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A very fast self-combustion reaction was applied for the first time to the synthesis of a series of magnetic
CoFe0,—SiO, nanocomposites in a wide range of compositions (from 5 to 50 wt % &hfeCombining
a gelation method that adopts metal nitrates, citric acid and tetraethoxysilane as precursors with controlled
thermal treatments, a wide variety of samples with properties finely modulated were obtained. Particle
formation and evolution of the structural and magnetic properties with the temperature were investigated
by thermal analysis, X-ray diffraction, transmission electron microscopy, high-resolution transmission
electron microscopy, nitrogen physisorption, IR, and magnetic susceptibility measurements. It was shown
that the formation of metal ammonium carboxylate complexes takes place in all the gel precursors,
contributing to the control of nucleation and growth of the nanoparticles. Spherical particles with narrow
particle size distribution, uniformly dispersed in the matrix, are obtained in the diluted samples (N5,
N10, N15), while nanoparticles with more irregular shapes form in samples with high.Gp&entent
(N30, N50). Magnetic properties evolve with CeBg amounts and thermal treatments. The samples
treated at 900C exhibit superparamagnetic behavior, with the expected dependence of the magnetic
relaxation on particle size.

Introduction method, precursor gels are prepared from aqueous solutions
of metal nitrates and an organic complexant such as citric
acid. The nitrate citrate gels, when heated in a hot furnace,
burn in a self-propagating process, rapidly converting the
?Jrecursor mixtures directly into products.
However, it is well-known that magnetic nanoparticles tend
agglomerate, not only because of their large surface
energy, but also because of their strong magnetic interactions.
Therefore, for both fundamental and applied investigations,
magnetic properties are more profitably studied by preparing
the samples in the form of nanocomposites, that is, by
dispersing the magnetic particles in inert matrixes (amor-
phous SiQis frequently used, but also polymers and resins
are common}*~1° Moving along these lines, we have already
shown that the mentioned segel autocombustion method
can be adapted to synthesize cobalt ferrittica nanocom-
o e o opondence should be addressed. Fe89 070 6754385, positesi®12 In thesé™*3 and similar studies by other
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Spinel ferrite magnetic nanopatrticles have attracted great
interest because of their unusual physical properties (for
instance, superparamagnetism) and their practical application
in several fields (for instance, in high-density information
storage, ferrofluid technology, and magnetically guided drug to
delivery)1~® Therefore, a great variety of methods have been
experimented with for their preparation, such as chemical
precipitation, sot-gel processing, microemulsion route,
sonochemistry, hydrothermal processing, aerosol-vapor meth
ods, and high-temperature decomposition of organic pre-
cursors>*~® Recently, a setgel autocombustion method has
been proposed for ferrite synthesid? and we have applied
it to the preparation of cobalt ferrite, Cof@.1* 13 In this
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Table 1. Preparation Conditions of the Starting Sol
ICP [CoFeQy] ICP [SiO] TEOS Et(OH) H-0 citricacid ~ Co(NQOs)2 Fe(NQy)s

sample acronym (wt %) (wt %) (mol) (mol) (mol) (mol) (mol) (mol)
CoFe04/SiO,, 50 wt % N50 49.5 50.5 0.0130 0.76 1.29 0.0100 0.00340 0.00680
CoFe04/SiO,, 30 wt % N30 29.0 71 0.0304 0.76 1.29 0.0100 0.00340 0.00680
CoFe04/SiO,, 15 wt % N15 16.0 84 0.0746 1.18 1.29 0.0100 0.00340 0.00680
CoFe04/SiO,, 10 wt % N10 105 89.5 0.0304 0.76 1.29 0.00262 0.000881 0.00179
CoFe04/SiO,, 5wt % N5 4.7 95.3 0.0304 0.76 1.29 0.00125 0.000417 0.000836

