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ABSTRACT: Nanoparticles of 0.-Fe, an excellent soft magnet, have been
successfully made corrosion-resistant and dispersible in polar and non-
polar solvents by coating these with inner and outer layers of amor-
phous silica and organics like poly(ethylene glycol), respectively. The
double coating was facilitated by using stable and easy-to-handle oxide
particles as the core to be subsequently metallized at temperatures low
enough to keep the organic layer intact. Use of CaH, as a reductant lowered
the working temperature down to 200—300 °C, where thermal particle
adhesion did not take place, formation of impurities like iron silicates
was suppressed, and the overall morphological features of the starting
particles were preserved. The feasibility of organo-functionalization of
the surface will open a way for this nanomagnet toward bioscientific and

medical applications.
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H INTRODUCTION

As is well-known, @.-Fe is an excellent magnet featured by a
soft, large, and thermally stable magnetization. The saturation
magnetization at room temperature is as large as 218 emu/g (2.2
Us/Fe) and, because the coercivity is so small as ~1 x 10 > T,
speedy and reversible collection and dispersion of fine particles in
a solvent can be done with a pocket magnet. This magnet can
potentially replace oxide magnets, Fe;O, (90 emu/g or 1.33 ug/
Fe) and y-Fe,0; (76 emu/g or 1.25 up/Fe), which have been
most widely used for bio- and medical-sciences in the form of
nano- to mesosized particles. As a matter of course, however, the
metallic particles should be equipped with fortified corrosion-
resistance, controllability of morphology for difterent uses, facile
dispersibility in various solvents, and biofunctionality."*

Several groups obtained silica-coated o.-Fe nanoparticles by
reducing silica-coated oxide particles and showed that the
metallized cores were protected from otherwise instantaneous
and strongly exothermic reoxidation.>”” This shell material is not
completely oxygen-tight because it contains open micropores.
Through these pores the oxide core can release oxygen on reduction
at elevated temperatures, but reoxidation through these pores after
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cooling is slowed kinetically. The resulting particles, however, tend to
aggregate and coalesce because the normal reduction using hydrogen
needs high temperatures around 450 °C. Moreover, undesirable
impurities like antiferromagnetic Fe,SiO, may form because of core—
shell reactions at elevated temperatures.”’

The most straightforward way to solve these problems is
to lower the reducing temperature. We tested the reduction
of iron oxide using CaH,, which has recently acquired much
attention in the field of solid state chemistry as a solid and easy-
to-handle reductant working efficiently at low temperatures.®”*
Mlustrated in Scheme 1 are the ideal cases where the low-
temperature reduction proceeds isotropically. Here, the overall
particle shape depends on the starting oxide. After the reduc-
tion, a clearance gap opens between the core and the shell
because the core volume shrinks, e.g., by 48% in the case of
a-Fe,O; — a.-Fe.
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Scheme 1. Schematic Representation of Synthesis of SiO,-
Coated 0.-Fe particles by Reducing SiO,-Coated Iron Oxide
Particles with CaH,
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B RESULTS AND DISCUSSIONS

To be shown at first are the experimental results on a pair of
representative samples, Al and A2, featuring small, round
y-Fe,0; cores, and large, nearly cubic 0-Fe,05 cores, respectively
(see Table 1). These samples were each mixed with CaH, powder
and heated at 300 °C for 90 h in a vacuum-sealed glass tube (see
Experimental Section). As can be seen in Figure 1a, the y-Fe,O3
(A1) and 0-Fe,O3 (A2) cores show different XRD patterns as a
matter of course but the patterns taken after the reducing treatment
are essentially the same, with three strong peaks from o.-Fe. The
broad peak around 26 =22 © is from the amorphous shell. This silica
peaklooks much stronger for Al than for A2 for two reasons that the

Table 1. Mean Particle Sizes and Standard Deviations of
Samples Al and A2 before and after the reduction measured
by Means of TEM"

sample code Al A2
reduction y-Fe,Os;—~0a-Fe  0-Fe,O;—0-Fe
before the reduction  d e (nm) 14.6+£2.0 b
dy (nm) 382421 56544426
after the reduction deore (nm) 11.14+2.0 3740+ 44.4
dy (nm) 359424 5348 £55.3

