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Synthesis of acicular iron oxide nanoparticles
and their dispersion in a polymer matrix
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An alternative forced hydrolysis approach for the synthesis of 8-FeOOH of varying
dimensions was achieved. The 8-FeOOH particles were converted into y-Fe; O3z in a colloidal
process, which eliminated the agglomeration of y-Fe, O3 particles. The acicular y-Fe,03
nanoparticles could be readily dispersed into an organic solvent. Preliminary studies have
demonstrated that the dispersion of the y-Fe,O3 nanorods in a polymer matrix is feasible
leading to an organic-inorganic nanocomposite. © 2001 Kluwer Academic Publishers

1. Introduction 2.2. Characterization

Acicular magnetic iron oxide-FeOs3) nanoparticles The characterization by transmission electron micro-
have been prepared by three different acicular modifiscope was carried out with Philips EM 300 at 80 KeV
cations of iron oxide-hydroxides{, g-, y-FeOOH) and a JEOL 2010 analytical microscope at 200 KeV
[1]. Among the oxide-hydroxides, the orthorhombic with a resolution of 2.3A. High resolution images
a-FeOOH (synthetic goethite) has been mostly usednd their corresponding nanobeam diffraction patterns
so far for the commercial production ptFe,O3 parti-  (NBDP) were obtained with the 2010 JEOL electron
cles as magnetic-recording material. The transformamicroscope at Scherzer condition in order to under-
tion process involves the solid-state reaction of thestand some structural details in both reciprocal and real
dehydration and reduction of oxide-hydroxides intospaces. The copper grids were coated with athin layer of
magnetite (FgO4) at 300-800C, followed by oxida- amorphous carbon. X-ray photoelectron spectra (XPS)
tion of Fe;O4 into y-Fe,O3 at temperatures in the range were collected on a Physical Electronics (PHI) 5300
of 200-350C. As a result of the solid-state reaction, X-ray Photoelectron Spectrometer. The surface of the
the aciculary-Fe,O3 nanoparticles are agglomerates. magneticy -Fe,O3 nanorods was characterized by dif-
Mechanical energy is required to break them up byfuse reflectance Fourier transform infrared spectrom-
the impact and shear forces in ball mills, sand millsetry (DRIFTS) with a Nicolet MAGNA-IR 560 spec-
and kneaders. Another oxide-hydroxide modification istrometer equipped with a MCTA cryodetector.
B-FeOOH, which can be made in well-defined needles.

Recently ithas been made as smallas 70 nm, withan ag~3. Preparation of acicular f-FeOOH

pect ratio of 7 [2]. Here we report an alternative forced nanoparticles

hydrolysis approach for the synthesispFeOOH of A 0.37 M ferric chloride aqueous solution was prepared
varying dimensions. The-FeOOH particles were con- by dissolution of 10.0 g of Fe@bH,0 into 100 ml
verted intoy-Fe,Oz in a colloidal process, which elim-  of deionized water. The ferric chloride solution was
inated the agglomeration of-Fe;O3 particles. The sealed in a pressure tube, which was heated taC60
aciculary-Fe03 nanoparticles could be readily dis- in an oven. Initially, the ferric chloride solution was

persed into an organic solvent. transparent, and became cloudy after several hours of
hydrolysis. Towards the end of the hydrolysis, a yel-

2. Experimental low precipitate was observed at the bottom of the pres-

2.1. Materials sure tube. The hydrolysis was carried out in an oven

Iron (I11) chloride hexahydrate (98%, Aldrich), Tetra- for various periods to reach different particle sizes of
ethoxysilane (98% Aldrich), 2-hydroxyethyl ether S-FEOOH nanoparticles.

