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Abstract: Iron-based nanoparticles (FeNPs) have unique and
attractive properties such as superparamagnetism, biocompatibility
and catalytic activity. Although the synthesis of precious metal NPs
from a metal in liquid and/or metal salt solution by a pulsed laser has
been well reported, little has been examined about the production of
FeNPs. Here we report the synthesis of spherical NPs of iron oxide
(magnetite) without wearing carbon shells from ferrocene hexane
solution by femtosecond NIR laser pulses. Nanosecond UV laser is
also used to compare the time evolutions of the particle size
distribution. The size of NPs remains constant even by the long-term
femtosecond laser irradiation, whereas it grows with nanosecond
laser pulses. The primary particles are generated by photochemical
reactions regardless of pulse durations; however, the fragmentation
of NPs by the successive femtosecond laser pulses regulates the
particle size.

Introduction

Iron-based nanoparticles (FeNPs) showing
superparamagnetismi! and biocompatibility? have potential
applications such as data storage, ferrofluids, biosensor,?!
bioimaging,® and drug delivery.l’l Furthermore, they have been
used in olefin formation,® photooxidation,® and oxygen
reduction reaction*” as sustainable catalysts. FeNPs have been
synthesized by chemical reduction,! pyrolysis,*d  and
solvothermolysis.*®  These chemical synthesis methods
sometimes require severe reaction conditions and/or additive
reagents such as reductants and surfactants. In contrast, the
synthesis of NPs without the aid of additive reagents has been
proposed in gas, solid, and liquid phase by using a pulsed laser.
Iron (bcc) core surrounded by carbon shell are formed from
ferrocene (FeCp.) vapor by using a nanosecond VUV laser (193
nm, 15 ns).* Amorphous iron core with carbon onion shells are
synthesized from FeCp, pellets by using a nanosecond visible
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laser (532 nm, 5 ns).'® Under a supercritical condition, iron (bcc
or fcc) core covered with carbon shells are produced from FeCp,
(benzene, 266 nm, 4.3 ns;1*% CO,, 193 nm, 30 ns;"1 266 nm, 4.3
nstt7).

Practically, the synthesis of NPs in liquid phase has
advantages because of widely controllable experimental
conditions and reactant variations. The reactant is prepared as a
solid material immersed in inert liquid or a solute in solvent. The
former method is known as laser ablation in liquid (LAL)-1*82% | in
which the ablated hot materials are rapidly cooled and
aggregated to form NPs. In the latter case, namely laser reaction
in liquid (LRL), bare metals prepared by photochemical reaction
of reactant finally form NPs. It is emphasized that metal NPs are
formed by the reduction of metal ions by solvated electrons
when femtosecond laser pulses are utilized for LRL, because
the density of electron generated by the ionization of solvent
reaches to 108 cm™=.?% A variety of precious metal NPs[?7-2% as
well as multimetallic alloy NPs have been prepared from
aqueous metal salts.*-33 Nakashima et al. have investigated the
mechanism of metal ion reduction®-3¢ and successive NPs
productions.[?®]

Various reports have been published on the production of
FeNPs by LAL.F#3 Hu et al. have reported the formation of
Fe,O3 core coated by diamond-like carbon by the LAL of an iron
plate in hexane (800 nm, 90 fs).E] Amendola et al. have
reported that various FeNPs such as iron carbide, iron oxide and
iron with carbon shells are formed from an iron plate by varying
the organic solvent (1064 nm, 9 ns).F8 As for LRL, iron core
covered with carbon shells were produced from FeCp; solution
under different conditions (xylene, 355 nm, 5 ns;*4 hexane, 193
nmi%)). However, these LRL studies have focused attention not
on the particle size but mainly on the composition of NPs.
Moreover, LRL of organoiron complex solution by using
femtosecond laser pulses has rarely been examined.
Wesolowski et al. have carried out LRL of FeCp, benzene
solution by femtosecond NIR laser pulses (800 nm, 100 fs), but
they investigate that the dominant product is thin carbon micro-
shells (4-25 um diameter, 30-60 nm thickness).®!

