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Abstract

A simple procedure to coat silica spheres with smooth layers of iron compounds is reported. It is based on the forced hydroly3)(60—85
of iron(lll) acetylacetonate solutions containing the silica cores and sodium dodecylsulfate (SDS). The role that the iron(lll) precursor and
SDS play in the formation of uniform coatings is discussed. The thermal evolution of the composites up to the crystallization of the initially
amorphous coating was also studied. Finally, the core-shell particles, as prepared, were thermally reduced under hydrogen atmosphere to
produce magnetic composites whose magnetic properties were also evaluated as a function of the reduction temperature.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction permits to modulate their magnetic properties by a simple
thermal treatmer{®]. The most interesting inorganic core is
Nowadays, there is a growing interest in the preparation probably amorphous silica (S which can be synthesized
of core-shell particles because the properties of these com-with tailored size, spherical shape, and narrow size distribu-
posite solids can be tailored by the appropriate choice of thetion by using the Stéber procedJd].
core and the shell nature, which confer to these systems a Whereas the deposition of uniform silica shells on iron
wide range of applicationfL,2]. One of the most studied oxide particles has been successfully carried out by different
systems among these materials are probably those havingrocedureqd11,12] the opposite process (iron compounds
shells consisting of iron compounds, which have uses in var- on silica) is much more difficult. In fact, only a few attempts
ious fields of science and technology. Thus, different iron to deposit iron compounds on silica spheres can be found in
oxide phases (hematite and magnetite) deposited on silicaliterature, which in general did not result in homogeneous
surfaces have been shown to be useful catalysts for severatoatings. Thus, the sonication of Fe(G@plutions in de-
processef3,4]. Dispersions of nonmagnetic spheres coated calin, in which the silica cores were previously dispersed
with magnetic iron compounds can be also used in biotech- resulted in heterogeneous systems consisting of irregular
nology for the magnetically-assisted separation of biochem- nanpparticles or clusters of partially oxidized/hydrolyzed
ical products and cell$] and for cancer treatme[&]. Most iron not adhered uniformly to the silica particlgs3]. The
of these studies have been conducted using polymers agoating of silica spheres with layers of preformed magnetite
core compound§,8]. However, for many of these applica-  (Fe,0,) nanoparticles (10 nm) using a heterocoagulation
tions the use of inorganic cores would be advantageous since, ocess facilitated by charging the silica surface through the
they give superior thermal stability to the composites which 5qgition of a polyelectrolyte film has been also reported al-
though this method also produced rough coat[ig$ More
" Corresponding author. recently, smooth layers (6 nm) of maghemite-ke,O3)
E-mail address: mjurado@icmse.csic.¢M. Ocafia). could be deposited on spherical silica particles by a method
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based on the surface precipitation from iron ammonium cit-
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dispersions were then aged under stirring at constant tem-

rate solutions assisted by urea decomposition, which alsoperature (85C) for 24 h in tightly capped Pyrex test tubes

involved the previous alternating adsorption of a cationic and
an anionic polyelectrolyte onto the silica surfd@g

In this paper we offer an alternative and simpler proce-
dure to coat silica spheres with smooth layers of iron com-
pounds through the forced hydrolysis (6085 of iron(lll)
acetylacetonate (Fe(acgk)solutions containing the silica

after which, the solids obtained were centrifuged and washed
with doubly distilled water. This purification procedure was
repeated several times to eliminate the excess of electrolyte
and SDS. The so purified solids were finally collected by fil-
tration and dried at 50C.

The concentration of the iron salts and the amount of

cores and sodium dodecylsulfate (SDS). This procedure SiO; cores were systematically varied aiming to control the

yielded amorphous coatings for which the thermal evolution
of the composites up to crystallization was also studied. Fi-

coating thickness.
For comparison purposes, an iron oxide/SDS blank was

nally, the so obtained core-shell particles were also thermally also prepared by aging at 88 for 24 h Fe(acag)solutions
reduced under hydrogen atmosphere to produce iron/silica(0.002 mol dnT3) in the presence of SDS (SDS/Fe(agac)

composites whose magnetic properties were evaluated.