(99%, Acros), Poly(methyl methacrylatey 120,000,

Aldrich), NH3-H,O (29%, Fisher Scientific), Methyl 2.4. Silica coating of 8-FeOOH particles

ethyl ketone (99.5%, Aldrich), and Methyl iso-butyl The 8-FeOOH nanoparticles were redispersed by son-
ketone (J. T. Bakers, Inc.) were used as purchasedcation, and placed into a regenerated cellulose dial-
Spectra/Pof? 7 membrane was used as dialysisysis tubing, and immersed in 1000 ml of ethanol
tubing. under magnetic stirring. The ethanol was replaced with
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Figure 1 TEMimages (X110,000) g8-FeOOH nanoparticles synthesized by various hydrolysis time, (a) 5 hours, (b) 6 hours, (c) 7 hours, (d) 8.5 hours,
(e) 10 hours, (f) 16 hours, and (g) 24 hours.

2462



fresh ethanol three timesia 3 day period. Next, TABLE | The dependence off-FeOOH nanoparticles upon the
the B-FeOOH product was transferred into 2000 m|hydrolysis time
of ethanol to reach a 0.05 g/L concentration, and re-

Hydrolysis Length Diameter
dispersed into a colloidal solution by sonication. Tono. time (hours) (nm) (nmy*
the B-FeOOH ethanol dispersion was added 30 ml of
29 wt% NHs aqueous solution. Under mild magnetic 1 5 72 10
stirring, 0.3—0.5 ml of tetraethoxysilane (TEOS) Wasi g gg if)
added into the solution in small aliquots (for example, 4 85 08 18
<0.1 ml) every 12 hours. In a different coating proce-s 10 110 20
dure, TEOS was added into the dispersion at once. At 16 125 20
the end of the silica coating process, the silica coated 24 200 22

'B_FeOOH partiCIeS were retrieved b_y Centri_fUQation at. Determined by Philips EM 300 at 80 keV ard 10,000 magnification.
5000 rpm, washed at least three times with ethanol,
and then redispersed into a minimum amount of

ethanol. —-\\
-

v S " —""\/ 4 ey
2.5. Transformation of silica-coated L / / \\ N \ N -
p-FeOOH into magnetic iron ) \ \\ : o G R
oxide nanorods e \ \ i 9 1, '
The silica coateg@-FeOOH dispersion in ethanol was N : \ '
added into about 100 ml 2-hydroxyethyl ether to reachr'\ N T —}\ |
0.1 g/L concentration, and redispersed by sonication F W‘ ’ \ -
The dispersion was heated to 245under mechani- i 5
cal stirring for 2 to 4 hours. The solution turned black i 4 \J“ﬂ /\ e ] =, \\
when heated to 24%, and was cooled slowly to room — h / / Y * - _
temperature. The magnetic iron oxide nanorods Were—-‘k = I e __,.,-“J \"‘L f 1 My !
retrieved by centrifugation at 9000 rpm for 0.5 hour.// P - \"_‘;_, .
The nanorods were washed with ethanol several time< = - e R y & ./|
and redispersed into ethanol. f \ ' e | / \

Figure 2 TEM images (X110,000) o-FeOOH nanopatrticles synthe-

2.6. Dispersion of acicular iron oxide sized by 4 hour hydrolysis.
particles in polymer (PMMA) matrix

Poly(methyl methacrylate), 0.6 g, was dissolved in _ ] _
9.4 g of methy! ethyl ketone and methyl isobutyl ketone@nd fragile (Fig. 2), and they tended to fragment into
mixture (3:1) by overnight sonication. The PMMA PI€Ces under strong sonication for_redyspersmn.
concentration was 6 wt%. One half of the as-prepared Fig. 3a shows a high resolution image from a
acicular magnetic iron oxide nanorod ethanol disper#-F@OOH nanorod and its corresponding nanobeam
sion (containing~0.005 g nanorods) was centrifuged, diffraction pattern (NDBP) as shown in Fig. 3b. The
and the supernatant was decanted. To the nanorods wHRers are observed from the direction perpendicular
added 8.3 g of 6 wt % PMMA solution, and the mixture t0 the fiber axis(texture axis), therefore the 525
was sonicated for several hours in an ice-water coollattice fringes shown in Fig. 3a correspond to the [200]
ing bath. The concentration of the magnetic nanorodéeflection in the NBDP reported fg8-FeOOH. The
was about 1wt % relative to the PMMA. The acicu- length of the rods was assessed by HRTEM to be be-
lar iron oxide particle dispersion in PMMA solution tween 100 to 300 nm with a 30—-50 nm width.