In the past, iron oxidesilica-based nanocomposites have  After vigorous stirring for 30 min, the sols were poured into
been prepared in our laboratories by the classicatgel Teflon beakers and allowed to gel in static air at®@in an oven
method, in which the starting solution contained metal salts, for 24 h.
water, ethanol, and tetraethyl orthosilicate (TE®'S§:22 The thermogravimetric analysis of the gels, described below,
Following this route, the nanoparticles nucleate and grow showed that the decomposition of the precursors is complete at
. - . . temperatures between 200 and 280 On this basis, the gels were
inside a preformed silica network and their morphological

submitted to thermal treatment at 300 in a preheated oven. After

and geometrical features are mainly affected by the prOpeI’tieselimination of large amounts of gases, the gels burned through a

of the host matrix (porosity, surface area); in these conditions self-propagating process, producing directly CaB¢SiO, nano-
the control of particle size and distribution is quite difficult. composites (as-prepared samples) in powder form. The temperature
In the autocombustion method the formation of the nano- was raised to 900C with steps of 100C, and the samples were
particles is directly influenced also by the carboxytatectal kept at each temperature for 1 h.
complexes that form during the gelation stage and which  The pH and preparation conditions reported in Table 1 were
give rise to the metal oxides during the combustion. For this selected after a long series of trial experiments, in which the effect
reason the control of the properties of the nanoparticles ©f €ach of several parameters was explored. The preparation of
should be easier. Therefore, we tried to extend the complex-compos'te_S 1S, n fa‘_:t' more O_“ﬁ'cu“ tha_n that of pure phéses'
ation—autocombustion method to the preparation of ferfite . To obtain composites in which the active phase is well dispersed
" . . " in the silica matrix, the gelation time of the silica precursor has to
silica nanocom_pOS'teS in a rather \_N'de range of COrm"’os't'ons'be similar to that of the metal citrate complex. However, at the pH
down to the dilute nanocomposites, that have never beencqngitions usually reported in the literature for the preparation of
prepared by this route. In the present paper we describe theyure ferrite (pH 7), TEOS hardly polymerizes and is mostly
preparation of (CoR©,)«(Si0O.):1-x samples, withx = 50, eliminated during the self-combustion reaction, leading to pure
30, 15, 10, and 5 wt %, and a thorough characterization of metal oxides. Nanocomposites with a high load of active phase
the products by transmission electron microscopy (TEM), were successfully obtained at pH 4 and a gelation temperature of
high-resolution TEM (HRTEM), X-ray diffraction (XRD), 40°C The pH value of 2 and gelation temperature of@were _
differential thermal analysis (DTA), thermogravimetry (TG), found to be the best compromise to prepare homogeneous sols in

nitrogen physisorption, IR spectroscopy, and magnetic mea-& more extendeq range of _composmons. In s_uch cqndltlons it was
suments possible to obtain the desired nanocomposites, with good nano-

particle dispersion and size distribution.
. . The addition of ethanol as a mutual solvent can lead to phase
Experimental Section separation because of the decreased solubility of metal citrate

Five (CoFg0,)(Si0,);-x Nnanocomposites, witk = 50, 30, 15 complexeg? therefore, also the amount of ethanol is a critical

X —X 1 - 1 1] .
10, and 5 wt %, were synthesized, adjusting a procedure describe Ergg?;eirﬁgzzgj:ds , ttr?egZ:nho(:JrrT gfegfr?::oTor:Z’sqgebnet?r?c?ergcs)ggtigf
elsewher&-13in which a traditional setgel technique (hydrolysis ’

and condensation of alkoxide precursors) is combined with the going from NS0 o N15. However, a further increase of TEOS and
sol—gel autocombustion. In the following, the samples will be ethanol for the diluted (N10 and N5) samples would lead to great

indicated by the acronyms N50, N30, N15, N10, and N5, d!fferences |n.the ;ol szLJrface:onume ratlp and therefore to quite
tively (Table 1 different gelation time&? For this reason, in the diluted samples
respectively ( ‘? el ) the amount of salts was decreased instead of the TEOS and ethanol
Tetraethoxysilane (TEQS, Aldrich, 98%) was used as a precursor

amounts being increased.
for the SiQ, whereas metal nitrates (Fe(B&9H,0, Aldrich, 98%, g

