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Two series of nanocomposites from the Fe,0,—Si0, system, containing 20 mass% iron oxide were prepared by the alkoxide route of
the sol-gel method, in the absence and presence of catalyst. The silica gel has been obtained using tetracthoxysilane. The iron(III)
nitrate nonahydrate has been used as iron oxides source. The samples have been prepared in identical conditions, differing only by
the gelation times, induced by different surface of evaporation/volume (S/V) ratios of sol let to gelify. Thermal analysis data have
established the thermal treatments conditions of the prepared samples and were correlated with X-ray diffraction, IR spectroscopy
and TEM results, in order to accomplish a complete structural characterization. The correlation between the structural modifications

of the Fe,0,~Si0O, nanocomposites and different conditions of drying has been established.
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Introduction

The synthesis of materials in the nanometer range is a
subject of great interest due to their distinct chemical,
magnetic and optical properties. Among the various
preparation procedures of nanocomposites, the
sol—gel method offers some special advantages. It al-
lows the control of the final properties of the material
and represents an effective remedy to the tendency of
nanopowders to aggregate, ensuring the homoge-
neous dispersion of some ultra-fine metal oxide parti-
cles in the host matrix.

Concerning the sol-gel iron-silica nanocompo-
sites, the material consists of a SiO, matrix which
contains one of the polymorphs of the iron(IIl) oxide:
o-Fe,O3 (hematite), y-Fe,O; (maghemite), €-Fe,Os,
B-Fe,O; or amorphous Fe,O; [1-8]. Hematite
(a-Fe,05), the antiferromagnetic hexagonal form,
represents the most thermodynamically stable poly-
morph of the iron(III) oxides, so it is easiest to be ob-
tained. However, the most studied polymorph re-
mains maghemite (y-Fe,03), the ferromagnetic cubic
form [5, 6, 9, 10], due to its magnetic properties,
which ensure many technological applications. Its ob-
taining is difficult because of the y- to a-Fe,O; transi-
tion, which is not easy to be controlled. The explana-
tion consists in the multitude of factors that can affect
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the stability of iron oxides. Therefore, the reported
transition temperatures (7y,) vary in the range
300-600°C [11], even higher than 650°C [9].
e-Fe,0s, the ferromagnetic orthorhombic form is a
rare polymorph, difficult to synthesize as single-
phase, but typically obtained as mixtures of - plus o.-
and/or y-Fe,O3 [7, 8]. Depending on the iron precur-
sor used and on the process parameters of the sol—gel
synthesis, besides all these polymorphs of the
iron(I1I) oxide, a series of iron oxyhydroxides, such
as goethite: o-FeO(OH) and lepidocrocite:
v-FeO(OH) or fayalite (Fe,(Si0O,4), can be obtained.

The authors of the present paper have recently
studied the obtaining of Fe;0,—Si0, nanocomposites
via alkoxide and colloidal route of the sol-gel
method [12]. They put in evidence the influence of
the type of silica matrix on the structure, size and dis-
tribution of the Fe;O4 nanoparticles in these nano-
composites with magnetic properties.

The properties of the final nanocomposite are
mainly determined by the sol-gel parameters, refer-
ring both to the chemical composition, and to the re-
action conditions: the metal and silica precursors,
their concentrations, the molar ratios between compo-
nents, the nature of the catalyst, the pH and tempera-
ture values. Another parameter which is very impor-
tant for the final properties of the obtained
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nanocomposites consists in the drying conditions,
which can be varied through the control of the surface
of evaporation/volume (S/V) ratios of sol let to gelify.

All the mentioned factors have a major influence
on the particle size, the size distribution and the iron
oxide phase formed in the final nanocomposite. As
Piccaluga et al. [13] have already mentioned, because
of the extremely high number of variables which in-
fluence the method, the results reported in the litera-
ture are not easy to be compared.

In the present work, from the multitude of
sol—gel parameters influencing the iron oxide phase
obtained in the final nanocomposite, those related to
the drying conditions have been chosen.