2. Experimental
2.1. Chemicals

Ethanol absolute (GR, Merck), tetraethyl orthosilicate
(TEOS) (98%, Aldrich), ammonium hydroxide (28%, Fluka),
iron(lll) chloride hexahydrate (99%, Merck), iron(lll) nitrate
nonahydrate (98%, Riedel-de Haén), iron(lll) acetylaceto-
nate (97%, Fluka), and sodium dodecylsulfate (SDS) (99%,
Sigma) were used as received.

2.2. Preparation of the silica cores

The silica cores were synthesized according to the Stéber

method [10], by base-catalyzed hydrolysis of TEOS in
ethanol solutions at 40C, for 1 h. The TEQOS, KO, and
NH4OH concentrations in these solutions were 0.26, 1.67,
and 1.07 moldm3, respectively. After aging, the precip-
itates were washed first with ethanol and then with doubly
distilled water, collected by filtration and dried at3D. This
procedure resulted in uniform spherical particles having a
mean diameter of 510 nm and a standard deviation of 34.

2.3. Coating procedure

In order to establish the optimum conditions to deposit
uniform layers of iron compounds on monodispersed sil-

mole ratio= 15).
2.4. Thermal treatments and reduction

The calcination of the samples was carried out by heating
the furnace at 10C min—! up to the desired temperature at
which they were held for 3 h.

The core-shell particles were reduced for 3 h at constant
temperature in a hydrogen stream introduced into the reac-
tor at a constant flow rate (2 drh~1). The samples were
then cooled to room temperature under the hydrogen at-
mosphere. The reduction temperature was varied between
300 and 400C to modulate the magnetic properties of the
composites.

2.5. Characterization techniques

Transmission electron microscopy (TEM, Philips 200
CM) was used to examine particle size and shape and the
effectiveness of the coating procedure. The particle size dis-
tribution of the cores was evaluated from the electron micro-
graphs by counting around one hundred particles.

The quantitative composition of the samples in terms of
the Fe/Si atomic ratio was determined by X-ray fluorescence
(XRF, Siemens SRS 3000). Infrared spectroscopy (IR) was
also used to gain information on samples composition. The
IR absorption spectra of the powders diluted in KBr were
recorded in a Nicolet 510 FT-IR spectrometer, whereas the
diffuse reflectance infrared spectra (DRIFTS) were obtained
in a JASCO FT/IR-6300 apparatus. Energy dispersive X-ray
analysis (EDX, Philips DX4), installed in the TEM micro-

ica spheres, we first studied the influence of the nature of scope, was also used to asses the homogeneity in composi-
the iron precursor (chloride, nitrate, and acetylacetonate) ontion at the particle level.

the coating characteristics. Since the addition of SDS has

also been reported to improve the uniformity of the coat-
ing in similar systems (Co compounds on sili¢a}], some

Identification of the crystalline phases was carried out by
X-ray diffraction (XRD) in a Siemens D501 apparatus using
CuK, radiation and a diffracted beam graphite monochro-

assays were also carried out in the presence of this surfacmator.
tant. For these experiments, a sonicated agueous dispersion The isoelectric point (iep) of the samples was determined

of SiO, cores (1.8 g dm3) was added to a solution contain-
ing the iron(l11) precursor (0.002 mol dnf) and SDS (when
used). In the case of Fe(aca@ water/ethanol mixture (vol-
ume ratio= 1:1) was used as solvent since the solubility of
this iron compound in water is very low. The so prepared

