A) and
ending (C) ends of the Fe;0,/PVDF composite under the three
magnet movement speeds should be arranged in descending
order as follows: 1.5 mm s~' > 0.5 mm s ' > 1.0 mm s~ . To
improve the magnetic gradient between the starting (A) and
ending (C) ends of the Fe;0,/PVDF composite, it is suggested to
increase either the amplitude or the acting time of the electro-
magnetic force on the Fe;0, nanoparticles. Consequently, when
selecting the magnet movement speed, it is not necessary to
consider both the acting time and amplitude of the electro-
magnetic force simultaneously.

3.6 Effect of the initial content on the composition and
magnetic properties

The greater the initial content of Fe;O, nanoparticles, the
stronger the electromagnetic force experienced by the magnetic

View Article Online
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slurry during the template filling process. To examine the
influence of the initial magnetic particle content on the micro-
structure and magnetic properties, this study held the magnetic
field strength at 0.35 T, the magnet spacing at 5 mm, and the
magnet movement speed at 1 mm s~ ' constant while preparing
Fe;0,/PVDF composites with initial magnetic nanoparticle
contents of 0.1, 0.2, and 0.3, respectively. The content of Fe, C, F,
O, and N elements, as well as the parameter Rg/g, in Fe;0,/PVDF
magnetic composites prepared under different magnet move-
ment speeds can be found in Table S4.1 Specifically, with Fe;O,
nanoparticles content at 0.1 and 0.3, the parameter Ry at the
starting end (A) of the Fe;0,/PVDF composite is 0.342 and 0.711,
in the middle (B) is 0.645 and 1.002, and at the ending ends (C)
they are 0.738 and 1.645, respectively. As the initial content of
Fe;0, nanoparticles increases from 0.1 to 0.2 and 0.3, the Fe;0,
nanoparticles content at the ending ends (C) of the Fe;0,/PVDF
composite gradually rises, while the content of Fe;O, nano-
particles at the starting end (A) gradually decreases. Further-
more, the gradient of magnetic nanoparticle content between
the starting (A) and ending (C) ends of the composite gradually
increases. Therefore, selecting a higher initial content of Fe;0,
nanoparticles is more advantageous in enhancing the gradient
of magnetic nanoparticles content between the starting (A) and
ending (C) ends of the Fe;0,/PVDF composite.

30 ; T T . r 40 ; T : T T
1 I
a i 304 b)—o.z-A \ ]
20 ( ) —0.1-A ! b ( ——0.2-B 1
—0.1-B " 20 0.2-C ! i
10 - —0.1-C : i :
Ic I @ 104 I 1
= =
| I A, S | A ¥ SR (e
— —
= : = 10 :
(= -10 1 12 i a
-104 ' . 12
1z 20 - =TT 7S R
1 LI f
-20 1 1 L 1 i
1 -30 1 1 H a
! 40 =200 n 200 400 ! =00 200 L 200 400
-30 : . : nioy -40 . : ; —
-10000  -5000 (1} 5000 10000 -10000 -5000 0 5000 10000
H (Oe) H (Oe)
40 T T T T T
1
304 (€)—o3.a ] 1
—0.3-B I
01 —p3c :
5 104 :
E
A ) S
= ;!
-10 4 132
1 £
& 0
-20 =
I
1
-30 4 [ /
I 20 [ 20 400
-40 T T II T 1O T
-10000 -5000 (1} 5000 10000

Fig. 7

7900 | RSC Adv, 2024, 14, 7891-7902

H (O¢)

Influence of initial particle content variation on the magnetic properties of FesO4/PVDF composite at A, B, and C: (a) 0.1, (b) 0.2, (c) 0.3.
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Table 5 Hc, M,, and M of FesO4/PVDF magnetic composites at A, B,
and C under different initial particle content conditions

Items H, (Oe) M, (emu g™ ") M, (emu g™ )
0.1A 75.1 0.8 11.4
0.1-B 79.6 1.2 18.3
0.1-C 70.1 1.2 21.1
0.2-A 75.4 1.0 16.4
0.2-B 72.1 1.4 23.7
0.2-C 67.9 1.5 27.2
0.3-A 61.7 1.0 19.2
0.3-B 72.2 1.5 25.1
0.3-C 66.2 1.8 32.4

Fig. 7 illustrates the magnetic properties of the Fe;O,/PVDF
composite at different positions within the composite - the
starting end (A), middle (B), and ending end (C) - under various
initial Fe;O, nanoparticles content conditions. Based on the
obtained hysteresis loops, the coercivity (H.), residual magne-
tization (M;), and saturation magnetization (M) of the
composite were determined, and the statistical results are
presented in Table 5. The data indicates that as the initial
Fe;0, nanoparticle content increases, the M, and M; of the
Fe;0,/PVDF composite progressively rise from the starting end
(A) to the ending end (C). Specifically, as the initial nano-
particles content increases from 0.1 to 0.2 and 0.3, the lower
part of the Fe;0,/PVDF composite shows an increase in satu-
ration magnetization from 21.1 emu g * to 27.2 emu g * and
32.4 emu g ', and an increase in residual magnetization from
1.2 emu g ' to 1.5 emu g ' and 1.8 emu g . Similarly, the
starting end demonstrates a rise in saturation magnetization
from 11.4 emu g~ ' to 16.4 emu g~ " and 19.2 emu g~ '. There-
fore, a higher initial Fe;O, nanoparticle content within the
range of 0.1-0.3 creates a greater magnetic gradient between
the starting (A) and ending (C) ends of the Fe;0,/PVDF
composite.

4 Conclusions

This study employs the magnetic-assisted template method to
fabricate Fe;O0,/PVDF gradient magnetic composites and
investigates the impact of parameters including magnetic field
strength, magnet spacing, initial content, and magnet move-
ment speed on the distribution of Fe;0, nanoparticles through
structural and magnetic performance characterization. The
findings reveal that increasing the magnetic field intensity from
0.35 T to 0.5 T and 0.8 T results in a rise in the saturation
magnetization gradient between the starting (A) and ending (C)
ends of the composite, from 10.7 emu g ' to 14.5 emu g " and
22.8 emu g, respectively. Therefore, a higher magnetic field
intensity proves more advantageous in enhancing the magnetic
property gradient of the composite. In the case of magnet
spacing, namely 5 mm, 7 mm, and 9 mm, the saturation
magnetization gradient between the starting (A) and ending (C)
ends of the composite is 10.7 emu g~ ', 14.7 emu g ', and
6.9 emu g ', respectively. Similarly, at magnet movement
speeds of 0.5 mm s ', 1.0 mm s ', and 1.5 mm s ', the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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saturation magnetization gradient between the starting (A) and
ending (C) ends of the composite is 13.3 emu g™ ', 10.7emu g~ ',
and 13.9 emu g~ ', respectively. Furthermore, raising the initial
content of magnetic particles from 0.1 to 0.2 and 0.3 leads to an
increase in the saturation magnetization gradient between
the starting (A) and ending (C) ends of the composite, from
9.7 emu g ' to 10.7 emu g ' and 13.2 emu g ', respectively.
Hence, a higher initial content of magnetic particles carries
benefits for enhancing the magnetic property gradient of the
composite. Overall, the magnetic properties of the Fe;0,/PVDF
composite can be adjusted by controlling parameters such as
magnetic field strength, magnet spacing, initial content of
magnetic nanoparticles, and magnet movement speed.
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