The paper has studied two series of nanocompo-
sites from the FeO—SiO, system, -containing
20 mass% Fe,O; (related to Si0O,), prepared by the
alkoxide route of the sol-gel method, differing by the
absence or presence of catalyst in the synthesis. Both
series of samples have been prepared in identical con-
ditions, differing only by the gelation times, induced
by different surface of evaporation/volume (S/V) ratios
of the sols. The modifications induced in the prepared
nanocomposites by changing the mentioned sol-gel
parameters have been studied mainly with the aid of
thermal analysis, whose results have been sustained by
XRD, IR and TEM measurements. The mentioned
methods have been also used for the characterization of
other types of nanocomposites [14].

Experimental
Samples preparation

Two series of sol-gel Fe,O,~SiO, nanocomposites
containing 20 mass% Fe,0; related to SiO, have been
prepared, in identical synthesis conditions. The only
difference between them consisted in the absence (se-
ries A) or presence (series B) of HCI addition, as cata-
lyst. The silica precursor was tetracthylorthosilicate
(TEOS) and the Fe,Oy source was the iron(III) nitrate
nonahydrate (Fe(NOs);9H,0), both reagents from
Merck. The solvent used in the sol—gel reaction for the
TEOS alkoxide was C,HsOH from Riedel de Héen.
An appropriate quantity of EtOH was used in or-
der to dissolve the iron(IIl) nitrate nonahydrate, by
stirring at the room temperature. After the total disso-
lution of the salt, the ethanolic solution was poured,
drop by drop, in a mixture of TEOS and EtOH, under
vigorous stirring, also at the room temperature. The
molar ratio between alkoxide and solvent was
TEOS:EtOH=1:16. Concerning the quantity of water
necessary for promoting the hydrolysis reaction, for
series A it has been proceeded only from the hydra-
tion water of the iron salt. For series B, a supplemen-
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tary quantity of water has been added together with
the acid catalyst, introduced in the reaction mixture as
last step of the sol—gel preparation.

Both sols, corresponding to series A and B, have
been stirred for 30 min, at room temperature. Then,
each of them was poured into three identical vessels,
differing one from the other only through the quantity
of sol content. The six resulted samples were covered
with watch glasses and let to gelify in an oven at
50°C. The different volumes of sols let to gelify in
identical vessels, which correspond to different sur-
face of evaporation/volume of sol ratios led to differ-
ent gelation times of the prepared nanocomposites.
Table 1 presents this correspondence, together with
the codification of samples.

Both silica matrices (m-M3, and m-M3g:4) have
been obtained in identical conditions with the corre-
sponding nanocomposites, eliminating only the addi-
tion of Fe(NO;);-9H,0 from the reaction mixture.

Table 1 The gelation conditions and the gelation times of the
prepared nanocomposites

Series Sample” nii,?l pH OT(/: Gel(i;;me/
Mg 0.08 1.5
M, 0.04 3.5
A Mso 003 % 8.0
m-M3, 0.03 >30
Mig+a 0.08 2.0
\Y ETYON 0.04 4.0
B My 003 0 10.0
m-M3pia 0.03 5.5

*The inferior index (10, 20, 30) indicates the number of
mL of sol corresponding to each sample; the presence of
letter ‘A’ at the inferior index indicates the samples
belonging to series B, in whose preparation an acid
catalyst was used; m-Mj, represents the silica matrix
corresponding to sample M3y; m-Msq.4 represents the
silica matrix corresponding to sample M3g4

Samples characterization

The prepared nanocomposites were characterized by:

* Thermal analysis, performed up to 700°C using a
STD 2960 simultaneous TG-DTG-DTA apparatus
(TA Instruments); heating rate 10 K min ™', flowing
air and N, atmosphere; 130 mL min ';

+ X-ray diffraction, using a computer controlled
DRON DART UM-2 diffractometer equipped with a
CuK,, source and a graphite monochromator in the
diffracted beam (the scanning technique was applied
with a step width of 0.05° and an acquisition time on
each step of 2 s, ranging from 26=15-67°).
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« IR spectroscopy, in the 4000400 cm ' range, with
a Carl Zeiss Jena Specord 80 Spectrophotometer.

» Transmission electron microscopy (TEM), collect-
ing images with a JEOL 200 CX.

Results and discussion

Before presenting the results regarding the character-
ization of the prepared nanocomposites, a few specifi-
cations concerning the sol-gel method are important
to be done.