“Here, d o and d, represent the core diameter and the overall particle
diameter, respectively. b Experimental determination was prevented
because the core vs shell contrast was low.

relative abundance of silica is much larger for Al than for A2 and that
the nanosized Al cores show broadened peaks. The transmission
electron microscopic (TEM) images taken before and after the
treatment (Figure 1b, c) clearly show that the as-reduced particles
keep their original overall shapes and sizes without being coalesced
together. Every particle contains a single core in it normally, but
rarely a few broken pieces are contained. The bright portions
between the cores and the shells appearing after the reduction
are the aforementioned clearance gaps. The particle viewed in
Figure 1d shows lattice fringes running along a pair of orthogonal
directions throughout the core. This particle may be considered
to be a single crystal of O-Fe because the fringe spacing of
~0.29 nm coincides with the lattice constant of a-Fe, 0.287 nm.
Then, we tried lower temperatures and found that even the large
A2 particles can be metallized at 200 °C in 12 h only as Figure le
clearly shows. If the reduction time is elongated to 7 days, the tem-
perature can be further lowered to 180 °C for Al (see Figure S1 in
the Supporting Information).

” efore
A

b
2
Al

Alvaran

Intensity (arb. units)

20 40 60 8
2@ (degree)

after

Intensity (arb. units)

20 40 60 80
24 (degree)

C

before

A 1 l

20 4'l'.'l 60 80
2¢ (degree)

Intensity (arb. units)

Figure 1. (a) XRD patterns before and after the reduction at 300 °C for samples Al and A2. Low-magnification TEM images taken before and after the
reduction for samples Al (b) and A2 (c). (d) High-resolution TEM image of a particle of Al after the reduction. (e) XRD pattern of A2 reduced at

200 °C for 12 h.
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Figure 2. Time evolution of the in situ XRD profiles of (a) an A1/CaH,
mixture measured at 300 °C and (b) an A2/CaH, mixture measured at
325 °C. The XRD profiles measured at room temperature before the
heat treatment are also displayed at the bottom.

We traced how the reduction with CaH, proceeds by obser-
ving the time evolution of in situ synchrotron XRD patterns.
Because the process is rather fast, especially for Al, the sample
powder was heated up to the measuring temperature in a few
seconds, and data collection over S min was repeated. Typical
results are displayed in Figure 2, where ¢/min = 10, for example,
indicates that the measurement was started 10 min after the
initial heating followed by a thermal stabilization for 2 min and
finished in 5 min. Here sample A2 shows much smoother profiles
than those from Al for the same reasons for Figure la. A close
look at the Al profiles shows that the starting oxide, y-Fe, O3, is
reduced quite rapidly to Fe;0, (t/min = 10) and then to FeO (¢/
min = 20). a-Fe can be identified clearly in the t/min = 50
pattern. FeO and o.-Fe coexist for some time, indicating that the
drastic FeO — 0.-Fe step is more time-consuming than the oxide
to oxide transformations.

Also, for sample A2 featuring large a.-Fe,O; cores, both the
partial and complete reductions to Fe;O,4 and 0.-Fe set in rather
early as seen in the t/min = 20 pattern and the ¢/min = 50 pattern,
respectively. However, in contrast to the case of Al, these three
phases coexist even in the final #/min = 120 stage. Interestingly,
FeO is not formed in the case of A2. It has been reported that the
stability of this metastable oxide is dramatically increased in the
form of nanosized particles.">"° It is highly possible that FeO
forms only in Al for this reason.

Here, we briefly discuss on the reduction mechanism based on
the following important experimental facts. First, CaH, and the
oxide cores are intervened by the amorphous silica shell. A likely
process of oxygen transfer from the oxide core to the reductant
through direct contact does not apply to the present case.
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Figure 3. (a) Room-temperature Mossbauer spectra for samples Al
and A2. The open circles are the collected data and the solid lines
represent the fit. (b) Room temperature hysteresis loops for the same
samples. Inset shows time evolution of M; for four samples having
different core sizes which were metallized and stored in air at room
temperature: 11 nm (A1, filled squares), 20 nm (filled triangles), 28 nm
(open triangles), and 374 nm (A2, open circles).

