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The preparation of nanocrystalline hematité;e:0s, particles and their surface coating with silica layers are
described. The hematite particles with the size of 30~60 nm are firstly prepared by thermal decomposition of
trinuclear acetato-hydroxo iron (Ill) nitrate complex,JEBECOCH;);OH-2HO]NOs, at 400°C. Subsequently

the hematite surfaces are coated with silica layers by a controlled hydrolysis and condensation reaction of
TEOS with varying the TEOS concentration and pH. Monodispersed and sphericab&i€dl FgO; particles

with the average particle diameter of ~90 nm and extremely narrow size distribution can be obtained at the pH
of 11 and the TEOS concentration of 0.68 M, which are found to be the optimum conditions in the present study
in achieving the homogeneous deposition of silica layers on hematite surfaces. Diffuse reflectance UV-Vis
spectra reveal that the characteristic optical reflectanad=afOs particles is preserved almost constant even
after coating the surfaces, suggesting that the I8i@rs can be regarded as protecting layers without degrad-

ing the optical properties of hematite particles.

Introduction in agqueous and non-aqueous media is another critical para-
meter in evaluating the inorganic color pigments. Because a
Iron oxides and hydroxides are indispensable materialsast majority of color pigments are applied as the forms of
because they are used widely as pigments, magnetic matefiber, wire, and thin-films, colloidal suspensions of colored
als, magnets, anticorrosive agents, and catdiystenong pigments are highly required. For instanzd;e03 powder
the various kinds of iron oxides, hematite-KeOs), is a representative practical red-color pigment, which being
maghemite §Fe0s), and wistite (FeO)r-FeOs powders  used as color filter materials in constructing display devices
are of special interest as red inorganic pigmetits there-  to improve chromaticity and contrdstin this application,
fore considerable efforts are being made in preparing fineolor pigments should have sufficient dispersibility in proper
and monodispersed iron oxide powders exhibiting uniformsolvents and high optical transmittance to obtain homo-
particle size and morphology to meet technological need ageneous and thin coating layers.
well as to understand the fundamental phenomena of nano-Recently, the preparation and characterization of mono-
sized oxide particle’. dispersed colloidal nanoparticles composed of a core particle
The conventional approach to industrial inorganic pig-coated by a shell of different, controlled composition have
ments is solid state transformations by, for example, therbeen received considerable attention, mainly because of the
mally decomposing iron salts or oxide-hydroxides. This ispromising technological applications, but also due to their
apparently unsuitable for producing nanosizeBe,0s par-  various physico-chemical properti®s’ The surface coat-
ticles, which are required for numerous specific applicationsing of core materials with a different one alters drastically
Alternatively various chemical routes have thus been prothe surface properties of the composite particles such as dis-
posed to synthesize such an ultrafined=eO; powder, persibility, coagulation, adherence, etc. In the present study,
including hydrothermal reaction method, sol-gel processthe deposition of uniform silica layers on fine iron oxide par-
chemical coprecipitation, efc® They involve synthesizing ticles by a controlled hydrolysis of tetraethoxysilicate
a reactive gel or precursor material, such as hydroxide an@@EQOS) is investigated in order to obtain a monodispersed
oxalate, followed by decomposing the gel or precursor intaed-color pigment of spherical nanopatrticles with narrow
the designed crystalline phase at an intermediate temperaize distribution.
ture. In general, the chemically-derived oxide powders
exhibit superior physico-chemical and particle characteris- Experimental Section
tics to those of the powders prepared by conventional
ceramic method. Since the optical properties of a given pig- Materials. All chemical were reagent grade and were
ment depend in a sensitive manner on the size and shapeusfed without further purification. The staring materials used
its particle, wet-chemical routes are suitable for producingvere ferric nitrate, Fe(N£x - 9HO (Aldrich, 98+%), tetra-
homogeneous and fine color pigments with reproduciblesthoxysilicate (TEOS, Si(Ols)s, Aldrich, 98%), NHOH
optical properties. In addition to the size and shape of inor¢25%-NHs;, Duksan), and anhydrous acetic acid (Aldrich,
ganic pigment particles, dispersion behavior of the particle99%).
Sample preparation In the preparation of core hematite