) T i The composition and the iron-to-cobalt ratio in all composites
. 0,
and Co(NQ)>"6H,0, Aldrich, 98%) aT‘d citric aC|.d were used as were checked by inductively coupled plasma analysis; the results
precursors for the CoR®, nanoparticles. The iron and cobalt

. . . . . - confirmed the nominal composition with an instrumental error of
nlt_rates were (.j'SSOIVedOm water with a 2:1 molar _rat|o, and citric about 2% (Table 1), including the iron-to-cobalt molar ratios of 2.
aC|_d (CA, Aldrich, 99.5%) was added to the §0Iutlon. '!'he molar The structural evolution of the samples was monitored by XRD,
ratio of me.tals (.CO(I|)+ Ee(lll)) to. CA was f|>§ed at 1.1. The using a Siemens D500 diffractometer with-26 Bragg Brentano
corresponding citrate-to-nitrate ratio was 0.37 in all the gels. The

i | | lution had H vall geometry and a Mo K wavelength. Cobalt ferrite nanoparticles
rL‘?SU ting ¢ ear purpel scléubtlonz ; a spog(tjar:jegus pR v ed' were observed in electron micrographs obtained by a transmission
iquor ammonia (Carlo Erba, 25%) was added dropwise to adjust electron microscope (JEOL 200CX) operating at 200 kV. Finely

the pH value to 2. Asuitablg amount of TEOS in ethanolwa§ then ground samples were dispersed in octane and subjected to an
added to the aqueous solution, and a few drops of ammonia wereyagonic bath. The suspensions were then dropped on carbon-
also added to bring the pH back to the value of 2. All the mixtures . 5iaq copper grids for the observations. The particle size was

appeared clear and did not exhibit any phase separation. obtained by measuring in different parts of the grid the average
diameterD; of a number of particles close to 100 in the diluted
(21) %géﬁole;gguang' W. C; Yang, C. C; Hsu, J.I8ater. Res. Bull. samples and to 500 in the most concentrated ones.

(22) Cannas, C.; Concas, G.; Gatteschi, D.; Musinu, A.; Piccaluga, G.;
Sangregorio, CJ. Mater. Chem2002 12 (10), 3141. (23) Hao, X.; Wei, Y.; Zhang, STransition Met. Chem2001, 26, 384.
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Figure 2. IR spectra of the N50, N15, and N5 fresh gels compared with
citric acid (commercial product).

100 200 300 400 500

¢0) water, and a drastic weight loss at 2(80°C, accompanied
Figure 1. TG () and DTA (b) plots of the N50, N30, N15, N10, and N5 DY @n exothermic asymmetric peak in the DTA curves, due
fresh gels. to the self-combustion mechanism?26-28 The total weight

losses depend not only on the metal salt amounts, but also
HRTEM images were obtained by a JEM 2010 UHR equipped on the different amounts of ethanol, water, and citric acid
with a Gatar_l imaging filter (GIF) and a 7_94 slow scan CCD camera. entrapped inside the gel, and even on the different quantities
O ooar e o ot o Of &mmoria used 0 diis he p. The weight oss a abou
10 °C/min under 50 mL/min oxygen flow. ZQO Cis mamly affected by the metal content: it decreases
with decreasing metal content from a value of about 60

IR spectra were collected in the middle region from 400 to 2000 . i
cmt using a Bruker Equinox 55 spectrophotomer on KBr pellets. 80% in N15, N30, and N50 to 320% in N5 and N10,

Textural analysis was carried out by a Sorptomatic 1990 system While the sharp asymmetric exothermic peak centered at
(Fisons Instruments, Rodano (Mi), Italy) by determining the about 202-203 °C shifts to 223-230 °C and becomes
nitrogen adsorption/desorption isotherms at 77 K. Before analysis, broader and its intensity decreases considerably. This effect
the samples were heated under vacuum toZ2@vith arate of 1 s due to the high content of silica that hampers the self-
°C/min, and kept at 220C for 12 h (as-prepared samples) and at - ,ronagating combustion process. No other important trans-
400 °C for 10 h (calcined sqmples). The specific surfaces were formation can be evidenced in the T®TA curves at
assessed by the BET metRbih the case of mesoporous samples temperatures beyond 23C, indicating that at this temper-

and by the Dubinin meth@8in the case of highly microporous
samples. ature the precursors are completely decomposed.