Solvent evaporation resulted in the polymer matrix0Xide particles ¢-Fe;Os) when heated to higher tem-
solidification. perature [4]. To retain their acicular particle morphol-

ogy, these3-FeOOH particles were coated with an en-

forcing layer. The Siber method is commonly used
3. Results and discussion for coating SiQ onto nanoparticles [5], and it is car-
The aciculaB-FeOOH nanorod precipitates at the bot- ried out in ethanol reaction media. Therefore, the aque-
tom of the pressure tube were readily redispersed bgus dispersion op-FeOOH had to be changed into a
sonication. The dimensions of acicufgsFeOOH par-  dispersion in alcohol by solvent exchange. A dialysis
ticles prepared by forced hydrolysis [3] were depen-procedure was used successfully to change the disper-
dent on the hydrolysis time (Fig. 1). The longer the hy-sion solvent from water to ethanol without causing any
drolysis time, the larger the particle sizesgeFeOOH  agglomeration. A direct dilution of aqueous dispersion
nanoparticles as shown in Table I. The smallest particl®f 3-FeOOH into ethanol solvent gave rise to severe
dimension of8-FeOOH by this method was 72 nm in agglomeration o-FeOOH patrticles (Fig. 4).
length and 10 nm in diameter, which was obtained by To reach a uniform layer of SiOcoating ontogs-
5 hour hydrolysis at 60C. When the hydrolysis time FeOOH acicular nanoparticles, small aliquots of TEOS
was less than 5 hours, tifeFeOOH particles were thin were added into the dilute dispersion gfFeOOH
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(b)
Figure 3 (a) HRTEM micrograph of8-FeOOH nanorods. (b) NBDP of tiieFeOOH nanorod.
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(0.15 and 0.5 ml), Si@self-nucleation and rough coat-
ing onto8-FeOOH nanoparticles occurred (Fig. 5).

It is possible to see in Fig. 6a that thieFeOOH
rods have been coated with silica in order to force the
nanorods to maintain their shape through a higher tem-

a perature treatment. In this case, the silica formed a non-
porous coating around the nanorods. Untill this point,
no phase transformation occurred, as can be seen in
the corresponding NBDP (Fig. 6b). The nanorods were
stable under the electron beam.

The 8-FeOOH phase is antiferromagnetic, and can
be converted into the ferrimagneticFe,03 phase in-
side the Si@ matrix, when heated slowly up to 245—
260°Cinaninertatmosphere and followed by exposure

/ to hydrogen [6]. With a maodification of lit. procedure
[6], the SIGQ coatedB-FeOOH nanorods were trans-

F_igure 4 The agglomerateﬁ-_FeOOH nano_particl_es When_the aqueous formed into SiQ coatedy-Fe,O3 nanorods (Fig. 7) ina

dispersion was transferred into alcohol dispersion by simple dilution, . .

magnification numbes 110,000, colloidal solution of 2-hy.droxyethy! ether solvent. The

temperature of the solution was raised up to 23%or

2—4 hours under vigorous mechanical stirring. When
every 12 hours under magnetic stirring. The thicknesshe temperature of the colloidal solution was heated
of SiO, coating was controlled by the total amount of to as high as 24%C, esterification of surface silanol

TEOS added into the reaction. When TEOS was addedroups (-SiOH ) occurs forming ester groups (SiOR)

into the dispersion in excess amount in each aliquobn the surface of the nanorods [7].