“To whom all correspondence should be addressed. Tel. & FaxParticles, a precursory trinuclear acetato-hydroxo iron (Ill)
+82-53-950-5331, e-mail: kimdk@knu.ac.kr nitrate, [Fe(OCOCH;);OH - 2HOJNOs, was prepared




1194 Bull. Korean Chem. So200Q Vol. 21, No. 12 Yang-Su Han et al.

according to the method reported previod&fypically
Fe(NQ); - 9HO (40.4 g) was added to 25 mL of absolute v
ethanol and then 70 mL of acetic anhydride was reacted k L
adding in small portions. When the reaction started with v
evolution of heat, the reactant was cooled in ice bath. Afte
the all part of the acetic anhydride was reacted, the solutio "(b) 400 T/20 h
was cooled by ice and the resulting precipitate was separatt v vV
by filtration, and dried at 82C for 24 h in vacuum oven.
Finally, the iron acetato-hydroxo precursor was subse
quently converted inta-Fe,O3 by thermal treatment under
an ambient atmosphere.

The hematite particle obtained by calcining the iron pre-
cursor at 400C for 20 h was used as care-e,03 particles - * 1 B—Fe,0,
in the following coating process with silica using the hydro- (a) 300 /20 h
lysis of TEOS. In order to determine the conditions for the " *
formation of uniform silica shells, the concentration of
TEOS and reaction pH were varied in some limited range. I
a typical coating process, a weighed amount-¢ieO; )
powder (0.5 g) was dispersed in ethanol solution (50 mL) b 10 20 306 40 50 60 70
ultrasonication for 30 min. to obtain iron oxide suspension Two theta (20)

Silica source solution prepared separately by dissolVingigyre 1. Powder X-ray diffraction patterns of iron oxide particles.
TEOS into ethanol solution (50 mL) was then mixed with
the iron oxide suspension under vigorous stirring. In the
mixing process, the mole concentration of TEOS was varie
in the range of 0.04-3.0 M and the pHs of the mixed solu:
tions were adjusted to 5 or 11 by addings®H. The mixed
solution was then refluxed at 1080 for 24 h with continu-
ous stirring to induce homogeneous and dense I8i@rs
onto hematite surfaces. Then the reaction products were se
arated by centrifugation, washed thoroughly with ethanolic
aqueous solution to remove any extraneous species, al
dried under vacuum for 24 h. Finally the dried samples wer:
thermally treated at 40T for 5 h.

Characterization. All the powders obtained during vari-
ous treatments were analyzed using a powder X-ray diffrac
tometer (MacScience, MXP-3) equipped with Ni-filtered rigyre 2. Scanning electron micrograph of the hematite particles
Cu-Ka radiation §=1.5418A). X-ray photoelectron spec- obtained after calcination at 480 for 20 h.
troscopy (XPS) spectra were recorded with a Phi 500C
ESCA system (Perkin-Elmer) with an Al anode target atmal treatment of the precursor at 3@0for 20 h (a) leads to
room temperature and a pressure of 1 ¥ Ha, and the the conversion of precursory HBOCOCH:),OH -2
energy was calibrated from the electron binding energy oH,O]NO; into a well crystalling3-FeOs. Raising the tem-
the carbon 1s peak at 284.6 eV. Diffuse-reflectance UV-Vigerature to 408C (b), the-Fe,O; phase transforms again
spectra were obtained in the range of 400-800 nm with @to a-FeOs one. Figure 2 represents the SEM image of the
UV-VIS-NIR spectrophotometer (CARY-5G). The particle hematite powders which consisted of nanometer-sized parti-
size and morphology of the core iron oxides and the silicateles with the size of 30-60 nm. The size distribution is quite
coated ones were examined in a HITACHI-4200S fieldhomogeneous but the morphology is slightly irregular. A
emission scanning electron microscope (FE-SEM) operatedleak agglomeration of primary particles is also visible
at 25 kV. owing to the particle sintering during the firing process.

