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agnetic nanoparticle films by
magneto-electrospray method

Christina W. Kartikowati,a Qing Li,ab Shinji Horie,c Takashi Ogi, *a Toru Iwakia

and Kikuo Okuyamaa

This work reports for the first time the preparation and evaluation of aligned Fe3O4 nanoparticle films via

a magneto-electrospray method, i.e., electrospray under a magnetic field. The magnetic field was

applied to align the magnetic moment of Fe3O4 particles. Well-dispersed Fe3O4 nanoparticles (NPs) with

average sizes of 10, 25, and 45 nm were obtained using a bead-mill dispersion. The Fe3O4 nanoparticle

slurries were mixed with a polyvinyl alcohol (PVA) solution and then deposited on Si-wafers under a 0.1 T

magnetic field. The Fe3O4 crystalline structures were maintained after both dispersion and deposition, as

characterized by X-ray diffraction patterns. Hysteresis curves revealed that the magnetic coercivity (Hc)

of the well-dispersed nanoparticle slurries decreased owing to magnetic interactions among particles.

However, the Hc values of the films were larger than those of the nanoparticle slurries. The values

further increased from the application of a magnetic field during film deposition. This enhancement was

attributed to alignment of the magnetic moments of the Fe3O4 NPs. These results show that tuning of

the magnetic properties of materials, such as Fe3O4 NPs, can be achieved by controlling the alignment

of their magnetic moment.
1. Introduction

The structuration of magnetic nanoparticles (NPs) into well-
dened arrangements and geometries is a requirement for
many developing technologies, such as the Internet of Things
(IoT).1 Magnetic NPs have unique properties that show great
potential for applications in sensors and magnetic data
storage.2–4 Although various methods for preparing structured
magnetic composites have been developed over the years, the
hierarchical arrangement of such structures with control over
the composition and alignment of magnetic NPs remains
challenging.

Fe3O4 NPs possess a strong magnetic moment and good
biocompatibility, chemical stability, and magnetoelectric
properties.5,6 These materials have been widely studied for
potential applications, such as recording media,7 spintronics,8

Li batteries,9 biomedical materials,10 sensors,11 and environ-
mentally friendly technologies.12 These applications would
benet from greater control over the magnetic properties of the
materials. Precise control over the magnetic properties of
a structured NPs composite is therefore highly desirable. The
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magnetic properties of a structured magnetic nanoparticle
composite can be controlled by aligning their magnetic
moment under a magnetic eld, as has been reported in our
previous studies on a00-Fe16N2 NPs.13–16 However, well-dispersed
NPs are required for this alignment process.

A method for dispersing the NPs in organic solvent is
therefore proposed to enable the resulting suspension to mix
with polymeric materials related to composite applications. NPs
aggregate and agglomerate during the synthesis process, which
inhibits their alignment. Our group have succeeded in
producing well-dispersed TiO2, BN, and a00-Fe16N2 NPs, using
a low energy bead-mill dispersion,17–19 which had no adverse
effects on the NPs shape and structure. Owing to their magnetic
interactions, Fe3O4 NPs agglomerate readily. Therefore,
dispersion techniques are required to break-up the agglomer-
ates and obtain well-dispersed magnetic NPs prior to their
structuration in a magnetic nanoparticle composite.

The formation of Fe3O4 nanoparticle composites in the form
of a lm is preferable for demonstrating the magnetic align-
ment process. Several methods have been widely reported for
preparing Fe3O4 lms including molecular beam epitaxy,20,21

sputtering,22 electrodeposition,23 and pulsed laser deposi-
tion.24,25 However, these lm preparation methods are not
capable of preparing composite lms with controlled compo-
sitions, structures, and magnetic properties. Thus, it is impor-
tant to develop preparation methods, which enable control over
the Fe3O4 composition, structure, and magnetic properties.
Electrospray techniques are considered as a promising method
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic illustration of the preparation process of Fe3O4

nanoparticle films.
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for lm deposition from various precursor solutions. Droplets
produced by electrospray are highly charged and have a high
deposition efficiency.26–29 Electrospray method has also been
recently reported to be effective for fabrication of a carbon
nanotube forest-like lm from a carbon nanotube suspension.30