In this study, we report the synthesis of spherical iron oxide
(magnetite/wustite) and iron (bcc) NPs without carbon shells
from FeCp, hexane solution by femtosecond NIR laser pulses
(0.8 ym, 40 fs). The size distributions, elemental mappings and
structural information of these FeNPs were investigated.
Nanosecond UV laser pulses (355 nm, 8 ns) were also used for
comparison purpose. The regulation of particle size even with
prolonged femtosecond laser irradiation is discussed based on
the time evolution of the size distribution of NPs on laser
irradiation time.

Results
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Figure 1 a) TEM image (scale bar: 200 nm) and b) size distribution after the
120-min femtosecond NIR laser irradiation. The solid line in b) is a fitting curve
by a log-normal distribution function. n, d, o, and CV denote the number of
particles, mean size, standard deviation, and the coefficient of variation,
respectively. The time evolution of c) the normalized size distributions fitted by
log-normal distribution functions and d) the mean size of the spherical
nanoparticles. The number of counted particles was ca. 500 for each data.
Line in d) is drawn to guide the eye. FeCpz in hexane (1.0x1072 mol dm™%) was
used.

Transmission electron microscope (TEM) images showed
that high-contrast spherical NPs surrounded by low-contrast
agglomerates were produced from FeCp, hexane solution
(1.0x1072 mol dm™) by femtosecond NIR laser pulses (Figure
1a). It should be noted that carbon micro-shellsi*®! were not
found by the TEM observations. The size distribution was
obtained by counting the spherical NPs appeared in Figure la
(Figure 1b). The distribution of NP size was well fitted by a log-
normal distribution function. The mean size (d) of the spherical

NPs obtained by the 120-min laser irradiation was 33.3+17.8 nm.

The coefficient of variation (CV), which equals to the standard
deviation (o) divided by mean size, was 53.5%. Figures 1c and
1d show the time evolution of the normalized log-normal
distribution and the mean size of NPs. The peak of size
distribution and mean size increased from 10 to 30 min, and
stayed constant up to 120 min.

Nanosecond UV laser pulses were also used to synthesize
NPs for comparison purpose. Figure 2 shows the results
obtained as in the cases of femtosecond NIR laser irradiation
experiments. The mean size and CV of spherical NPs obtained
by the 120-min laser irradiation were 47.2+27.7 nm and 58.7%,
respectively. It should be mentioned that the time evolution of
log-normal distribution and mean size showed step like
behaviour. This step like feature was confirmed by the
experiments carried out at three different days.

Although the experimental conditions (wavelength, pulse
durations, pulse energy, number of laser shots, etc.) are virtually
different, the mean size of NPs remained constant by prolonged
laser irradiation in the case of femtosecond NIR laser
experiments. Therefore, we further investigated the structure
and elemental composition of NPs obtained by using
femtosecond NIR laser pulses.
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Figure 2 a) TEM image (scale bar: 200 nm) and b) size distribution after the
120-min nanosecond UV laser irradiation. The solid line in b) is a fitting curve
by a log-normal distribution function. n, d, o, and CV denote the number of
particles, mean size, standard deviation, and t the coefficient of variation,
respectively. The time evolution of ¢) the normalized size distributions fitted by
log-normal distribution functions and d) the mean size of the spherical
nanoparticles. The vertical bars in d) give the standard deviation obtained in
the three measurements. The number of counted particles was ca. 500 for
each data. Line in d) is drawn to guide the eye. FeCp: in hexane (1.0x1072 mol
dm™3) was used.
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Figure 3 a) TEM image, and EDS elemental mappings of b)
oxygen, and e) reconstructed image of iron and carbon of nanoparticles
synthesized from FeCp. hexane solution (1.0x107% mol dm™) by the 25-min
femtosecond laser irradiation. Scale bar 100 nm. The corresponding TEM
image and size distribution are shown in Figure S1.