Measurements of static magnetic moment were performed by a  1he mi_d-IR spectra of the N50, N15, and N5 gels are
Quantum Design SQUID magnetometer, equipped with a super- reported in Figure 2, together with the spectrum of pure CA.
conducting magnet able to produce fields of up to 5 T. The samples Important information is contained in the 1300950 cnt?
were immobilized in an epoxy resin to prevent any nanoparticle region, in which the signals of the vibrational modes of the
movement. The samples were cooled in zero magnetic field, and carboxyl groups are observed. The spectrum of pure CA
then the Zerho'f'e'd'coo'Ed (ZFC) Susfegt?”l'éy ‘;"gg geaS‘Iqu,led I:’y shows a doublet in the range 1650800 cnt?, attributed
Increasing the temperature in an applied field of 50 Oe, while the 1, oyo10hing vibration absorption bands of carboxylic groups,
field-cooled (FC) susceptibility was recorded by cooling the samples . . .
in the same field. which can be ascribed to free carboxylic groups (1754'¢m

and carboxylic groups forming intramolecular hydrogen
bonds (1704 cm').?° A small broad doublet shifted to higher
. _ values (1763 and 1724 cr) is also visible in the spectra

Gel Precursors Figure 1 shows the TG and DTA profiles  of the gel precursors. Its incomplete disappearance indicates
of the fresh gels with different metal contents. All the gels
display weight losses from 7% to 17% in the-5D00 °C (26) Chakraborty, A.; Devi, P. S.; Roy, S.; Maiti, H. $. Mater. Res.

temperature range, related to the elimination of ethanol and __ 19949, 4, 986.
(27) Devi, P. S.; Maiti, H. SJ. Mater. Res1994 9, 6, 1357.
(28) Shafer, S.; Sigmund, W.; Roy, S.; Aldinger,F.Mater. Res1997,
(24) Brunauer, S.; Emmet, P. H.; Teller, E.Am. Chem. S0d.938 60, 12, 10, 2518.
309. (29) Takahashi, R.; Sato, S.; Sodesawa, T.; Kawakita, M.; Ogurd, K.
(25) Dubinin, M. M. Q. Re.. Chem. Socl1955 9, 101. Phys. Chem. R00Q 104, 12184.

Results
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Figure 3. XRD patterns of the as-prepared samples.

that a small amount of free citric acid is still present in the
precursor gels. In addition, four signals are present at about
1620, 1560, 1400, and 1384 cThe band at about 1620
cm 1, together with the shoulder at about 1560 ¢ntan
be assigned to the asymmetric stretching@-O (v,) of
the carboxylate anion, although the bending of water
molecules can also contribute at around 1630 %# the
intense signal at 1400 crhis due to symmetric stretching
of O—C—0 groups and to NH stretching of the Ngi" ions.
These three bands are typical of a three-dimensional structurgyeaks appear (N30), and then new and sharper reflexes with
of a metal ammonium carboxylate gélconfirming the  increased intensity emerge (N50), indicating the presence
formation of metal complexes in all the samples. The very of a nanocrystalline phase. The whole pattern can be ascribed
sharp band at 1384 crhis attributable to the stretching to the CoFgO, spinel phase (PDF 22-1086); no shift is
vibration of NG~ ions; another sharp band clearly visible observed in thel spacings compared with the theoretical
at 830 cmt s also ascribable to the NOions. The presence  card, thus confirming the formation of a stoichiometric cobalt
of these two signals indicates that pixists as a free group  ferrite.
in the structure of the citrate gel and provides an in situ  TEM observations show the presence of nanocrystalline
oxidizing environment for the combustion of the citrate particles dispersed in the silica matrix in all the samples. As
componeng? an example, dark field micrographs of N50, N15, and N5
The typical bands of silica gel (highlighted with arrows samples are reported in Figure 4. The amount of visible
in Figure 2) at about 1200, 1080, 960, and 460 tmre  particles increases with the Cala content; their size
also present; their intensity increases with decreasing metalincreases from an average of about 2 nm (N5) to an average
content, confirming the expected formation of the silica of about 8 nm (N50), and their size distribution becomes
network in higher amount in the diluted systetAdlhese  |arger and larger. The small size and the low number of
observations undoubtedly indicate that the precursor gels areparticles in the diluted samples justify the XRD results. The
formed by a silica network embedded by metal ammonium npanoparticles have spherical shapes in the diluted samples
carboxylate complexes. (N15, N10, N5) and more irregular shapes in the ones with
As-Prepared SamplesThe XRD results are reported in  higher CoFgO4 content (N50, N30).
Figure 3. Only the amorphous pattern of the silica matrix is Figure 5 shows M adsorption/desorption curves at 196
visible in the case of diluted samples (N15, N10, and N5). °c. Going from the diluted samples (N5 and N10) to the
With the increase of the Cok®, content, three broadened  most concentrated ones, a change of the textural features
can be noticed. In fact, N5 and N10 show a type | isotherm