Table 2. Mossbauer Hyperfine Values at 300 K*

CS (mm/s) HF (T) QS (mm/s) fwhm (mm/s)
Al 0 32.7 0 0.32
A2 0 32.8 0 0.32

“Here, CS, HF, QS, and fwhm represent center shift relative to a-Fe at
300 K, magnetic hyperfine field, quadrupole splitting, and full width at

half maximum, respectively.

Second, the metallization proceeds even at such a low tempera-
ture of 180 °C. CaH,, when it is free, is known to be decomposed
to calcium metal and hydrogen at about 600 °C. The contact with
silica might possibly facilitate this decomposition drastically and
the hydrogen thus released might work as a reductant. Experi-
mentally, however, we did not detect calcium metal at all by the
in situ XRD measurements (Figure 2). Further, it is known that
even flowing hydrogen stream cannot metallize iron oxides at
such a low temperature of 200—180 °C. We thus think that the
driving force of the present low temperature reduction is the
great stability of CaO, not the stability of H,O. In other words,
CaH, is a very powerful oxygen getter that takes oxygen from the
oxide cores through the open pores of silica at the expense of
hydrogen release. Experimentally, CaO was found to form in the
initial heating step and increase with time in the in situ XRD
patterns.

Magnetic properties of the metallized samples were studied
macroscopically and microscopically by means of SQUID mag-
netometry and *"Fe Méssbauer spectroscopy, respectively. Pre-
sented in Figure 3a are the room-temperature Mossbauer spectra
of the reduced Al and A2. Both these spectra could be computer
fitted by a single magnetically split pattern, and the hyperfine
parameters were found to coincide with those of o-Fe bulk
within experimental error (see Table 2). Likely impurities
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Figure 4. (a) Schematic representation of the reduction of iron oxide-
core/SiO, shell/organic shell particles. (b) Low-magnification TEM
image of OTMS-modified sample taken after the reduction. Inset shows
a dispersed sample in chloroform. (c) Low-magnification TEM image of
PEGTMS-modified sample taken after the reduction. Inset shows a
dispersed sample in water. (d) IR spectra of the samples modified with
OTMS and PEGTMS after the reduction. (e) Low-magnification TEM
image of spindle-shaped SiO,/0-Fe,O3 particles coated with PMMA
taken after the reduction at 200 °C for S days. Inset shows a magnified
view showing the inner (SiO,) and outer (PMMA) coating layers.

including residual starting oxides, silicates, partially reduced
oxides such as Fe30, and FeO, and very fine superparamagnetic
0.-Fe particles to show a single absorption peak are all absent.
Figure 3b shows their magnetic hysteresis loops measured at
room temperature. Here, M, represents the magnetization at 5 T.
Both these samples quickly increase and decrease their magne-
tization between +M; and —M; with a small coercivity of 0.025 T
(A1) to 0.005 T (A2), as expected from the softness of o.-Fe.
From the aforementioned Mossbauer results we may expect that
the real magnitude of magnetization should coincide to the bulk
value of 218 emu/g. Actually, the M of A2 particles reduced at
250 °C for 96 h was found to be 2.1 x 10* emu/g Fe. The
determination of iron content needed for this estimation was
done by using an inductively coupled plasma optical emission
spectrometer, whereas the precision was lost for the silica-
abundant sample like Al.

The stability against oxidation in air at room temperature was
studied for four samples having different core sizes through
intermittent magnetization measurements over 20 days (see
inset of Figure 3b). The decrease in M, due to reoxidation
ranged from just 2% for A2 to 35% for Al after 20 days. The
decrease is not monotonous and almost ceases in ~7 days. A
metal-core/oxide-shell structure seems to be stabilized. If it is
assumed that the oxidized layer is Fe;O, with an ideal saturation

magnetization of 90 emu/g and that the moment is coupled
parallel to that of the core, the thickness is calculated to be 1.1 nm
(49 vol %) and 1.5 nm (2 vol %) for Al and A2, respectively.
Experimentally, some very broad XRD peaks likely assigned to
Fe;0, appeared but details are yet to be investigated. We note
here that the real oxidized layers must be considerably thinner
than calculated above because poorly crystallized magnetite
cannot have such a large magnetization.