The elemental mappings using TEM equipped with an
energy dispersive X-ray spectrometer (TEM-EDS) were
performed for the NPs obtained by the 25-min femtosecond
laser irradiation. TEM image and size distribution are shown in
Figure S1. Figure 3 shows TEM image and EDS elemental
mappings of iron, carbon, oxygen, and a reconstructed image of
iron and carbon. Although the spatial resolution of TEM-EDS is
limited, we can recognize that the distributions of iron and
oxygen are well coincided with that of the spherical NPs larger
than ca. 10 nm in diameter. Therefore, most of the NPs are
assigned to be oxidized iron particles. The low-intensity part of
signals seems to be overlapped. However, this artefactual
overlap may be attributed to the common background signal of



Ka (carbon, oxygen) and La (iron) lines used for EDS
measurements. From these observations, it is safe to say that
the spherical iron oxide NPs formed by femtosecond laser
irradiation of FeCp, hexane solution do not wear carbon shells
but are only loosely surrounded by carbon agglomerates.
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Figure 4 a) and d) TEM images (scale bar: 100 nm), b) and e) HR-TEM
images (scale bar: 5 nm), and c) and f) SAED patterns of nanoparticles
synthesized from FeCp:z hexane solution (1.0x107® mol dm™) by the 25-min
femtosecond laser irradiation. Values in square brackets denote the zone axis
of electron beam incidence.

A NP indicated by a black square in Figure 4a was analyzed
by high-resolution TEM (HR-TEM, Figure 4b) and selected area
electron diffraction (SAED, Figure 4c) measurements. The
interplanar spacings (0.29 and 0.47 nm) of this spherical NP
observed by HR-TEM were well coincided with those calculated
for the corresponding crystal planes (111) and (220) of
magnetite (FesO,, the unit length: 8.3941 A7), X-ray diffraction
(XRD) patterns of FeNPs collected after the 120-min laser

irradiation (Figure S2) showed the diffraction peaks of magnetite.

These observations lead us to assign the dominant FeNP to be
magnetite. We also observed the XRD patterns of wistite (FeO,
Figure S2). Moreover, we found the FeNP of different structure.
The interplanar spacings (0.29 and 0.29 nm, Figure 4e), and the
crystal planes (010) and (100) shown in Figure 4f of the NP
indicated by a black square in Figure 4d were in accordance
with that of iron (bcc) structure (the unit length: 0.2874 nml48l),

Discussion

Spherical and bare FeNPs were formed from FeCp, hexane
solution both by femtosecond NIR and nanosecond UV laser
pulses in this study. It should be mentioned that the results of
the similar femtosecond laser irradiation experiments previously
carried out by Wesolowski et al. are entirely different. They have
reported that carbon micro-shells (4-25 ym diameter, 30—60 nm
thickness) are dominantly formed from relatively high
concentration of FeCp, (0.75 mol dm™) benzene solution by
femtosecond NIR laser pulses (800 nm, 100 fs, 300 upJ).k
Although the role of FeCp, in carbon micro-shell production is
not certain, the origin of carbon micro-shell might be the solvents
used in their study. Our previous works have demonstrated that
carbon materials (NPs, diamond-like carbons) and their
agglomerate are not formed from aliphatic hydrocarbons!*d but
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from aromatic hydrocarbons by femtosecond laser pulses.**-52
Aromatic solvent such as benzene and toluene may partially
decompose to fragments that can form carbon nanoparticles. In
contrast, aliphatic solvent such as hexane is expected to be
decomposed into small fragments that form polyynes.>

The present experiments investigated that the resultant
FeNPs were not covered with carbon shells both in the cases of
femtosecond NIR and nanosecond UV laser irradiations. On the
contrary, Park et al. have shown that iron (bcc) cores formed
from FeCp; xylene solution by nanosecond UV laser pulses (355
nm, 5 ns) are covered with graphitic carbon shells.*l We
conclude that the fragments formed from aromatic solvent would
form carbon layers on a particle core, while the small fragments
formed form aliphatic solvent would not easily gather to form
carbon shells. It is also suggested that the carbon agglomerates
found in this study are originated in cyclopentadienyl ligands.

