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New types of functional material structures will emerge if the shape and properties are controlled in three-
dimensional nanodevices. Possible applications of these would be nanoelectronics and medical systems.
Magnetic nanoparticles (MNPs) are especially important in electronics such as magnetic storage, sensors,
and spintronics. Also, in those that are used as magnetic resonance imaging contrasts, and tissue specific
therapeutic agents, as well as in the labeling and sorting of cells, drug delivery, separation of biochemical
products, and in other medical applications. Most of these applications require MNPs to be chemically
stable, uniform in size, and controllable in terms of their magnetic properties and shape. In this paper
three new functions of iron (Fe)-based nanoparticles are reported: shape transformation, oxidation
prevention, and self-alignment. The shape of the Fe nanoparticles could be controlled by changing their
oxidation states and properties by using a nanocarbon coating. Full field X-ray microscopy using
synchrotron radiation revealed controllable magnetic properties of MNPs at the L3 edge which depended
on the oxidation states. Then, inkjet printing was successfully performed to deposit a uniform layer of

rsc.li/nanoscale-advances MNPs by the size.

Introduction

Recent developments of nanoparticles (NPs) have been found in
chemistry, physics, biosciences, materials' science, and many
others.'"® Because of the widespread applications of magnetic
nanoparticles (MNPs) in biotechnology, materials’ science,
engineering, and environmental studies, much attention has
been paid to the controllable synthesis of different types of
MNPs."»** The applications of interest are: ferrofluids,
recording media, magnetic refrigeration, magnetic resonance
imaging, drug delivery, cancer therapy, and many others.***”
The MNPs usually exhibit superparamagnetic behaviour
because of their infinitely small coercivity as their sizes are
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reduced down to the sub-10 nm range. For example, one of the
important applications of superparamagnetic NPs is their use
as drug-delivery agents to overcome the blood-brain barrier
under controllable magnetic fields.'®" However, MNPs tend to
aggregate into large clusters, and thus, lose specific properties
associated with single domain magnetic nanostructures.*
Therefore, a new, efficient approach to achieve adequately
controllable magnetic properties of MNPs needs to be found.

Iron (Fe) shows superior magnetic properties which are
important for spintronics and medical applications. However, it
is easily oxidized, which changes its physical properties, by
using phase transitions. Pure Fe NPs covered by nanocarbon
shell structures such as carbon nanotubes (CNTs) and graphene
could not only protect the oxidation, but manipulate the
carbon's own properties.* The production of pure Fe NPs is
challenging, but after systematic synthesis of a nanocarbon
shell, the properties of Fe can present without further oxida-
tion.”*** The use of the superior properties of nanocarbon
structures and interfaces could be useful for many applications
because of the magneto-electric effects.>*°

Although the use of NPs in solution can be controlled well,
MNPs are very challenging to align in a dry form because of its
interactions between each particle.>® Drop casting and spray
methods are very commonly used to deposit MNPs onto
substrates. Using inkjet printing technology it is possible to
align MNPs in multiple dimensions. Printing of MNPs makes it
possible to align them in two-dimensional and three-
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dimensional (3D) structures if it is deposited in a controllable
way.”” Using the optimal conditions for inkjet printing, a drop
of the liquid's suspended particulate matter is deposited to
form a ring on the substrate. These effects could control the
alignment of a same size distribution of the NPs because of the
fluid dynamics.

In this paper, a unique way to modulate MNPs by controlling
the size, shape, and magnetic properties is presented. To
prevent oxidation, a nanocarbon shell was used to cover Fe
structures. For oxides and pure Fe states, the magnetic prop-
erties of the nanocarbon have not been well studied using
characterizing magnetometry.>*** Magnetic microscopy such as
magnetic force microscopy limits phase imaging because of its
topographical effects on the MNPs as described in the ESLf
Using synchrotron radiation, full field X-ray microscopy was
successfully performed to present element specific magnetic
imaging using X-ray magnetic circular dichroism (XMCD). The
Fe-based particle imaging could distinguish pure Fe and Fe-O
at the L; edge. Then, the particles were printed onto rigid, and
even flexible, substrates using inkjet printing technology.