(Malvern Zetamaster) by measuring electrophoretic mobil-
ities of aqueous dispersions as a function of pH. Between
3 and 5 mg of sample were dispersed in 100° anfi a
0.01 moldnm® KNO3 solution to keep the ionic strength
constant, while the pH was varied by adding HiN@® KOH.
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VG Escalab 220 using the Mg, excitation source. Cali-
bration of the binding energy scale of the spectra was done
at the G, peak of the surface carbon contamination taken
at 284.6 eV. Atomic percentages of the elements were cal-
culated from the peaks areas after background subtractio
(Shirley background). The areas were referred to the sensi-
tivity factors of the elements as supplied by the instrument
manufactures. ’
Magnetic characterization of the samples was carried out
in a vibrating sample magnetometer (VSM). The satura-
tion magnetization ), coercivity (Hg), and squareness n
(My/Ms, whereM; is the remanent magnetization) were ob-
tained from the hysteresis loops for each sample recorded ai™ 500
298 K after applying a saturating field of 3 T. Th&; values
were evaluated by extrapolating to infinite field the exper-
imental results obtained in the high field range where the
magnetization linearly decreases with 1/H.

X-Ray photoelectron spectra (XPS) were recorded in a 500 nm ‘ 20 nm

3. Resultsand discussion

3.1. Preparation and characterization of core-shell
particles

The forced hydrolysis at 8% of the iron(lll) salt (chlo- e
ride or nitrate) solutions containing the silica cores did not _ .
yield coated particles. Instead, mixed systems consisting offig- 1. TEM mlc_rographs for the coated samples obtained from the Fe-

- . . L. . (acac} solutions in the absence (a and b) or the presence (c and d) of SDS.
silica spheres and irregular particles of the precipitated iron
compounds were observed. However, irregularly coated par-

ticles with rough surfaces were obtained from Fe(agcao) . N Icz:/t;dDSSit:;nk
. . . . . T r
lutions, although evidence of some irregular particles of iron | e SO,

compounds was still detecte#igs. 1a and 1 This dif-

ferent behaviour could be explained by the different pH of <~ |
the dispersions. Thus, when using the inorganic salts, the pH™s T,

\ 6.6
(2.7 + 0.1) was lower than the iep of silica (2.9Fif. 2 E | 2.9 6.3
and also than those reported for most iron hydroxides and § -1 -
oxides[16]. Therefore, under these conditions, the silica par- = |
ticles and the precipitated iron(lll) entities must be positively 3 -2-
. . o
charged, which prevents the heterocoagulation between boths |
phases. At this pH value, surface precipitation is also un- -3+
4 s 8 10 1

favoured since the iron(lll) species formed at the early stages
of hydrolysis are also positively charggl’]. However, the
attachment of the precipitated iron oxide particles to the sil-
ica surface would be allowed at the pH resulting for the
Fe(acaq solutions since it was<6) between those of the  Fig. 2. Electrophoretic mobility measured as a function of pH for the coated
two phases. In this case, the surface precipitation of the ironsample obtained in the Fe(acgtSDS system, for the silica cores and for
hydrous-oxide could also take place through the condensa-the iron oxide/SDS blank.
tion between the surface silanols and the uncharged species
resulting from the hydrolysis of Fe(acgchs schematized cles with smooth surface and a coating thickness 8fnm
in Fig. 3a. were detected for a SDS/Fe(acae)jole ratio of 15 Figs. 1c
The addition of SDS to the Fe(acas}arting dispersions  and 1d. The presence of iron in each single particle was
had a positive effect on the coating process. Thus, the irregu-confirmed by EDX analyses whereas the chemical analy-
lar particles precipitated in the absence of SDS progressivelysis of this sample gave a Fe/Si atomic ratio similar (6.5%)
disappeared and the thickness of the coating increased aso that resulting from the composition of the starting dis-
increasing the amount of SDS. In fact, only core shell parti- persion (Fe/Si 6.6%) suggesting the precipitation of most

'
IS

T

2 2

pH
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Surface
condensation
Si-OH + (OH)Fe(acac); (OH), =——————— Si-0-Fe(acac)y,(OH),., + H,O

|
+SDS/Composite formation Hydl’lesis 400°C/H,

i-(0-Fe),-SDS Si-0-Fe(OH)y
350°C/H,

! !