Although the sol-gel preparation can proceed
with a wide variety of precursors, most literature re-
sults are based on the alkoxidic approach. In these
conditions, the sol-gel chemistry can be described in
terms of two types of reactions, starting from

alkoxidic precursor (TEOS): hydrolysis reac-
tions (1)—(4):
Si(OC,Hs), + H,O <> HO-Si(OC,Hs); +
+ C,HsOH (1)
HO-Si(OC,Hs); + H,O <> (OH),Si(OC,Hs), +
+ C,HsOH (2)
(OH),Si(OC,Hs), + H,0 <> (OH);Si(OC,Hs) +
+ C,HsOH 3)
(OH);Si(OC,Hs) + H,0 <> Si(OH), +
+ C,HsOH @)

and condensation reactions (5) and (6):
=Si—-OC,H; + HO-Si= <& =Si-0-Si= + C,H;OH (5)
=Si—OH + HO-Si=-=Si-0-Si=+ HOH (6)

The hydrolysis occurs when the alkoxide and
water are mixed, using an alcohol as solvent. The re-
action can proceed in acidic or basic conditions.

Despite this oversimplification (both types of re-
actions occur almost simultaneously and generally are
not completed), this description of the sol-gel chem-
istry implies two key ideas. First, a gel forms because
of the condensation of partially hydrolyzed species
into a three-dimensional polymeric network. Second,
any factors that affect either one or both types of these
reactions are likely to impact on the properties of the
resulted gel.

Depending on the relative kinetics of the hydro-
lysis and condensation reactions it is possible to ob-
tain either linear polymers, or colloidal dense parti-
cles or intermediate, consisting from agglomerates of
weak reticulated polymers. For the case of TEOS, Pi-
erre [15] makes the distinction between the progress
of the gelation process in acidic-, respectively alka-
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line-catalyzed conditions. He considers that the
acid-catalyzed conditions correspond to a pH<2.5 and
in all cases the hydrolysis controls the process more
than condensation. At pH values >2.5 Pierre speaks
about the alkaline-catalyzed gelation, in which case
the condensation reactions are determinant. If, yet,
the acidity becomes strong enough, the smallest poly-
mers can depolymerize in the same time with the
growth of the biggest ones. Thus, although the con-
densation is faster than hydrolysis, it can be attenu-
ated by depolymerizing. These could explain the fact
that, although catalyzed, the samples from series B
have gelified slower than the corresponding ones be-
longing to series A, obtained in the absence of cata-
lyst, as it can be seen from Table 1.

Concerning the gelation time of the prepared
samples, another observation resulted from data of
Table 1 refers to its dependence on the evaporation
surface to volume ratio of sol: as expected, for both
series of iron-silica nanocomposites (A and B) it in-
creases as S/V parameter decreases, according to a
slower evaporation of the solvent.

Thermal analysis

Thermal analysis is a very suitable method for the
characterization of the amorphous phases obtained by
the sol-gel method.

Series A

TG-DTG-DTA curves of the dried gels My and M3, ob-
tained in flowing air atmosphere are quite similar. Fig-
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Fig. 1 Thermal behaviour of the dried gel M3, in flowing air
atmosphere. Initial mass 12.39 mg
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ure 1 represents the thermal behaviour of the sanr
ple M30.

Under 100°C (86, respectively 81°C), an endo-
thermic peak, assigned to the loss of the alcohol and
adsorbed water, can be observed. The iron nitrate de-
composition is evidenced by a sharp exothermic peak
(much more pronounced for the sample Mj,) at
~100°C (106 and 113°C, respectively). This one over-
laps with a broad exothermic peak (with two max-
ima), associated with the combustion of the organic
species from the silica matrix. The final residue of
samples M, and M3, at around 900°C is 67.3 and
64.5%, respectively.

The thermal behaviour of the sample M3 in ni-
trogen atmosphere presents the low temperature en-
dothermic effect (81°C) and the sharp exothermic
peak (113°C), too. The final residue of sample M3 in
flowing N, at around 900°C is 69.2%.

Series B

The thermal behaviour of the silica matrix corre-
sponding to the composition M3 4, in N, atmosphere,
is that of a common xerogel, with a major mass loss
associated with the endothermic effect at 87°C
(Fig. 2).