There are numbers of unclarified points in FeNPs production
from organometallic solution by LRL. What factors do determine
the composition of FeNPs? How small FeNPs are formed? The
present study carried out under air atmosphere showed that Fe
(bcc) in addition to FesO, was observed at relatively short
irradiation time (25 min). However, the corresponding diffraction
peak of iron (bcc) (26 = 45°) was not observed in the XRD
measurement of FeNPs obtained by the 120-min laser
irradiation. This result indicates that iron oxides are the main
products after the prolonged laser irradiation. The oxidation of
iron core may occur by the exposure to air during the laser
irradiation as well as the treatment before TEM measurements.
In addition, highly reactive oxidant such as hydroxyl radical is
formed by the femtosecond laser irradiation to water®>¥ that is
contaminated in hexane. It is proposed to carry out experiments
in anhydrous solvent and under inert atmosphere to obtain iron
(bcc) core.

In this study, we judge that it would be more advantageous
to use a femtosecond rather than nanosecond laser to produce
smaller FeNPs under the continuous laser irradiation condition.
The growth of particle by nanosecond laser pulses is known as
laser melting in liquid (LML).*85556] |shikawa et al. have reported
that the diameter of iron oxide NPs increase from 250 nm
(reactant) to 400-500 nm (product) by LML (532 nm, 5 ns).[5"
Initial NPs are exposed to low peak laser power but 108 times
longer duration than that of femtosecond laser pulses. Therefore,
the multiphoton ionization of NPs is not expected but the
particles are melted and merged. It is reasonable to conclude
that the increase of the diameter of FeNPs is promoted by LML
in the present nanosecond UV laser irradiation experiments. The
step-like feature observed in the time evolution of particle size
(Figure 2d) is explained in terms of the induction period before
reaching the critical concentration of NPs to be merged.

In contrast to LML, the size reduction of NPs by laser pulses,
namely laser fragmentation in liquid (LFL), bhas been
proposed.'8%81 The thermal and/or electrostatic process has
been recognized, and controversy as to arguments regarding
the fragmentation mechanism is ongoing.’®%d One of the
candidate is Coulomb explosion, which is destructive
dissociations due to the strong Coulomb repulsion of positive
charges. Coulomb explosion of multiply charged molecules has
been widely studied in the gas phase.[3%4 Moreover, recent



studies have presented the examples of Coulomb explosion of
molecules in liquid helium droplets®® as well as alkali metals in
water.[%¢ Briefly, initially formed NPs are ionized by succeeding
femtosecond laser pulses followed by the fragment production
due to Coulomb repulsion in charged NPs. We conclude that the
equilibrium between fragmentation of NPs and aggregation of
fragments would be operative in the present femtosecond laser
irradiation experiments. Consequently, the peak power of laser
pulse is important factor governing the former process that limit
the particle size without the aid of any capping reagents such as
surfactants. However, the peak power of femtosecond laser
pulse in liquid is hardly determined due to the group velocity
dispersion. In addition, the intensity-clamping in femtosecond
laser generated plasma filament may prevent us from varying
the laser intensity in liquid.5”

The mechanism of primary FeNPs formation process in LRL
is also important to consider the effect of laser pulse durations
on the particle growth process. The photochemical reactions of
FeCp; is operative when nanosecond UV laser pulses are used,
while both photochemical reactions and ionization are expected
to occur when femtosecond NIR laser is utilized. As for the
productions of carbon NPs by femtosecond NIR laser pulses,
the active species to form NPs is dependent on the reactants.
For example, hydroxyl radicals act as oxidants when the
benzene/water bilayer solution is used as a reactant,**5%
whereas solvated electrons act as reductants when
hexafluorobenzene® or dichloromethane/water bilayer solution
is used as a reactant.[’® The production of precious metal NPs
from aqueous solution by femtosecond NIR laser pulses is
explained by the reduction of metal ions by hydrated
electrons.?634 Solvated electrons may be formed by the
ionization of FeCp, and hexane in this study. However, the
reduction of iron ions by solvated electrons may not be important
for the formation of primary FeNPs in this study. The previous
work has demonstrated that the reduction of Fe3* to Fe?* occurs
when KsFe(C,04)s aqueous solution is exposed to femtosecond
laser pulses;P4 however, further reduction of Fe® is not
observed probably because this reaction is highly endothermic.
We conclude that the photochemical reactions of FeCp, forming
bare iron and ligands would be a primary process both in
nanosecond UV and femtosecond NIR laser experiments. The
multiphoton absorption process should trigger the photochemical
reaction in the latter case.