Results and discussion
Fe-O synthesis

The synthesis started with magnetic NPs obtained using
a conventional method.”” The size of the magnetic NPs varied
from 5 nm to 200 nm as shown in Fig. 1. From the results of the
coagulation experiment, it was found that the particles coagu-
lated very easily by applying a magnetic field. The coagulation of
MNPs was a more stable if the coagulation stabilized. When the
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fabrication conditions such as pH and process temperature
were changed, the particles transformed to other stable forms of
iron oxide, such as maghemite (y-Fe,O;) and hematite (a-
Fe,0;). Five types of shape transformation of MNPs were
observed: pyramidal, square, hybrid (coexisting with circular
and square structures), and oval structures as reported previ-
ously in the literature.?

A controllable synthesis of nanocrystalline iron oxide,
particularly, of the pyramidal shape of MNPs was performed.
Fig. 1a-f show the transformation cycle. The initial magnetite
was oxidized to the transition state before pyramid formation,
and was then transformed into the square structure. After
further oxidized, this structure saturates to the mixed states of
the circular, square, and oval structures. It should be noted that
the different oxidation levels during synthesis resulted in the
coarsening of the precipitated NPs.

Bi-pyramidal structures were the most common structures as
reported.*~** However, a single pyramid is also very important,
especially for magnetic sensors to focus the magnetic field
along the direction of the apex. Ideally, octahedral and tetra-
hedral structures, indicative of the formation of self-assembled
pyramidal nanodevices, can be seen in the X-ray diffraction
(XRD) patterns shown in the ESL.f A unique combination of
octahedral and tetrahedral lattice structures was found, result-
ing in perfectly shaped pyramidal pits of iron oxide MNPs.

Vibrating sample magnetometry

Vibrating sample magnetometry (VSM) shows super-
paramagnetic behaviour in relation to the levels of oxidation, as
shown in Fig. 1c. The unique structure could be used for an

0
Field (Tesla)

Fig. 1 Formation and magnetic properties of MNPs. The shape transformation cycle from circular to hybrid structures of MNPs: (a) circular
shapes, (b) star shapes, (c) pyramidal shapes, (d) negative pyramidal shapes, (e) square shapes, and (f) mixed states. Magnetic properties of MNPs:
AFM images of MNPs (g) before and (h) after the magnetic field was applied, () m—H loops of MNPs using different temperature ranges.
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intense magnetic field generation and sensing due to its unique
structure. The octadecahedral a-Fe,O; nanocrystals with
a hexagonal pyramid shape were synthesised by packing trun-
cated nanodots into several different superstructures. The
findings are of fundamental importance to understanding the
morphology and growth of a-Fe,O; nanostructures. Improved
control of the shape evolution of hematite particles will be
studied to examine the direct correlation between exposed
facets and facet controlled properties in a future study.

Fe-C synthesis

For the self-aligned NPs using inkjet printing, the NPs need to
be chemically stable. To avoid the oxidation state, nanocarbon
coating was applied by precisely controlling the carbon states
such as graphene, nanotubes, and others. The Fe-C composites
were fabricated by applying a high energy milling of iron at
a low temperature. The method was able to prevent oxidation
and may promote Fe NPs without any oxide or impurity. It was
noted that cryo-milling in an inert atmosphere had the ability to
produce free NPs of metals with minimum contamination.**
The present experiments were conducted using Fe powders of
99.999% purity in a specially designed mill under pure argon.*
The curing and milling was possible at a temperature of ~150 K
with the use of liquid nitrogen (LN,) cooling.* The average
particle size was reduced substantially, because of the cryo-
milling, from the approximate 20 pum size of the as-received
powder to a size of ~10 nm after 3 h of milling. Then, carbon
coating was performed using chemical vapour deposition.*
Scanning electron microscopy images in Fig. 2a-d show the
morphology of Fe-C structures with the changes of the growth
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temperature from 1000 K, 1100 K, 1200 K, to 1250 K, respec-
tively. One of the particles was chosen for thin film energy
dispersive X-ray spectroscopy analysis with a fine probe which
again indicated that oxygen was absent in the NPs. Further-
more, the electron energy loss spectroscopy (EELS) did not show
the presence of oxide (see the ESI{ for further details). However,
the analysis of EELS spectra from the edges indicates ~0.1% of
oxygen solubility in Fe.