Suppose the starting silica/iron-oxide particles are overcoated
with an organic layer as illustrated in Figure 4a. If the organic
molecules could remain intact through the thermal treatment for
reduction, the resulting composite will immediately exhibit the
given organo-functionality. We first tried model cases of octade-
cyltrimethoxysilane (OTMS) and poly(ethylene glycol) (PEG)-
carrying silane-coupling agent (PEGTMS). Images b and ¢ in
Figure 4 show typical TEM images taken after the reduction at
300 °C for 90 h, which look essentially the same as nonover-
coated particles shown in Figure 1. The formation of well-
crystallized o-Fe was confirmed by XRD measurement (see
Figure S2 in the Supporting Information). The organic layers
of less than 2 nm thick each could not be identified by XRD or
TEM but their balanced existence was confirmed through
infrared spectroscopy (IR). The absorption peaks at around
2900 cm ™' seen in Figure 4d are from these molecules. Actually
this enabled facile and stable dispersion of the as-reduced
particles. Bottled dispersions of the OTMS-coated sample in
chloroform and the PEGTMS-coated sample in water are shown
in insets of Figures 4b and 4c, respectively. We should emphasize
here that these stable dispersions can be readily prepared even
from vacuum-dried and stored sample powder. The pegylated,
potentially biocompatible'” o.-Fe particles forms a stable disper-
sion in phosphate-buffered saline, the use tests of which for
magnetic resonance imaging and hyperthermia are currently
under way.

The range of available organic compounds can be expanded if
the core reduction can be done at lower temperatures. We tested
the case of poly(methyl methacrylate) (PMMA) which is known
to decompose rapidly at 300 °C. Figure 4e shows a TEM image of
spindle-shaped silica/a-Fe, O; particles overlayered with PMMA
and metallized at 200 °C for S days. Both the inner silica shell and
the outer PMMA shell can be clearly identified in the enlarge-
ment. The presence of PMMA was confirmed through facile and
stable dispersion in chloroform (see Figure S3 in the Supporting
Information).

B CONCLUSION

The use of CaH, as a reductant provides a way to obtain nano-
to meso-sized particles of &t-Fe equipped with fortified corrosion
resistance, facile dispersibility, controlled morphology, and orga-
no-functionality. This success may open a way for this excellent
magnet toward bioscientific and medical applications. The
fabrication process starts with double-coating of iron oxides with
amorphous silica and organic compounds. The subsequent low-
temperature reduction has been thought to be driven by the great
stability of CaO, not that of H,O.

B EXPERIMENTAL SECTION

Preparation of Silica-Coated y-Fe,O; Nanoparticles
(AT). The silica-coated y-Fe,O3 nanoparticles were prepared accord-
ing to the procedures described elsewhere.” In brief, y-Fe,O5
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nanoparticles with an average particle size of 14.6 nm were prepared'®
and the SiO, coating was performed through the formation of water-in-
cyclohexane reverse microemulsion.'”” To the cyclohexane solution
(48.75 g) containing polyoxyethylene(S)nonylphenyl ether (3.65 g,
8.3 mmol) and the y-Fe, O3 nanoparticles (0.1 g), ammonium hydroxide
(28%, 0.39 mL) was added and magnetically stirred for 30 min to form a
transparent, brown solution of reverse microemulsion. Tetraethyl
orthosilicate (0.4 g, 1.9 mmol) was then added, and the reaction was
continued for 18 h at room temperature. The silica-coated y-Fe,O3
nanoparticles were precipitated by adding ethanol to the reaction
solution. They were collected by a magnet, washed with ethanol, and
dried in a vacuum.

Preparation of Silica-Coated o-Fe, 03 Particles (A2). Cubic
a-Fe,O; particles were synthesized according to the procedures de-
scribed elsewhere®® and then coated with silica through hydrolysis of
tetraethoxyorthosilicate in ethanol/water mixture (Stober method). In
brief, &-Fe,O; particles were first prepared by forced hydrolysis of mixed
solution of FeCl; (3.12 X 10> mol dm?) and HCI (9.60 x 10~ mol
dm ) with polyvinyl alcohol (MW= 22000, 0.0003 wt %) in Teflon
lined autoclave (100 mL) in conventional oven at 105 °C. Hydrothermal
treatments were conducted for 7 days and the precipitate was separated
by centrifuging followed by washing with distilled water (3 times).
Finally, powder samples were dried at 60 °C for 24 h. Next, 0-Fe,O3
particles (100 mg) were dispersed in three neck flask containing mixed
solution of ethanol (200 mL), water (15 mL), and ammonium hydroxide
(28%, 3 mL). The flask was placed in an Ultrasonicator coupled with
mechanical stir. While stirring and sonication proceeded, 4 mL of TEOS
in ethanol (3.2% by volume) was injected into the suspension at a rate of
500 #L/h using an injection pump. At the end of adding TEOS, continue
the stirring and sonication for another 12 h. Finally, particles were
washed three times with ethanol followed by centrifuging and dried at
room temperature.