With the aim of producing structured magnetic Fe3O4 NPs
with controllable magnetic properties, this study reports
dispersion of Fe3O4 NPs followed by deposition via a magneto-
electrospray method. The studied samples included super-
paramagnetic and single domain Fe3O4 NPs that were produced
under well-controlled crystal growth conditions on a large scale.
An external magnetic eld of 0.1 T was applied during deposi-
tion to align the magnetic moment of the Fe3O4 NPs in the
lms. The effects of the dispersion process on the particle
morphology and magnetic properties were evaluated together
with the effects of the magnetic eld on the morphology and
magnetic properties of the deposited lms.

2. Experimental
2.1 Materials

The Fe3O4 NPs used in this study had mean size of 10, 25, and
45 nm and were prepared by a large-scale liquid precipitation
method with precise control of the Fe2+ concentration, pH,
temperature, and aeration rate as described in a patent no. US
5843610 A (Toda Kogyo Co. Ltd, Japan).31 PVA was purchased
from Kanto Chemicals, Tokyo, Japan, and was used directly
without further treatment or purication.

2.2 Dispersion of the Fe3O4 NPs

The initial slurry for dispersion was prepared by mixing 5 g of
Fe3O4 NPs with 308.75 g of water and adding 3 mL NH4OH to
adjust the pH to �9. This slurry was stirred for 30 min prior to
dispersion and added to the mixing tank of a bead-mill
dispersion apparatus with 30 mm ZrO2 beads (dual axial type
bead-mill, Kotobuki Industries, Co. Ltd., Japan). The dispersion
process was conducted for 60 min with a rotation speed of 6 m
s�1. This dispersion process was conducted in the samemanner
as that described in previous reports.17,18

2.3 Preparation of Fe3O4 nanoparticle lms by magneto-
electrospray

The precursor solution was made from a mixture of aqueous
PVA (1.0 wt%) solution and Fe3O4 NPs (1.5 wt%) suspended in
ultra-pure water. The mass mixing ratio was 1 : 1, giving
a mass ratio of the PVA and Fe3O4 NPs of 2 : 3. The solution
was loaded into a syringe pump (PhD 2000, Harvard Appa-
ratus, USA), which was used to control the solution ow rate
and set to a xed rate of 20.0 mL min�1. The internal and
external diameters of the needle used were 0.48 and 0.70 mm,
respectively. An aluminum plate was placed facing the needle
tip at a distance of 12 cm. Silicon wafers were attached to the
plate and used as substrates to collect the samples sprayed out
from the needle tip. Voltages of +6.0 and �6.0 kV were applied
to the needle tip and the aluminum plate, respectively. An
external magnetic eld of 0.1 T was applied to the substrate,
This journal is © The Royal Society of Chemistry 2017
perpendicular to the collector, by a permanent magnet, in
a similar arrangement to that described in our previous
paper.14 For analysing the properties of the deposited lm,
samples are taken from the center part of the permanent
magnet to minimize the magnetic eld gradient. The experi-
ment was conducted under controlled conditions of 30 � 2 �C
and a relative humidity of 35 � 4%. The preparation route to
the Fe3O4 nanoparticle lms is illustrated in Fig. 1.
2.4 Characterization

The morphologies of the Fe3O4 NPs and lms were observed
with a eld emission scanning electron microscope (FE SEM;
Hitachi S-5000, Japan) and a transmission electron microscope
(TEM; JEM-3000F, JEOL, Japan). The crystalline structure of the
NPs was examined by X-ray diffraction (XRD; D2 Phaser, Bruker,
Germany). Their magnetic properties were evaluated on
a superconducting quantum interference device (SQUID,
Quantum Design, USA). Magnetization was measured as
a function of applied eld from 1 to 50 kOe at 300 K.
3. Results and discussion
3.1 Dispersion of the Fe3O4 NPs