The results of the Raman analyses showed two easily
distinguished peaks which were the D- and G-peaks. From the
growth temperature at 1000 K, the main peak of the Raman
spectra showed both D- and G-peaks. As shown in Fig. 2e, about
60% of particles with a diameter of several hundreds of nano-
meters showed the presence of CNT peaks, and also mixed
states of CNT and graphene at 1100 K. The graphene state was
also well defined at 1200 K, but a small CNT peak was also
observed. At 1250 K, an excellent graphene peak was observed
and the roughness was good with tiny CNT peaks as shown in
Fig. 2e.

To distinguish whether the graphene layers protected the Fe
particles from oxidation, images of the MNPs were obtained
using XMCD because it allowed element specific measurement.
For this purpose, full-field magnetic transmission soft X-ray
microscopy was used.*® Fig. 2f shows the XMCD image of the
Fe-C core-shell measured at the Fe-L; absorption edge (708 eV).
Fig. 2f is a differential image of two images taken at perpen-
dicular magnetic fields of +£2700 Oe, and the dark contrast
indicated that the MNPs exhibited magnetic properties of Fe,
suggesting that the monolayer graphene membrane served as
a coating to prevent any strong reaction as was expected.
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Fig. 2 Fe-C core-shell structures. SEM images of Fe—C core—shell structures grown at 1000 K (a), 1100 K (b), 1200 K (c), and 1250 K (d) (scale
bars are 1 um). (e) Raman peaks at different synthesis temperatures and times. Notice the change of D- and G-peaks by varying the temperature
ranges from 1000 K to 1250 K, respectively. (f) A full field magnetic micrograph of the Fe—C core—-shell using synchrotron radiation. The dark
regions represent the XMCD of the Fe—C core-shells (scale bar is 500 nm).
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Ink-jet printing process

Although drop casting is a well-known method to deposit MNPs
onto dry substrates, it is hard to control the distribution of
MNPs depending on their size because of the large volume that
drops over a few pL. However, inkjet printing allowed a more
precise patterning, with less volume of droplets (~pL), from
a nozzle with a diameter of tens of um. This strategy had several
advantages such as low-cost, easy access to electronic devices,
and a precise material dispersion technique with non-contact
deposition on a variety of substrates.”” After determining the
optimal conditions, the prepared MNPs were inkjet printed
onto rigid (silicon, Si) and flexible (poly(dimethylsiloxane),
PDMS) substrates.

The experimental details are described in the Materials and
methods section. Fig. 3a shows a schematic and an optically
captured image of Fe-C MNPs jetting. By optimizing the ejec-
tion conditions including voltage pulse amplitude and dura-
tion, the droplets in-flight from single nozzle were well defined
spheres. Fig. 3b shows that the particles were aligned by size
because of the coffee ring effect after dropping onto the
substrates. The results with the deposition of Fe-C particles
showed that the structures were well aligned. The size control-
lable effects are discussed more in detail in the ESL{ Using
inkjet printing, the size and distribution of MNPs could be

piezo actuator
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controlled as shown in Fig. 3c. Fig. 3d shows that the MNPs
were well aligned in a uniform way. The size distribution
showed that the uniform arrays of NPs having a diameter of sub
10 nm were aligned in the middle region. When they were
deposited on a PDMS substrate, it was observed that the MNPs
were well aligned. The left and right images of Fig. 3d show
scanning electron microscopy (SEM) and atomic force micros-
copy (AFM) images of MNPs deposited on PDMS substrate,
respectively.

Materials and methods
Nanomagnetic particle fabrication

Nanomagnetic particles were fabricated using coprecipitation
from a solution of ferrous and ferric mixed salts in the ratio of
1 : 2 under the ambient conditions of the bulk aqueous solution
and surfactant systems.''*** De-ionized water (300 mL) was
deaerated in a three-necked flask by stirring with the applica-
tion of ultra-high purity nitrogen. First, 2 g of hydrated ferrous
chloride (FeCl,-2H,0), was mixed with 5.4 g of hydrated ferric
chloride (FeCls-6H,0), in 300 mL of water, and then dissolved
at 30-40 °C. Then, a solution of 5 g sodium hydroxide in water at
50 °C was added at a constant stirring rate of 2000 rpm, and
a black magnetite precipitate was deposited.