()] (@) 300°C/H,

Fig. 3. Schematic representation of the mechanism of silica coating through
surface precipitation from Fe(aca®olutions in the absence (a) or the pres- )
ence (b) of SDS. 800°C/air

iron species. The effectiveness of this coating process was
confirmed by the Fe/Si atomic ratio obtained from the Fe Iron/SDS Blank
and Sp, XPS spectra measured for this sample, which was

much higher (150%) than the value for the overall solid, T T T T
indicating that the iron cations are mainly concentrated in 10 2 30 40 %0 &0 &

the outermost layers of the silica spheres. In agreement with 20

these O_bservatlons’ the iep of the coated particles was aIS%ig. 4. X-ray diffraction patterns obtained for the coated sample obtained
much higher (6.6) than that of the cores (2.9) and very close i the Fe(acagySDS system heated at different temperatures under air or
to that of an iron oxide/SDS blank (6.3) precipitated under hydrogen atmosphere and for the iron oxide/SDS blank.

similar conditions but in the absence of sili¢ad. 2).

To explain the uniformity and smoothness of the coat-
ing obtained in the presence of SDS we must first address
the nature for the iron compound precipitated in this case.
It has been reported that when a SDS solution is mixed
with aqueous solutions of iron(lll) salts, layered iron ox-
ide/surfactant composites are rapidly formed consisting of
dodecylsulfate layers alternating with a few layers of iron
oxide, the inorganic layer thickness depending on the ex-
tend of the hydrolysis-condensation reactigh8,19] In
these composites, the surfactant molecules are bounded to
the iron oxide species through the sulfate groups whereas
the stacking of these composite layers takes place by the
mutual interpenetration of the hydrophobic tails of the sur-
factant molecules, which are arranged normal to the plane
of the inorganic layef18,19] Although the formation of
such iron oxide/SDS composites in the core-shell particles
could not be detected either by IR absorption spectroscopy
(the spectrum of the coated sample was dominated by the
features of silica) or by XRD, probably due to the small

4

SDS

ABSORBANCE
N
1

Iron oxide/SDS blank

coating thickness, it could be supported by the XRD pat- 0 ' : ' . ' :

tern and the IR spectrum of the iron oxide/SDS blank. Thus, 4000 3000 2000 1000

the XRD pattern Fig. 4) of this solid consisted of weak WAVENUMBER/em”"

and broad peaks atalues (18, 35.5, 40.5, 55°, 58.5,

and 62.8) close to those expected for Fe(QH20], which Fig. 5. Infrared spectra obtained for SDS and the iron oxide/SDS blank.

would correspond to the inorganic part of the composite

whereas its IR spectrum displayed bands in the 3100-2800groups and sulfate anions, respectii@y]. Attempts to ob-
and 1350-1150 cri regions similar to those observed for serve similar bands by DRIFTS spectroscopy in the coated
SDS Fig. 5, manifesting that this solid contained C-H sample were also carried out. However, the obtained spec-
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trum only showed the presence of the C—H bands, whereas 8oo°c/air 300°C/H,
those corresponding to the sulfate groups could not be de- g o
tected probably due to the overlapping with the strong Si-O
band in the same frequency regienl(100 cnt ). In agree-
ment with the formation of the iron oxide/SDS composite
would also be the finding that the onset of precipitation took
place much faster in the presence of SDS (around 1 min)
than in its absence (about 3 h), since it has been reported
that the precipitation of the iron oxide/SDS composites from
the inorganic salts (nitrate and chloride) solutions is very fast
even at low temperature (4C) [18].

If the formation of an iron/SDS composite is then as-
sumed, the uniform coating should result from the surface
precipitation of this composite on the silica particles through  3s9e¢h,
the iron(lll) species formed by hydrolysis of Fe(aca@s
shown inFig. 3b. It should be noted that the direct adhesion
of these composites to the silica surface through the SDS
chains must be discarded since as it has been reported, thi:
anionic surfactant does not adsorb on the negatively chargec
hydrophilic surface of silica at the pH of our experiment
(~6)[22].

Several experiments were also carried out in order to in-
crease the thickness of the coating layer either by increasing
the Fe(acae) concentration (0.0034 mol dm) or by de-
creasing the amount of cores (1 gd keeping constant
the other experimental conditions. In effect, thicker coat-
ings were obtained; however, the coated particles appearec 100 nm
bounded through theirs shells in all cases.