Fig. 2 shows the morphology of the Fe3O4 NPs before and aer
dispersion. The mean sizes of these NPs were 10, 25, and 45 nm
in the Fig. 2(a, d), (b, e) and (c, f), respectively. The SEM images
(Fig. 2(a–c)) show that the Fe3O4 NPs were agglomerated before
dispersion. Owing to the agglomeration of the as-prepared
Fe3O4 NPs, the dispersion step was required to break up
agglomerates prior to nanoparticle lm preparation. The
morphology of the Fe3O4 NPs aer dispersion is shown in
Fig. 2(d–f). These TEM images show that aer dispersion, non-
agglomerated particles without any necking among the parti-
cles were obtained. The images also indicated that the
morphology of NPs was unaffected by the dispersion process.
The XRD patterns in Fig. 3 conrm that the crystal structure of
the Fe3O4 NPs aer the bead-mill dispersion did not change
compared to that before bead-mill dispersion. The XRD
patterns of the 10 and 45 nm NPs show the same result. Thus,
the bead-mill dispersion process produced well-dispersed Fe3O4
RSC Adv., 2017, 7, 40124–40130 | 40125
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Fig. 2 SEM and TEM images of Fe3O4 nanoparticles before (a–c) and
after (d–f) bead-mill dispersion. Mean sizes of the nanoparticles were
10 (a and d), 25 (b and e), and 45 nm (c and f).

Fig. 3 XRD patterns of 25 nm Fe3O4 nanoparticles before and after
dispersion.

Fig. 4 Hysteresis loops of 10 (a), 25 (b), and 45 nm (c) Fe3O4 nano-
particles. Black and green lines correspond to before and after
dispersion, respectively.
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NPs without affecting the structure of the particles, consistent
with our previous studies.17–19

Fig. 4 shows the hysteresis loops of the 10, 25, and 45 nm
Fe3O4 NPs before and aer dispersion. The saturation magne-
tization (Ms) of the Fe3O4 NPs was similar before (�67.6 emu
g�1) and aer dispersion (�67.1 emu g�1). Conversely, the Hc
40126 | RSC Adv., 2017, 7, 40124–40130
values of the dispersed single-domain Fe3O4 NPs were slightly
lower than those before dispersion. The Hc values of the 25 and
45 nm Fe3O4 NPs before dispersion were 37.5, and 126.8 Oe,
respectively. Aer dispersion, the Hc values decreased to 17.5
and 53.1 Oe, respectively. This decrease in Hc was caused by
magnetic dipole coupling among the dispersed NPs. This result
is consistent with previous reports on the dispersion of single-
domain a00-Fe16N2 NPs.19 The similarity suggests that the
decrease of Hc aer dispersion is a typical characteristic of
single-domain magnetic NPs. During the SQUID measurement,
when the magnetic eld was removed, the well-dispersed NPs
were able to move easily, allowing coupling of their magnetic
moments. This coupling provided a demagnetization eld,
which led to a decrease in the Hc value. For the super-
paramagnetic NPs, the Hc value was close to zero and the
dispersion process did not affect the Hc.
3.2 Fe3O4 nanoparticle deposited lms

The well-dispersed Fe3O4 NPs were deposited on a Si-wafer by
an electrospray method. Fig. 5 shows the surface morphologies
of the deposited lms prepared from the three sizes of Fe3O4

NPs, i.e., 10 nm (a, b); 25 nm (c, d); and 45 nm (e, f), from
depositions without (a, c, e) and with (b, d, f) a magnetic eld.
Cross-sectional SEM images (g, h) show the lms deposited
from the 25 nm Fe3O4 NPs. The surface of the single-domain
NPs (25 and 45 nm) showed a different morphology from that
of the superparamagnetic NPs (10 nm). The lms prepared
under magnetic elds also showed a different surface
morphology from the lms deposited without a magnetic eld.
When the magnetic eld was applied during the deposition, the
lm surface formed spike-like shapes. This pattern is generally
observed in ferrouids under a magnetic eld.32 This
phenomenon is consistent with a previous report of a00-Fe16N2
This journal is © The Royal Society of Chemistry 2017
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NPs lms prepared by spin-coating.13,15 The cross-sectional SEM
images of lms deposited under a magnetic eld showed that
the Fe3O4 NPs were dispersed inside the lm.