(30) Takahashi, R.; Sato, S.; Sodesawa, T.; Suzuki, M.; Ichikuni, N. ; i indi ; ;
Microporous Mesoporous Mate2003 66, 197. with no hysteresis, indicating a totally microporous texture,

Figure 4. TEM dark-field negative images of the N50 (a), N15 (b), and
N5(c) as-prepared samples.

(31) Yue, Z.: Li, L.; Zhou, J.: Zhang, H.; Gui, Mater. Sci. Eng., 2999 expected for silica gels prepared under acidic conditféns.
64, 68. _ _ The N15 sample shows a typetype IV composite isotherm,
(32) Yue, Z.; Zhou, J.; Wang, X.; Gui, Z.; Li, 1. Eur. Ceram. SoQ003
23, 189.

(33) Casu, M.; Lai, A.; Musinu, A.; Piccaluga, G.; Solinas, S.; Bruni, S.; (34) Brinker, C. J.; Scherer, G. VBol-gel ScienceAcademic Press: New
Cariati F.; Beretta, EJ. Mater. Sci.2001, 36, 3731. York, 1990.
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Figure 5. Nitrogen physisorption isotherms recorded at 77K of the as- 20
repared samples.
prep P Figure 6. XRD patterns of the N15 sample treated at different calcination
Table 2. Textural Properties of the CoFe04/SiO, Samples temperatures.
san av pd‘?fe spe av Pd‘?fe this behavior parallels the formation and growth of the
Size diam Size dlam . . .
sample mly) A sample (m2g)  (A) CoFe0, nanoparticles in the samples, as evidenced by XRD
N50_asprepared 221 40  N15_T500 679 6 and TEM results. _ _ _
N30_as-prepared 580 40 N15_T700 678 6 Calcined SamplesThe progressive heating of the diluted
Hig—giiﬁﬁiﬁiiﬂ ggg g N15_T900 30 9 samples leads to the appearance of faint GOFe&X-ray
N5_as-prepared 495 6 diffraction peaks, while in the case of the high CgBe