Fig. 6. TEM micrographs for the coated sample obtained in the Fe¢gcac)
. SDS system heated at different temperatures under air or hydrogen atmo-
3.2. Thermal treatment and reduction of the core-shell Sphere)_/ P yeres

particles

Fe2p,, Fe2p,,

The thermal evolution of the coated particles was fol-
725.0 711.3

lowed by X-ray diffraction Fig. 4) up to the crystallization

of the shell, which took place at 80C either in air or in-

ert (nitrogen) atmosphere, giving hematitefe,O3) as the
only crystalline phasf23]. After this treatment, an uniform
coating was still observed on the silica cores, which retained
their spherical shapda-{g. 6). It should be noted that this
temperature of hematite crystallization is higher than that 800°C/air
observed for the iron oxide/SDS blank (50D) (data not
shown) and those reported for the transformation of most
iron hydrous oxides to hematitet600°C) [24], which may

be due to the presence of SDS in the shell phase and/or its
interaction with the silica surface.

The as-prepared core-shell particles were also thermally
treated under hydrogen flow aiming to obtain magnetic com-
posites. The X-ray diffraction patterns obtained after re- Fig. 7. Fe, XPS spectra for the coated sample obtained in the Fegcac)
duction at different temperatures are shownFig. 4. As S_DS system, as prepared and after heating at different temperatures under
observed, the most intense peak  44.7°) correspond- &' o hvdrogen atmosphere.
ing to «-Fe was detected in all reduced samples along with
the broad feature at92between 15 and 30 due to amor- It should be noted that as illustratedriy. 7for the sam-
phous silica, irrespective of the temperature of treatment. As ple reduced at 350C, the position of the kg bands (725
expected, a narrowing of the-Fe peak was observed as in- and 711.3 eV) observed in the XPS spectra of the reduced
creasing the reduction temperature indicating an increase ofsamples was similar to that corresponding to the original
the crystallite sizeKig. 6). and the air annealed samples and therefore it was consis-

350°C/H,

As prepared

T T T T T T T T T T T T
730 725 720 715 710 705 700
Binding energy (eV)
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Fig. 8. Magnetization curves measured at room temperature for the iron/
silica composite particles obtained using different reduction temperatures.

Table 1

Coercivity (Hc), saturation magnetizations), remanent magnetization
(My), and squarenes34;/Ms) for the core-shell particles reduced at dif-
ferent temperatures

TemperaturedC) Hc (Oe) Ms(emug?) My (emug?l) My/Ms
300 447 20 0.52 026
350 420 40 140 035
400 430 42 144 034

tent with the presence of oxidized iron in the outer layers of
the particleg25]. This iron oxide layer must be very thin
and also of amorphous nature thus explaining why it is not
observed in the XRD pattern of the samplag( 4). This

behaviour suggests an incomplete reduction or a partial re-

oxidation of the formed Fe crystallites when exposed to the

M. Ocaria et al. / Journal of Colloid and Interface Science 294 (2006) 355-361

theoretical one, could not be significantly increased on a
further temperature increase up to 4@ suggesting that
the remaining iron oxide, also detected by XASg( 7),
might result from a partial reoxidization of the iron crys-
tallites in the air atmosphere rather than from an incomplete
reduction. This oxidation process usually results in the for-
mation of a passivation iron oxide layer as it has been previ-
ously detected for acicular iron nanopartid2g]. By taking

into consideration the theoretic#s value above mentioned
(12.2 emug?) and a value of 10-20 emuad for the iron
oxide layer (assumed to be nanocrystals of maghemite of
about 2 nm)[28,29] we can approximately estimate the
amount of oxidized iron, which correspond to an iron ox-
ide/total iron mole fraction of about 90% for the sample
reduced at 300C and about 55% for the samples reduced
at 350-400C. Obviously, a more precise determination of
the relative amount of both iron-containing species would
require the examination of the samples by Méssbauer spec-
troscopy.