For the case of the nanoparticle lm deposited from super-
paramagnetic NPs, the SEM images showed a forest-like
morphology both in the presence and absence of an applied
magnetic eld. This different morphology might be attributed
to the small particle size and their magnetic properties. The
residual magnetism, i.e., the magnetic (Mr) remanence, value
was zero for the superparamagnetic NPs and increased as the
particle size of the single-domain NPs increased.33 Residual
magnetic forces can increase aggregation of particles during the
water evaporation process, which can in turn prevent droplet
dispersion by electrostatic forces of the electrospray system.
Additionally, the Fe3O4 nanoparticle size also limits the
Fig. 5 SEM images ofmagnetic films constituting Fe3O4 NPswith sizes
of (a, b) 10 nm, (c, d) 25 nm, and (e, f) 45 nm. The films shown in (a), (c),
and (e) were deposited without a magnetic field, while those in (b, d,
and f) were deposited with a magnetic field. The inset figures show
high magnification SEM images with a scale bar of 100 nm. (g) and (h)
are cross sectional SEM images of 25 nm nanoparticle films deposited
without and with a magnetic field, respectively.

This journal is © The Royal Society of Chemistry 2017
minimum size of the nal droplet formed between leaving the
needle tip and deposition on the substrate. The small Fe3O4 NPs
enabled formation of small droplets, which deposited as lms
with a ne structure. According to previous analysis,30 higher
conductivity of the droplet and substrate surface will also
promote the formation of a forest-like structure.

XRD patterns of selected nanoparticle lms composed of
25 nm Fe3O4 NPs featured typical Fe3O4 crystalline structures,
as shown in Fig. 6. The 10 nm and 45 nm Fe3O4 lms show
similar XRD patterns. The XRD peaks of (111), (311), (222), and
(400) from crystalline Fe3O4 were visible in the 2q range of 25–
60�. This pattern agreed with typical results of magnetite crys-
tals.34 Thus, the prepared lms retained the inherent crystalline
properties of the NPs. The differences in the baseline of the XRD
patterns likely originates from the PVA component in the lm.
Unlike a a00-Fe16N2 nanoparticle lm,15 alignment of the easy
axis of the particles did not affect the intensity of their XRD
spectrum. This result can be attributed to the weak magnetic
eld applied, and the relatively weak magnetic properties of the
Fe3O4 NPs compared with those of a00-Fe16N2 NPs.

Fig. 7 shows hysteresis loops of lms composed of three sizes
of Fe3O4 NPs, deposited with and without the inuence of the
magnetic eld. Compared with the Hc values of the precursor
NPs, those of the deposited lms increased and decreased when
measured parallel and perpendicular to the lm surfaces,
respectively, as shown in Fig. 7(a), (c) and (e). This anisotropy
resulted from stronger interactions among the magnetic NPs
along the lm surface direction than the interactions in the
perpendicular direction. The difference of the Hc values was
more pronounced when the magnetic eld was applied, as
shown in Fig. 7(b), (d) and (f). Additionally, the magnetic eld
generated by the permanent magnet was not uniformly
distributed over the substrate surface and the eld gradient
along the surface direction was higher than that perpendicular
to the surface. Owing to the magnetic NPs preference for
moving along the eld gradient, the number density distribu-
tion of the Fe3O4 NPs along the lm surface could be enhanced
Fig. 6 XRD patterns of magnetic films composed of 25 nm Fe3O4

nanoparticles deposited with and without a magnetic field.

RSC Adv., 2017, 7, 40124–40130 | 40127
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Fig. 8 Correlation of the coercivity of the Fe3O4 nanoparticle film with
constituent particle size.

Fig. 9 Illustration of the magnetic nanoparticle direction inside films
deposited with and without a magnetic field.