content samples the peak intensities increase and their
broadening slightly decreases.
which could be due either to very narrow mesopores or to a  1he XRD patterns of the N15 sample as a function of the
bimodal distribution with one maximum in the micropore thermal treatment are reported in Figure 6. Similar continuous
and the other in the mesopore ragEinally, the adsorption ~ €volution was found for the other two diluted samples.
isotherms of the N30 and N50 samples are of type IV and Although the peaks related to the CeBgphase can hardly
present hysteresis loops of type H1, indicating that the be separated from the amorphous pattern for thermal treat-
structure is mainly mesoporous. ments up to 700C, they clearly suggest the presence of
The surface area values, reported in Table 2 together withSmall cobalt ferrite particles at 800 and 90C. The
the average pore size, increase from the N50 sample to thetmorphous background undergoes some modifications as
N15 sample as a consequence of the increasing porous silicdV€ll, indicating structural rearrangement of the silica net-
content and then decrease as a consequence of the reduceork. In fact, the silica halo at abou#2= 11° in the as-
amount of CA in the diluted gel precursors. These results Prepared saomple shifts toward lower angular valués=<2
are in agreement with literature data for silica samples 9-5) at 900°C. _ o
prepared using citric ac¥.In any case, the surface area ~ 1h€ nitrogen adsorptierdesorption isotherms of the
values reported for these composites are quite high comparedg@mples calcined at different temperatures indicate high
with the results reported in the literature for xerogel samples, Surface area values up to 780 for all the samples; at higher
while they are comparable to those observed for aerogelt€mperatures a collapse o_f the structure is observed. As an
samples. This result can be explained by the formation €xample, the results obtained for N15 samples at various
mechanism of the texture; in fact, the self-combustion processc@lCination temperatures are summarized in Table 2. The
induces a swift loss of solvents very similar to solvent Nighest surface area value is observed for the as-prepared
extraction in supercritical conditions, thus leading to a Sample (823 ig), very high values are obtained also for
preservation of the preexisting gel structure. the samples treated at 500 and 7a0(670-680 n¥/g), and
The ZFC and FC magnetic susceptibilities were measuredcollapse of the porous structure is observed for the sample
but are not reported here. FC and ZFC curves of the diluted "€ated at 900C (30 n¥/g).
samples (N5, N10) coincide, showing a paramagnetic The XRD patterns of the samples treated at 9q0are
behavior. N15, N30, and N50 samples display a progressively €Ported in Figure 7. The peaks of the nanocrystalline phase
irreversible magnetic behavior (separation of the two curves) INCréase in intensity with CoR®, content and become

due to the increasing presence of superparamagnetic particless,h‘e‘tfpler and sharper as a consequence of the increase of the
particle size.

(35) Vendange, V.; Jones, D. J.; Colombanj FRhys. Chem. Solids996 TEM observations of the samples treated at 90QFigure
57, 196, 1907. 8, left side) indicate the crystalline nature of the nanopatrticles

aError 3%.° BET surface are& Dubinin surface area.
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AR A R R AR IARRN the nanocrystals for the diluted ones. Moreover, a great
number of particles are in close contact in the N50_T900
sample, while in the diluted samples the matrix is effective
in preventing aggregation. The set of fringes observed in
samples N50_T900 and N15_T900 corresponds to the [311]
lattice planes of the cobalt ferrite phase with a distance of
2.4 A

The particle size distributions are represented with histo-
grams in Figure 9, and the average particle sizes are calcu-
lated with a log-normal distributio®?. The particle size distri-
butions show an increase of the average particle diameter
from about 3 nm (N5) to 30 nm (N50), accompanied by a
gradual broadening of the particle size distribution.

The magnetic measurements evidence superparamagnetism
for all the samples treated at 90@, with a hysteretic
behavior at low temperature. FC and ZFC curves are reported
in Figure 10. In all the samples, the ZFC and FC suscepti-
bilities coincide at high temperature, while in going to low
temperatures they start to separate: the FC magnetization
increases with decreasing temperature, while the ZFC
magnetization shows a broad maximum. The temperature
corresponding to the maximum can be related to the blocking
temperature, i.e, to the temperature at which the relaxation
time is equal to the time scale of the experimeni)(The
temperaturdsepat which the ZFC and the FC curves separate
corresponds to the blocking of the largest particles, while
the maximum of the ZFC curvel (a4 can be related to the
blocking of the particles with average voluie® The
differenceTsep — Tmax IS therefore a qualitative measure of
the width of the energy barrier distribution and thus of the
nanoparticle size distribution. The values Bfax and Tsep
are reported in Table 3. increases from 41 K for the
N5_T900 sample to 207 K for N50_T900, afgl, — Trmax
shows the same behavior. The observed trend is due to an
increase of the average volume and of the width of the
particle size distribution, as indicated by TEM observations.
However, also interparticle interactions, which are expected
to be stronger in samples with higher cobalt ferrite load, can
contribute to the observed shiftin fact, the observation
that the FC curves of N50 and N30 samples flatten below
25 K suggests the possible formation of a collective magnetic
state due to interparticle interactiofsFor samples N15,
N10, and N5 some information about interparticle magnetic
interactions can be obtained from the study of the suscep-
tibility in the superparamagnetic regiof ¢& Ty). In these
conditions the ZFC susceptibility follows, as a first ap-
proximation, a CurieWeiss law:

I (a.u.)

x=CIT—O) 1)

Figure 8. TEM images (left side) of the N50 (a), N15 (b) and N5 (c) . )
samples and HRTEM (right side) images of the N50 (a) and N15 (b) samples Where the Curie constatt= [4*[I3k,[V[][4Lls the average
calcined at 900C.

dispersed in the silica support. The heating process leads td®) gghé‘”ltfz”l' R. W.; Popplewell, J.; Charles, S. Rhysical977, 86—

the progressive growth of the particles and to their structural (37) Morrish, A. H. The Physical Principles of Magnetisriohn Wiley
ordering. Therefore, a higher number of particles can be seen 58) ?\l’]eglsf’"zinn'\‘%"veggg';vsllgfgs 9
in these images in comparison with those of the as-preparedzg) pormann, J. L. Fiorani, D.; Tronc, E. IAdvances in Chemical

samples. The HRTEM images (Figure 8, right side) confirm \F;hIVS)i(CgVF;IrIiQOQgéeg, I, Rice, S. A, Eds.; Wiley: New York, 1997
. - . ol. . p .
the irregular morphology of the particles for the samples with (40) Zysler, R. D.. Fiorani, D.; Testa, A. M. Magn. Magn. Mater2001,

the highest concentration and the spherical morphology of 224, 5.
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Figure 9. TEM particle size distribution of the samples calcined at 900
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Figure 10. ZFC—FC curves of the samples calcined at 9@normalized to the amount of magnetic component.

Table 3. Tmax and Tsep Temperatures Determined from the ZFC—-FC

andOs, is the superparamagnetic Curie temperature. It must

Curves® be remarked that this formula is valid for uniaxial nanopar-
Toax  Tsep(<3%)  Tsep- Tmax  Mrem  rel width ticles, provided that the susceptibility is field independént.
sample (K) (K) (K) (nm) o
N50_T900 207 298 o1 283 0.6 Equation 1 was used to fit the susceptibility fgr temper-
N30_T900 127 231 104 16.3 0.4 atures oveilsep, Where the ZFC and FC curves coincide and
mg—ggg ig gg 2421 g-g 8-% all the nanoparticles are presumably in the superpamagnetic
N5_T900 41 65 24 28 01 state. Dormann pointed ddthat ©, can provide a rough

2 Results of the log-normal fit of the particle size distribution obtained

from TEM images.

magnetic momentk, the Boltzmann constant, an®Uthe

(41) Fiorani, D.; Dormann, J. L.; Cherkaoui, R.; Tronc, E.; Lucari, F.;
D’Orazio, F.; Spinu, L.; Nogues, M.; Garcia, A.; Testa, A. MMagn.

average nanoparticle volumd]js the absolute temperature, 415.

Magn. Mater 1999 196-197, 143.
(42) Dormann, J. L.; Fiorani, DI. Magn. Magn. Mater1995 140144,
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evaluation of the strength of the interparticle magnetic treatments, a wide variety of samples have been prepared in

interactions. In the N10 and N5 samples the superparamagwhich the magnetic properties are finely modulated.

netic Curie temperature is close to 0 K, and in the N15  The ZFG-FC measurements of the samples treated at 900

sample the value is at about7 K. These results suggest °C have allowed the study of superparamagnetic relaxation

that in the most diluted samples (N5, N10) the interparticle as a function of the Col@, load and therefore of the particle

interactions are of the same order of magnitude and aresize and of the number of particles. In fact, the particle size

unimportant, while in the N15 sample weak magnetic is strictly related to the magnetic particle blocking phenom-

interactions may be present. However, it should be pointed enon.Tp.xandTsepincrease with increasing Cofe, content,

out that the Curie temperature values obtained provide only as expected for increasing average particle size. However,

a first indication of the magnetic interactions, as they do not in going from the N15 sample to the more diluted ones, a

take into account the dependence of the magnetic momentegular trend cannot be discernedlif andTsep the values