Surface Modification of Silica-Coated Iron Oxide Nano-
particles. The OTMOS-modification was performed by adding OT-
MOS to the reaction solution for SiO, coating. After formation of the
silica-coated iron oxide nanoparticles, OTMOS was directly added to the
reaction solution (OTMS/solution = 0.1/10 in weight) and keeping it
for 3 days. The OTMOS-modified samples were precipitated by adding
ethanol to the reaction solution. They were collected by a magnet,
washed with ethanol, and dried in vacuum. The PEGTMS-modification
was performed based on the procedures described elsewhere.*" As the
PEG-carrying silane-coupling agent (PEGTMS), 2-[methoxy(polyethy-
leneoxy)propylJtrimethoxysilane was used. In brief, silica-coated iron
oxide nanoparticles were dispersed in ethanol (50 mL) followed by the
addition of PEGTMS (2 g). The above mixture was stirred for 6 h at
80 °C. The PEGTMS-modified samples were collected by a magnet,
washed with ethanol, and dried in a vacuum.

Preparation of Spindle-Shaped Silica/a-Fe,03 Particles
Coated with PMMA. Spindle-shaped silica/a-Fe,O3 particles
coated with PMMA were prepared as follows: The spindle-shaped
a-Fe,O3 nanoparticles were synthesized according to the procedures
described elsewhere®” and coated with silica by the Stober method.
Living radical graft polymerization of methyl methacrylate was then
performed on the surface of silica with an initiator fixed on it.

Reduction with CaH,. The reduction was done according to the
method described in elsewhere.'" In brief, a silica-coated sample and a
four-weight excess of CaH, were finely ground in an Ar-filled glovebox,
sealed in an evacuated Pyrex tube, and heated at various temperatures
and for various reaction times. Before preparation of the reaction
mixture, the silica-coated samples were dried under a vacuum. Residual
CaH, and CaO produced during the reduction were washed out with an
NH,Cl/methanol solution in an Ar-filled glovebox.

in situ XRD Measurement. in situ XRD measurements were
done for S min each using a beamline BL02B2 of SPring-8 (4 = 0.07750

nm) equipped with a large Debye—Scherrer camera with an imaging
plate as a detector. The starting silica-coated oxide particles mixed with
CaH, and sealed in glass capillaries under an Ar atmosphere were heated
up quickly (within a few seconds) and the measurements were started
after a thermal stabilization for 2 min. Also for these measurements two-
and four-weight excess of CaH, were employed to Al and A2,
respectively.

Characterization Methods. Low- and high-resolution TEM
observations were performed by using a JEOL JEM-1010D and a JEOL
JEM-4000EX, respectively. TEM specimens were prepared by dropping
the particle-containing solution on a carbon-coated copper grid. XRD
measurements were performed using a Rigaku RINT2500 with Cu K
radiation (4 = 0.154 nm). ¥’Fe Mossbauer measurements were per-
formed at 300 K in transmission geometry using a radioactive source of
*’Co in Rh matrix in a constant acceleration mode. Macroscopic
magnetic properties were characterized by using a SQUID magnet-
ometer (Quantum Design MPMS XL). Elemental analysis was per-
formed by using an inductively coupled plasma optical emission
spectrometer (ThermoFischer Scientific, iCAP 6300DUO). IR spectra
were collected on a BioRad FTS-6000 and a JASCO FT/IR-4200. The
samples were mixed with KBr and compressed into pellets.

B ASSOCIATED CONTENT

© Supporting Information. XRD pattern of Al reduced at
180 °C (Figure S1), XRD patterns of OTMOS- and PEGTMS-
coated samples after reduction (Figure S2), and photographs
of dispersion of spindle-shaped particles (Figure S3) (PDF).
This material is available free of charge via the Internet at

http://pubs.acs.org.
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