/

Figure 5 The SiQ thin layer coating ont@-FeOOH nanopatrticles. (a) 0.15 ml TEOS added at once. (b) 0.5 ml TEOS added at once. (c) 0.3 ml
TEOS added at three aliquots.
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(b)
Figure 6 (a) HRTEM of g-FeOOH nanorod coated with SiQ(b) The corresponding NBDP.
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Figure 7 TEM image of magnetic Si@coatedy-Fe,O3 hanoparticles

converted from thg@-FeOOH of 24 hour hydrolysis, magnification num-

ber=125,000.

y-F6203-Si%OH + HOCH,CH,OCH,CH,OH

— y—FeZOQ,—:Si—OCI-bCHgOCHzCHZOH

After the temperature treatmert;FeOOH nanorods

underwent a phase change transformationjintee,Os

nanorods. This was confirmed by electron diffraction
studies. Fig. 8a is a high resolution view of eFe,03
nanorod and 8b corresponds to a [101] reflection re-
ported for they-Fe,O3 phase. This agrees with the cor-
responding diffraction pattern.

Fig. 9 shows another view of the-Fe;O3 nanorods.

It is possible to see that the-Fe,O3 nanorods tend to
bend during the phase transformation and the poros-
ity of the silica increases but maintains the rod shape
during the process. The bending is attributed to thermal
stresses induced by the differing coefficients of thermal
expansion of the constituent phases of the nanorods.
Futhermore, a longer period of heat treatment was not
favorable for the formation of-Fe;O3 nanorods, even
with a thicker silica coating. This is shown in Fig. 10.
In this case the nanorods were very unstable under the
electron beam.

The DRIFTS spectra of the magnetic nanorods in-
dicate the grafting of 2-hydroxyethyl ether molecules
onto the surface oB-FeOOH particles (Fig. 11). The
XPS analysis of the magnetic nanorods showed a strong
increment of the carbon peak corresponding to the
C-0O-C, and -C-OH groups in comparison to the silica
coated nanorods prior to the conversion (Fig. 12).

The silica coated/-Fe,0O3 nanorods could be well
dispersedinasolution of PMMA in MEK/MIBK (3: 1).
Fig. 13a and b shows these dispersions without and
with the presence of a magnetic field. Further studies

@)
Figure 8 (a) HRTEM of ay-Fe,O3 nanorod (b) NBED of the-FeO3. (Continued.
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(b)
Figure 8 (Continued.

Figure 9 y-Fe,O3 nanorods tend to bend after annealing treatment. The high temperature treatment also increases the porosity of the silica
coating.
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Figure 10 y-Fe,O3 nanrod from a sample with a longer annealing time and thicker silica coating. Most pfflegO3 nanorods were amorphous
and highly unstable under the electron beam.
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Figure 11 The comparison of DRIFTS spectra between pure 2-hydroxyethyl ether (top) and magnetio&i€xly -Fe,O3 nanoparticles (bottom).
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Figure 13 TEM images (X25,000) of dispersions of magnetic $iO
coated y-Fe,O3 nanoparticles prepared from-FeOOH of 5 hours

(b)

Figure 12 The comparison of XPS spectra between Sg0ateds-FeOOH nanoparticles and magnetic i€batedy-Fe,Os nanoparticles. The
conversion process resulted in significant increment of the middle peak corresponding to C-O-C and C-OH groups.

regarding the alignment of these nanorods will be re-
ported later.

4. Conclusion

Acicular g-FeOOH nanoparticles of various dimen-
sions, as small as 70 nm and aspect ratio of 7, have
been synthesized by forced hydrolysis. The particle
size of B-FeOOH can be controlled by the hydrolysis
time. An aqueous dispersion ffFeOOH was success-
fully transformed into an alcohol dispersion by dialy-
sis, and by the $btier method, a thin layer of SjO
was coated ontg-FeOOH particles. The Sigroated
B-FeOOH particles were converted into magnetic
y-F&,03 by a colloidal process, which avoids agglom-
eration of nanopatrticles. The-Fe,O3 nanorods were
readily dispersed into an organic solvent, as well as in
PMMA resulting in a polymer nanocomposite.

The magnetic characterization of the nanorods is
under investigation, as well as the instability of the
higher temperature treated nanorods under the electron
beam.
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