on the temperature. for N15 being very close to those of N10. This can be

ascribed to the fact that the self-combustion process occurs

in slightly different ways in the N10 and N5 samples. In the
The preparation route reported here, which combines apTA curves the sharp asymmetric exothermic peak, centered

traditional sot-gel technique (hydrolysis and condensation at about 200C for N15, shifts to 223-230°C and becomes

of alkoxide precursors) and nitrateitrate sot-gel self-  proader, and its intensity considerably decreases in the case

combustion, has been successful in providing nanoparticlespf N10 and N5. This behavior indicates a different speed of

made up of a single Cok®, spinel phase finely dispersed  the particle formation and growth and might justify tRgux

in a silica amorphous matrix within a wide range of andT,trend. The porosity of N5 and N10 (microporosity)

composition (from 5 to 50 wt % cobalt ferrite). In recent s also different from that of N30 and N50 (mesoporosity),
years other authot¥*' have attempted to prepare ferrites \whijle N15 exhibits intermediate properties.

dispersed in silica matrixes through a similar -sgél Besides the size, also the number of particles has a great
autocombustion synthesis; XRD, IR, and NMR results have jnfjyence on the magnetic behavior. By increasing the
shown difficulties found in the silica polymerization pro- CoFeO, content, the average distance between particles
o : - , e o

cess,® hence the problems in obtaining homogeneous yecreases, and therefore, the interparticle interactions in-
composites of ferrite in silica. Through a careful control of o556 The different importance of the interactions can be
several preparation parameters (pH, amount of ethanol,5nsther reason for the noncompletely regular evolution of
gelation temperature, thermal treatments), the synthesisyge piocking temperatures. In agreement with this, the
proposed here has led to a decisive improvement of the ypserved Curie temperature values indicate that the inter-
nanocomposite properties as regards active phase dispersionaricle interactions are unimportant for the N10 and N5
particle shape and size, and patrticle size distribution. samples while they are weak for the N15 sample.

h In all _t(;]e mv((jas:lr?attet?] compos:tlon? the ttrwhermaLanalys:? Interesting results have also been obtained by monitoring
as evigence at the sampies form through a S€l- o oictyral and magnetic property evolution of the samples

qombustlon mechamsm. A consequence of .th.'s fast combus-as a function of the thermal treatments. A certain number of
tion process is the high surface area exhibited by all the

les. The sil | network_filled with h balt particles form through the self-combustion process (as-
samples. The stlica gel network, Tifled with amorpnous coba prepared samples), and then the thermal treatment gives rise
iron ammonium citrate, does not shrink during the self-

i busti hil d i fto their progressive growth and structural ordering. As a
propagating combustion process, while condensation o consequence, a greater and greater number of nanoparticles
silanols is not inhibited. Thus, a highly open structure is

hieved in the whol itional lored- it | of CoFeO, are observed in TEM micrographs, the CeBe
achieved Iin the whole compositional range expiored; 1L IS oo ctions hecome more evident in the XRD patterns, and
comparable to that obtained by the more complicated

o . . -~ . .~ the morphology becomes more regular together with the
supercritical drylng process ar_1d is beneficial t_o the d|sper§|on particle dispersion and particle size distribution. Obviously,
c.)f the magnetu; phasg. The final products display combina- these structural and morphological modifications take place
t|9r_15 of _propertles ‘yp'c"?" of the Const|tue.nt phases, thereforeside by side with the evolution of the magnetic properties,
glvmg_ rise to new multifunctional materlals. For example, which in turn can be modified in a wide range.
the silica open network allows fast diffusion of reactants and . o
products, and the large nanophase dispersion may provide a In conc.lu5|on,. the poss.|b|I|ty to_ gontrol the features of the
large number of active sites for catalytic applicatiéhé nanoparticles dispersed in the silica matrix makes the sol

The formation of the carboxyl etal complexes during gel autocombustion method a very promising route for the
the gelation stage, demonstrated by IR measurements isdeep investigation of the magnetic behavior of nanomaterials.
crucial in the control of the nanoparticle properties. Com-

bining the autocombustion method with appropriate thermal

Discussion
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