TG-DTG-DTA curves of the dried gels Mpp:ia
and M;¢., in flowing air atmosphere are rather simi-
lar. Figure 3 presents the thermal behaviour of the
sample M3p,a. The presence of the acid catalyst in the
reaction mixture changes the aspect of the DTA
curves. The low temperature endothermic peak under
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Fig. 2 Thermal behaviour of the silica matrix corresponding to
the dried gel M3p:a, m-M3¢44, in flowing N, atmo-
sphere. Initial mass 11.06 mg
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Fig. 3 Thermal behaviour of the dried gel M3g,4, in flowing
air atmosphere. Initial mass 10.63 mg

100°C is present on the DTA curves, but the sharp
exothermic one due to the Fe(Ill) nitrate decomposi-
tion vanishes. This can be explained by the reaction
between Fe(NOj3);-9H,0 and HCI which determines a
different gelation mechanism. This fact is sustained
by the different aspect of the DTG curves, which ac-
counts for several successive decomposition steps
compared to the samples belonging to series A, 3
and 4 for sample Mjpa and Mjga, respectively.
These ones are associated with corresponding effects
on the broad DTA exothermic peak, probably due to
the decomposition and burning out of organic resi-
dues. The final residue of samples My and M3g.4 at
around 900°C is 64.8 and 60.2%, respectively.

The thermal behaviour of the sample M35 in ni-
trogen atmosphere shows the effect of the catalyst on
the gelation mechanism (the presence of one supple-
mentary step on DTG curve), too. The final residue of
sample Mjp:4 in flowing N, at around 900°C is
63.4%.

IR spectroscopy results

The IR vibration bands of the prepared nanocompo-
sites are presented in Table 2, for both cases: before
and after the thermal treatment, performed at 400°C,
for 4 h.

As it can be seen from Table 2, both series of
samples (A and B) present the typical absorption
bands for a silica matrix resulted from a TEOS precur-
sor, together with the absorption bands which put in
evidence the presence of the incorporated iron in the
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Table 2 IR vibration bands of the prepared nanocomposites: un-treated (un-t) and thermally treated at 400°C for 4 h (tt)

v/em™!
Series A Series B Assi

ssignment

Mo My M3 Mig:a Mopia M3pia &

tt un-t tt un-t tt tt un-t tt un-t

3425 3450 3425 3450 3450 3400 3450 3425 3450 St%";lllral

1650 1640 1650 1650 1650 1630 1650 1650 1650 Ston

- 1390 - 1380 (s) - - 1400 (w) 1400 (w) 1(‘\‘;’)0 Vio.

1150 1070 1100 1070 1100 1125 1180 1100 1070 Vas(Si0-Si)

950 (w) - 940 940 - 950 (w) 950 - 950 (W) Vysiom

800 (w) 800 (w) 780 (w) 780 (w) 720 (w) 800 (w) 750 (w) 800 (w) 750 (W)  Vgsiosi

550 - - - - 550 - - - VEe o
Si-O-Si

545 - - - - 545 - - - from

cyclic

tetramers

460 (W) — — — — 460 (W) — — — SO—Si—O

500-400  500-400 500400  500-400  500-400  500-400  500-400  500-400 500400 Ve o

mentioned matrix at 550 cm' in accordance with
Bruni et al. [16].

The presence of the vibration band at 1390, re-
spectively 1380 cm ™' in the spectra of the untreated
samples from series A, evidences the existence of the
unreacted residual ethoxy groups in the silica matrix,
which disappear from the IR spectra of the corre-
sponding thermally treated samples. Concerning the
nanocomposites from series B, this band (slightly
shifted to 1400 cm™") is much weaker than in the se-
ries A case. This can be explained by the presence of
catalyst in the reaction mixture, which favours the hy-
drolysis vs. polycondensation reactions (less
unreacted ethoxy groups from TEOS precursor).
Thermal analysis results of the B series samples
pointed out the iron nitrate decomposition and conse-
quently the 1400 cm™' band can be assigned to NO,
vibration. Another interesting observation from the
IR determinations refers to the samples M, respec-
tively Mjg+a, with the same and biggest S/V ra-
tio (0.08). It seems that the presence of the vibration
band at 545 cm™' evidences the fact that the gelation
occurs through some cyclic intermediaries.

X-ray diffraction results

The XRD data obtained for the prepared iron-silica
nanocomposites thermally treated at 400°C for 4 h are
presented in Figs 4a and b.