Fig. 7 Hysteresis loops of magnetic films composed of Fe3O4 nano-
particles with sizes of (a, b) 10 nm, (c, d) 25 nm, and (e, f) 45 nm. Films of
(a), (c), and (e) were deposited without a magnetic field, while those of
(b), (d), and (f) were deposited with a magnetic field.
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by applying a non-uniform magnetic eld.35 This result
emphasizes the alignment of the magnetic moments of the NPs.
The application of the magnetic eld during the lm deposition
aligned the magnetic moments of the NPs, which increased the
Hc and Mr values of the lm. This result was consistent with
those for a00-Fe16N2 NPs.13–15

The smaller Hc value, which was measured perpendicular to
the lm surface emphasizes the alignment of the magnetic
moment of the Fe3O4 NPs. Their magnetic moments aligned
perpendicular to the lm surface in the direction of the
magnetic eld. The Hc value of the lms deposited from 10 nm
Fe3O4 NPs was close to zero and did not increase as much as
those of the single-domain NPs with larger diameters. The
single-domain NPs showed a noticeable enhancement of their
magnetic properties owing to the alignment of their magnetic
moments. The relationship between the enhancement of the Hc

value and the particle size, is illustrated in Fig. 8. This gure
shows that the enhancement of the Hc value increased as the
particle diameter increased. The Hc value of magnetic NPs is
known to increase to a certain maximum value before
decreasing to zero with decreasing particle size. Structuring of
40128 | RSC Adv., 2017, 7, 40124–40130
the particles to achieve the highest Hc value under the magnetic
eld is preferable for their application in magnetic lms or bulk
magnets. Single-domain NPs, which have a single magnetic
moment show better structuring than multi-domain NPs. In
addition, single domain NPs have stronger magnetic properties
than multi-domain NPs.

Fig. 9 illustrates the phenomenon of the magnetic moment
direction inside the lm which is located on the center part of
the permanent magnet. During the electrospray, the magnetic
eld produced a driving force that led to the formation of
a smaller cone jet.14 The smaller cone jet further produced
smaller droplets, which contained fewer Fe3O4 NPs. Under the
applied magnetic eld, the electric current can be used to
control the cone-jet geometry to reduce the spinning jet insta-
bility.27 Therefore, the needle tip generated a uniform cone-jet
resulting in uniform droplets. The magnetic moments of the
Fe3O4 NPs inside the lm aligned along the direction of the
magnetic eld.
4. Conclusion

The preparation and evaluation of uniform aligned Fe3O4

nanoparticle lms via magneto-electrospray is reported for the
This journal is © The Royal Society of Chemistry 2017
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rst time. A well-dispersed Fe3O4 NPs in water slurry was
prepared by bead-mill dispersion. The Fe3O4 NPs slurry was
then mixed with a PVA solution to prepare the lm via elec-
trospray under the inuence of a 0.1 T magnetic eld. The
dispersion process successfully broke-up agglomerated Fe3O4

NPs into their primary sizes without affecting their shape or
structure. XRD results conrmed that the deposition process
did not change the crystalline structure of the Fe3O4 NPs.
Although the Hc values of the Fe3O4 nanoparticle slurries
decreased, the values were enhanced in their lms aer depo-
sition. We obtained further enhancement of the Hc values via
the application of a magnetic eld during the lm deposition.
This enhancement of the Hc value increased as the diameter of
the constituent NPs increased. These results indicate that
electrospray deposition methods with an applied magnetic eld
has good potential for structuring magnetic NPs with control-
lable magnetic properties.
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J. F. Marco, J. Mater. Chem. C, 2016, 4, 7632–7639.

23 C. Zhao, Y. Ma, C. Shen andW. Han, J. Nanosci. Nanotechnol.,
2016, 16, 950–955.

24 M. Monti, M. Sanz, M. Oujja, E. Rebollar, M. Castillejo,
F. J. Pedrosa, A. Bollero, J. Camarero, J. L. F. Cuñado,
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