Move & stabilize
(small and big particles)

w

Fig. 3 Distribution of the MNPs using inkjet printing. (a) A schematic of the inkjet jetting image which shows micro-sized Fe—C solution drops.
The volume of an ejected single droplet was 60 pL from a nozzle with a diameter of 30 um. (b) An optical microscopy image of an MNP single
drop (top) and line (bottom) formation onto a Si substrate. When exploiting the coffee ring effect, the particles were aligned by a uniform size. (c)
Using optimal drops and lines, drop-on demand printing was performed (Scale bar is 2 mm). (d) The resulting images of uniformly arrayed Fe—C

structures onto PDMS using SEM (L) and AFM (R) (scale bar is 2 um).
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Transmission electron microscopy

A transmission electron microscope (TEM; Philips CM200) with
an acceleration voltage of 200 kV was used to take the TEM
images. A field-emission gun equipped with an imaging filter
(Gatan, GIF200) running DigitalMicrograph™ (Gatan) software
was used. The TEM samples were prepared by placing a drop of
mini-emulsion onto a carbon-coated copper (Cu) grid under
ambient conditions.

X-ray diffraction

The XRD measurements were made using a powder X-ray
diffractometer (Siemens, D-5000) equipped with a Cu anode
operated at 40 kV and 40 mA. The XRD patterns were collected
using a step size of 0.01° and a scan rate of 1 step per s. Data
were analyzed from the Powder Diffraction File (PDF).

Scanning electron microscopy

The SEM (Jeol 9000F) was performed at 15 kV and a working
distance of 5 mm.

Vibrating sample magnetometry

The m-H loop measurements were performed using the VSM
option of a cryogenic physical property measurement system
(PPMS, Quantum Design) with a 9 T superconducting magnet.
Samples were mounted in a regular tube holder. To optimize
the touchdown process, the samples were mounted with an
upward offset of 35 mm. The magnetic field was swept at the

rate of 15 Oe s™ .

Magnetic force microscopy

The AFM (Veeco, MultiMode system) study was performed in
non-contact mode. High sensitivity magnetic tunnel junction
probes (2 nT Hz ') at 50 Hz were provided by JS Nanotechnol-
ogies (San Jose, CA). The particle imaging was performed in
a standard scanning probe microscopy system.

XM-1 microscopy

The XMCD was carried out using full-field soft X-ray trans-
mission microscopy at the Lawrence Berkeley National Labo-
ratory, Advanced Light Source, Beamline 6.1.2 along the Fe (708
eV) absorption edge. For the transmission measurement, the
MNPs were prepared on a transparent silicon nitride
membrane.

Inkjet printing

The MNPs were printed on a 60 °C substrate using a customized
drop-on-demand piezoelectric-type inkjet printing system with
M]J-AT-01 nozzles (MicroFab Corp). The experimental condi-
tions were based on the following parameters: concentration,
type of solvent, substrate temperature, and drop spacing.
Different conditions were tried by changing the concentrations
(0.1, 0.5, or 1.0 g mL~* s7 %), of different solvents such as: iso-
propyl alcohol or acetone. The temperature range of the
substrates was 50, 60, and 70 °C. The variations of drop spacing

This journal is © The Royal Society of Chemistry 2019
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were performed from 30 to 180 um. Using the optimal results,
MNPs were deposited onto different substrates such as rigid
and flexible ones.

Conclusions

Three important milestones were found for MNPs. Firstly, the
formation of self-assembled 3D pyramidal NPs could be opti-
mized by changing the process conditions. The formation of
four phases of the self-assembled 3D nanodevices such as
pyramidal, square, hybrid, and circular nanostructures could be
controlled. Secondly, Fe-C particles could be used to prevent
oxidation and showed strong XMCD images at the Fe L, edge.
That means that carbon prevents the penetration of any atoms
into the Fe core. Lastly, inkjet printing was applied to align the
MNPs. The MNPs were aligned in a size controllable and
uniform way onto flexible substrates. These results pave the way
for their use in the field of NP-based future electronics and
smart medicine.
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