The values of were less affected by the reduction tem-
perature Table 1. In fact, the observed changes are within
the experimental error. Thegé&. values were similar to the
theoretical value expected for noninteracting single-domain
spherical iron particles oriented at randg®d]. This mag-
netic behaviour is also suggested by the diameter of the iron
crystallites (measured on the TEM micrographs), which was
lower (~20 nm) than the critical diameter for monodomain
spherical iron particles~{26 nm)[30].

Finally, it should be noted that th&,/Ms values mea-
sured for these samples (.4) were significantly lower than
the theoretical value expected for an assembly of spheri-
cal single-domain and noninteracting particles with cubic
crystal anisotropy (thre€100 easy axes) randomly ori-
ented (0.83)26]. Since the iron grains present monodomain

air atmosphere. The analysis of the XPS data also showedcharacter, this finding would indicate that either the iron

that the Fe/Si atomic ratio obtained from thefand Sp,,

spectra for the reduced sample decreased (80%) with re-|

oxide layer or a fraction of the smaller iron crystallites or
both are superparamagnetic at room tempergd@tg The

spect to that obtained for the as prepared coated particlesnuch lowerM; /Mg value obtained for the sample reduced

(150%). According to the TEM observationsig. 6), such

at 300°C, which contained finer iron crystalsif. 6) and a

a behaviour could be explained by the rearrangement of thehigher amount of oxidized iron, would be in agreement with

shell produced during reduction, which after this treatment
appeared composed by individual iron-containing nanocrys-
tallites rather than by a continuous coating.

The magnetic properties obtained from the hysteresis
loops measured for the reduced sampleg.(8) are shown
in Table 1 As observed, the saturation magnetizatitfg) of
the sample reduced at 300 was much lower (2 emud)

such an interpretation.

4. Conclusions

The aging at 85C for 24 h of iron(lll) acetylacetonate
solutions in water/ethanol mixtures, containing sodium do-

than the theoretical value calculated assuming that the shelldecylsulfate (SDS) and silica spheres (590 nm) resulted in

consists of pure iron (12.2 emad), taking into account
the Fe/Si atomic ratio of the sample andMg value of
220 emug? for iron [26]. This behaviour indicates that an

core-shell particles composed by a silica core coated with
a smooth layer, which seems to consist of a lamellar iron
oxide/SDS composite. On heating at 8@) this composite

important part of the iron crystallites was oxidized, which transforms into hematite keeping the layer uniformity. The
could be due at least in part to an incomplete reduction in thermal reduction under a hydrogen stream of the core-shell

agreement with the increase bfs (4 emugl) observed as
increasing the reduction temperature up to 350It should
be noted that thig/s value, which was still lower than the

particles yielded magnetic composites consisting of rather
uniform nanocrystallites420 nm) of partially oxidized iron
homogeneously deposited on the silica particles. The satu-
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ration magnetization and the squareness of these material$13] S. Ramesh, 1. Felner, Y. Koltipin, A. Gedanken, J. Mater. Res. 15
could be modified by changing the reduction temperature (2000) 944.

(from 300 to 400C), whereas their coercivity was less af- [14] Y. Zhu, H. Da, X. Yang, Y. Hu, Colloids Surf. A Physicochem. Eng.
fected by this parameter. Most iron nanocrystallites present,_ ASPEcts 231 (2003) 123.

f ic ch ith h Il f . hich [15] M. Ocafia, A. Gonzéalez-Elipe, Colloids Surf. A Physicochem. Eng.
a ferromagnetic character although a small fraction, whic Aspects 157 (1999) 315.

increased as decreasing temperature, may behave as supgfis] M. Kosmulski, E. Maczka, E. Jartych, J.B. Rosenholm, Adv. Colloid
paramagnetic at room temperature. The oxidized iron phase  Interface Sci. 103 (2003) 57.

seems to be also superparamagneti(;, irrespecti\/e of the refl7] F. Burriel, S. Arribas, F. Lucena, J. Hernandez, Qualitative Analytical

duction temperature.
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