Such prepared hematite nanoparticle were subjected to
Results and Discussion coating with silica through a controlled hydrolysis reaction
of TEOS in the presence of water and catalyst (ammonia).

In the precursor route to crystallimeFeOs particle, the  The scanning electron micrographs in Figure 3 and Figure 4
organic residue contained in the §E&@COCH;);OH - 2 reveal that the morphology, size and its distribution of core
H>O]NOs precursor is thermally decomposed completelyparticles can be greatly altered by the surface deposition of
beyond 300C accompanied by a large exotherm. Figure 1silica layers. Figure 3 represents the SEM photographs for
shows the evolution of crystalline phases depending upothe SiQ-coated FgOs; particles obtained at pH=5 and vari-
the calcination temperature. As evidenced by the XRD, therable TEOS concentrations. In the lower TEOS concentration
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Figure 3. Scanning electron micrographs of the St0ated FgO; particles prepared at pH=5 and various TEOS concentrations of {a) 1.3
M, (b) 2.10 M, (c) 3.00 M, and (d) 1.37 M without \PH catalyst, respectively.

(1.37 M, Figure 3(a)), monodispersed spherical particles oaid that the higher TEOS concentration (0.68 M) is more
~150 nm are obtained. Remarkably the composite particlefvorable for achieving a homogeneous silica coating on
have extremely narrow size distribution. While the higherhematite surfaces rather than the lower concentration. Lower
TEOS concentration (2.1 M, Figure 3(b)) in the coating pro-concentration seems to be insufficient for obtaining enough
cess leads to the formation of monodispersed composite pateverage of hematite by silica, whereas if the TEOS concen-
ticles with cube-type morphology and sub-micron size (0.64ration proceeds above the value (0.68 M), the individual sil-
0.9 mm). When the TEOS concentration exceeds a certaiga precipitation would be unavoidable as observed in Figure
level (>2.5 M of TEOS), spherical silica particles aggregated(c). It is also worthy to note here that even after thermal
severely are produced separately (Figure 3(c)). In addition, treatment at 408C the size and morphology of the coated
simple mixing ofa-Fe,0; with TEOS in the absence of cata- particles remain almost constant without significant particle
lyst (NHsOH) seems not to be efficient to achieve homoge-agglomeration (Figure 4(d)). Since the silica layers possess
neous coating, instead irregular and severely agglomeratddgh thermal resistance they act as protecting layers against
particles are observed (Figure 3(d)). the thermal sintering of the core hematite particles, which
Figure 4 shows the SEM images for the coated particleprevent form coalesening the nano-size core particles during
prepared at pH=11. When the hydrolysis reaction of TEOShe calcination.
was carried out at the lower TEOS concentration of 0.04 M In the coating at pH=5, the hydrolysis and subsequent con-
the coated particles have irregular morphology (Figure 4densation of hydrolyzed TEOS on surface metal hydroxyls
(a)). The emergency of extremely small Sfarticles at the occurs in the presence of water and catalysts as can be
surface of FgD3 ones indicates that the inhomogeneous predescribed?*?
cipitation of SiQ is occurred under the lower TEOS concen- .
tration. Upon heating the mixed particles at 20qFigure 4 a'FQ03F+ Si(OGHs)a ZN':f +£H2(|)\|
(b)), the surfaces become smoothed due to the infiltration of ~ 0-Fe0s + SiC + 4GHsOH + N
SiO; layers into FgDs matrix, but the irregular particle mor- ~ With controlled hydrolysis of TEOS, a Fe-O-Si chemical
phology still remains. Remarkably the size distribution andinkage is established between surface iron atoms and
morphology are greatly improved when the hydrolysis reacTEQOS, followed by lateral polymerization, and finally for-
tion performed at the higher TEOS concentration (0.68 M)mation of a three-dimensional netwovla siloxane bond
Monodispersed and spherical Si€dated FgOs particles  formation (Si-O-Si) with increasing TEOS concentration
are obtained as clearly can be seen from the Figure 4(c). Tlaaxd degree of hydrolysis. In the present study, 1.37 M of
coated particles have average particle diameter of ~90 nMEOS is found to be optimum for preparing monodispersed
and extremely narrow size distribution. Therefore, it can beand spherical coated particles within our experimental con-
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Figure 4. Scanning electron micrographs of the StDated FgOs; particles prepared at pH=11 and the TEOS concentration of (a) 0.04 M
and (c) 0.68 M, respectively. The micrographs of (b) and (d) represent the images for the samples of (a) and (c) calciGefbab 40