As it can be seen from Fig. 4a, corresponding to
the series of samples obtained in the absence of cata-
lyst (series A), no matter the evaporation conditions
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(S/V of sol ratio), the materials exhibit a typical pat-
tern of an amorphous, with extremely small particles.
The amorphous character can be the result of either a
very disordered structure or of a so small crystallite
size as to escape observation by XRD. However, the
drying conditions influence slightly the crystalliza-
tion process of particles, being observable a progres-
sive decrease of particle size with increasing S/V from
0.03 (corresponding to sample M3, which is the most
crystallized from the series A) to 0.08 (corresponding
to sample M which is the most amorphous). The fact
that as the S/V of sol ratio increases, the XRD peaks
become indistinguishable from the amorphous silica
background is confirmed by the literature data
[5, 6,9, 17]. The presented patterns from Fig. 4a dis-
play a predominant very broad peak at around 20=21°
and some very poorly defined peaks. The predomi-
nant amorphous peak position corresponds to the
most intense peak (110) of the FeO(OH)—goethite
phase and the ascription of the others poorly-defined
peaks to the FeO(OH)—goethite phase could be tenta-
tively proposed.

Concerning Fig. 4b, which presents the XRD
spectra corresponding to samples belonging to se-
ries B (obtained in the presence of acid catalyst), be-
side the goethite phase the formation of the spinelic
v-Fe,05/Fe;04 oxide phase can be observed, no mat-
ter of the value of the S/V ratio. Figure 4b shows also
the fact that as the S/V ratio decreases (respectively
the gelation time increases), the presence of the men-
tioned oxide phase is more evident (sample Mjzp.a).
According to the literature data [18] it is possible that
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Fig. 4 XRD spectra of the prepared samples, obtained in
a — the absence and b — the presence of catalyst, ther-
mally treated at 400°C/4 h

the iron oxide-hydroxide polymers nucleated in the
silica pores to be responsible for the spinelic
v-Fe,03/Fe;04 phase, presumed to be formed in the
sample M3g.o submitted to 400°C.

The XRD results confirm the existing differ-
ences between samples belonging to series A and B,
also established by the thermal analysis.

TEM results

The TEM images are in agreement with the XRD re-
sults, putting in evidence the amorphous character of
the prepared samples. The only exceptions are repre-
sented by the My, respectively Mjgia samples, ob-
tained with the same lowest S/V ratio of sol (0.03).
Figures 5 and 6 present the obtained TEM images of
the sample M3y before and after thermal treatment.

It can be seen that before the thermal treatment
the structure is amorphous. Then, some of precipitates
remain probably still amorphous but the rest are par-
tially crystallized. They appear as weakly facetated,
having sizes of 3 to 25 nm. The very small number of
crystalline nanoparticles evidenced by the TEM im-
ages is in agreement with the literature information [9].
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Fig. 6 TEM image of the sample M3, thermally treated at
400°C/4 h

Conclusions

Two series of iron-silica nanocomposites containing
20 mass% Fe,O; (related to Si0O,) have been prepared
by the alkoxide route of the sol-gel method differing
by the absence (series A) or presence of catalyst in the
synthesis (series B).

The evaporation conditions and as a conse-
quence the gelation times have been varied for both
series through the control of the surface/volume ratio
of the sol (S/V). It was established that these condi-
tions influence the final properties of the prepared
nanomaterial.

The modifications induced by changing the men-
tioned sol-gel parameters have been studied with the
aid of thermal analysis, whose results have been sus-
tained by XRD, IR and TEM determinations.

The gelation times of samples obtained in the
presence of catalyst are longer than those correspond-
ing to the uncatalyzed samples.

The X-ray diffraction and transmission electron
microscopy analyses of samples indicated a variation
of the particles size, in a reverse proportional relation
with the S/V ratio (respectively directly proportional
with the gelation time). Samples Mj, respectively
M;:4 present the biggest particles.

The formation of some chemical compounds is
possible to be assumed, which is suggested by XRD
and confirmed by the DTA measurements. The nano-
composites obtained in the absence of catalyst are
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amorphous, only for the lowest S/V value (sample
Mj;0) presenting a weak tendency of crystallization
(the goethite phase). In the presence of catalyst, no
matter of the S/V ratio of sol, beside the goethite, an
oxide phase is also present (the spinelic
v-Fe,03/Fe;04 one). Its diffraction lines are the most
evident for sample Mj3pa.
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