The synthesis of metal NPs from organometallic solution by
LRL is attractive method due to the simplicity but has some
difficulties for engineering applications. In addition to the low
production yield, the problems to be solved are contamination of
carbon agglomerates and the control of elemental composition.
Moreover, the strategy to produce mono-dispersed smaller NPs
(<10 nm) is expected. As we conclude that the main carbon
source is cyclopentadienyl ligands, the amount of carbon could
be reduced by replacing cyclopentadienyl ligands to readily
degradable ligands. Oxidation number could be controlled by
preparing the oxygen-free or oxygen-saturated condition. The
repeated fragmentation and aggregation processes of NPs
during femtosecond laser irradiation would determine the
optimum particle size. Thus, the synthesis of mono-dispersed
smaller NPs requires the optimization of laser irradiation
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conditions such as repetition rate as well as the reaction
environments.

Conclusion

The bare iron nanoparticles without carbon shells were
produced both by femtosecond NIR and nanosecond UV pulses
when ferrocene hexane solution was used as a reactant. The
factors that determine the bare as well as small particle
production is the use of aliphatic solvent and femtosecond NIR
rather than nanosecond UV laser pulses. Nanosecond VUV
laser irradiation to FeCp, dissolved in hexane “°! has resulted in
the formation of FeNPs covered with carbonaceous polymer due
to the photochemical reactions of solute and solvent. In contrast,
laser pulses used in this study are predominantly absorbed by
solute to induce its photochemical reactions. As the carbon
source should be ligands of reactants instead of solvent, we can
reduce the amount of carbon agglomerate by choosing suitable
ligands. As the particle size is determined by the balance
between the fragmentation of NPs by successive femtosecond
laser pulses and aggregation of fragments, we can control the
size of NPs by altering this equilibrium. Femtosecond laser
process can be one of the candidates to produce bare FeNPs
without the use of any additive reagent, but further investigation
about the effect of solvents, ligands and reaction environments,
and laser irradiation conditions should be necessary to produce
mono-dispersed single-nanometer size FeNPs.

Experimental Section

Ferrocene (FeCpz, Aldrich, 98%) and n-hexane (Nacalai Tesque,
spectral grade, 296.0%) were used without further purification.
Femtosecond laser pulses (0.8 ym, 40 fs, 0.4 mJ, 1 kHz) delivered from
Ti:Sapphire laser (Thales Laser, Alpha 100/1000/XS hybrid) were
focused on FeCp2 hexane solution in the quartz cuvette with a 1-cm
optical path length by using a plano-convex lens with a focal length of 50
mm. Details of the laser experiments have been described elsewherel*d).
Nanosecond laser pulses (355 nm, 8 ns, 45 mJ, 10 Hz) were focused on
FeCp2 hexane solution in the quartz cuvette with a 4.5-cm optical path
length by using a plano-convex lens with a focal length of 30 mm. Both
femtosecond and nanosecond laser irradiation were performed under air
atmosphere at room temperature (296 K).

The morphology and size distribution of the NPs were analyzed by
using TEM (JEM-1010, JEOL) that was operated at an acceleration
voltage of 80 kV. For the preparation of specimens for TEM observations,
10 pL of sample solution was directly dropped onto a copper grid covered
with amorphous carbon film (Nisshin EM Co., Ltd.) followed by drying in
air atmosphere at room temperature. The mean size and size distribution
of spherical particles were obtained first by marking NPs in TEM images
and then by analyzing the binarized images (ex. Figure S1b) by using an
image processing software (ImageJ 1.48 v) provided by National
Institutes of Health. HR-TEM images and SAED patterns were obtained
by using EM-002B (Topcon) operated at 200 kV. EDS mapping was
performed by using Titan G2 Cubed (FEI) operated at 300 kV. In these
TEM measurements (HR-TEM, SAED, EDS mapping), a copper grid
covered with amorphous silicon film (Okenshoji) was used. The



unreacted FeCp2 was sublimated in vacuum before TEM measurements
due to its high vapor pressure (0.774 Pa at 295.69 K.[69)
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