respectively.
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Figure 5. Si 1s ((a) and (c)) and Fe 2p ((b) and (d)) X-ray photoelectron spectra for the coated particles before (solid linejdariecfte

line) Ar ion bombardment.

ditions.

condition (pH=11), higher TEOS concentration leads to a
In contrast, when the coating is performed at quite basiprompt precipitation of individual silica particles owing to
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its higher level of supersaturation. In general, therefore, the The solid reflectance UV-Vis spectra for the paree,0Os;

lowest supersaturation level is required for homogeneouand SiQ-coated FgO; particles are compared in Figure 6 to

coatings'® In order to achieve the homogeneous depositiorinvestigate the influence of the surface coating on optical

of silica layers, the homogeneous (silica) nucleation in thegroperties. As clearly can be seen from the figure, the char-

initial stage of deposition reaction should be suppressed, fohcteristic optical reflectance af-Fe,O; particles is pre-

lowed by heterogeneous coatings (hematite-silica), anderved almost constant even after coating the surfaces with

finally homogeneous (silica) nucleation. Here, the homogesilica layers, reflecting that the Si@yers can be act as pro-

neous silica nucleation at the initial stage of reaction can btecting layers without destroying the optical properties of

avoided by careful control of silica supersaturation level jushematite particles. This means that the monodispersed and

above the critical concentration of heterogeneous coatingspherical Si@coated FgD; particles with high optical

on hematite, which is determined to be the concentration afeflectivity at around ~750 nm will have important applica-

0.68 M-TEOS in the present study. tions in display devices as band-pass red-color filter materi-
In order to get insight into the surface composition of theals as well as functional inorganic pigments.

coated particles, XPS spectra were recorded for the samples

before and after argon ion bombardment as shown in Figure Conclusion

5. At first the presence of silicon bands at around 103.4 eV

on the spectra of coated particles before the ion bombard- Nano-sized hematiteg-Fe,Os, particles are prepared by

ment (Figure 5(a) and (c)) supports the successful coatinghermal decomposition of trinuclear acetato-hydroxo iron

on hematite surfaces. The Fe;2Binding energy observed (lll) nitrate complex, [F§OCOCH;);OH - 2HO]NO;, at

at 713 eV for the samples before ion-sputtering (Figure 5(b#00 °C. Subsequent coating with silica layers can be suc-

and (d)) corresponds to the*Fspecies distributed in F@s- cessfully achieved by a controlled hydrolysis and condensa-

Si0, matrix1"192% After ion-sputtering the binding energy tion reaction of TEOS on hematite surfaces with varying the

shifts to 710.8 eV, which shows in good agreement with thaTEOS concentration and pH. The homogeneous deposition

of purea-Fe03.1°?°The relative fractions of Si and Fe at the of silica layers results in the formation of monodispersed and

surfaces before the ion-bombardment are 44.5% and 55.5%pherical composite particles with high optical properties,

respectively, for the sample prepared at 0.68 M-TEOS and/hich are well suited for inorganic band-pass color filters

pH=11 (Figure 5(a) and (b)), indicating that the compositionand red pigments.
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