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Abstract

The paper presents a study on the formation and thermal stability of y-Fe,O, nanoparticles within the silica matrix de-
pending on the Fe(IIl) carboxylate-type precursors, their annealing temperature and the concentration of Fe**. Obtai-
ning of the precursors, within the pores of the gel, bases on the redox reaction between Fe(NO,), and diols: ethylene
glycol (EG) and 1,4 buthane diol (1,4 BG), respectively. Thus, we have prepared gels with different Fe,0,/SiO, ratios
(20, 30, 50, 70 wt% Fe,O,) which were annealed in the temperature range 573-1273 K.

The formation and stability of the single y-Fe,O, phase within the pores is strongly influenced by the reducing atmosp-
here generated upon thermal decomposition of the Fe(IIl) carboxylates. The XRD analysis evidenced a much stronger

crystallization of y-Fe,O, in case of the nanocomposites synthesized with 1,4 BG than with EG.
The magnetic measurements confirm the crystallinity of y-Fe,O, within the silica matrix.
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1. Introduction

In the last years, the iron oxide-silica nanocomposi-
tes have been the subject of intense research due to their
potential applications in magnetic-tape media,' magneto-
optical devices,> magnetic refrigerators,® bioprocessing,*
catalysis and ferrofluids.>® The silica aerogels display
most of the conditions required by the host matrix: chemi-
cal inertness, large surface areas, high porosity, pores in
the nanometer range and high transparency.’ The use of an
inorganic host matrix for nanocrystalline particles could
be an effective way for the limitation of particles size di-
stribution and control on the homogenous dispersion of
ultrafine metal oxides particles. Magnetic iron oxide na-
noparticles exhibit enhanced surface effects, superpara-
magnetic behavior and changes in saturation magnetisa-
tion and coercive fields.®

Maghemite (y-Fe,O,) nanoparticles present unique
magnetic, catalytic and optical properties compared to the

bulk material.” Embedding of magnetic particles within
the silica matrix prevents their aggregation at temperatu-
res up to 1273K and facilitates the stabilization of
y-Fe,0,."° The sol-gel method is a promising way for ob-
taining of iron oxide nanoparticles within an ordered sili-
ca matrix. Silica and iron oxide precursors are mixed in
solution and condensed by the sol-gel process in order to
obtain a mixed metallic oxides network.

In previous papers, we have elaborated the synthesis
method for some carboxylate-type complex combinations
based on the redox reaction between transitional metal ni-
trates and diols.'""'> Regarding the Fe,0, system obtained
from the Fe(III) carboxylate type complexes, we have pur-
sued the formation of the single y-Fe,O, phase embedded
in a Si0O, matrix.'>!

The Fe(III) carboxylate-type complex combinations
(glyoxylate [Fe,(C,H,0,),(OH),(H,0),] and succinate
[Fe,(C,H,0,)(OH),(H,0),] - 1.5 H,0), embedded in the
pores of silica gels, generate a reducing atmosphere
(CO/C) by thermal decomposition. The reducing atmosp-
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here achieves the in-situ redox equilibria Fe** — Fe** and
2 Fe** +3/2 0O, — Fe,0,, respectively, responsible for the
formation of the crystalline y-Fe,O, phase. The composi-
tion of the reducing atmosphere depends on the nature of
respective diols and influences the degree of crystallinity
of the oxide y-Fe,O, phase.

In this paper we present a study on the formation of
the y-Fe, O, nanocrystallites as the single phase within the
Si0, matrix using an original synthesis method (sol-gel),
which allows the stabilisation of y-Fe,O, at high tempera-
tures. The formation of y-Fe,O, depends on the Fe(III)
carboxylate-type combination embedded in the pores of
the silica gel (glyoxylate, succinate), the thermal treat-
ment temperature (573-1273 K) and the mass ratio
Fe,0,/Si0, (20, 30, 50, 70 wt%).

2. Experimental

The gel samples were synthesized by the modified
sol-gel method,'® from a mixture of Fe(NO,), - 9H,0,
ethylene glycol (EG) and 1,4 buthane diol (1,4 BG), res-
pectively, tetra-ethyl orthosilicate (TEOS), ethanol as sol-
vent and concentrated nitric acid (HNO,). All reagents
were of high purity (>98%), product of Merck.

The ethanolic TEOS solution was added drop wise,
under magnetic stirring, to the mixture Fe(NO,), - 9H,0-
diol (EG or 1,4 BG), for the ratios Fe,0,/Si0,: 20, 30, 50,
70 wt%. The molar ratio NO7;: diol used in the synthe-
sis was: NO7;: EG = 1:0.75 and NO7;: 1,4 BG =1: 0.56,
representing 50% diol excess, related to the stoichio-
metry. The samples were denoted as follows: E, for gels
synthesized with EG and B, for gels synthesized with 1,4
BG, where x = 20, 30, 50, 70 wt%. The obtained gels we-
re dried at 313 K, 1h, and subsequently heated at 403K, 3
h, when the redox reaction between NO,™ and diol took
place with the formation of the Fe(IIl) carboxylate-type
complex combination within the pores of the silica gel.
The obtained powders were characterized by thermal
analysis and FT-IR spectrometry.

The gels (E, and B,) obtained at 403 K, were annea-
led in the temperature range 573-1273 K, in air, for 3 h, in
a Nabertherm furnace, in order to obtain the oxides. The
crystalline phases obtained in the composites were identi-
fied by X-ray diffraction on a D8 Advanced- Bruker AXS
diffractometer, using Mo- Ko radiation (A,,, = 0.7093 A).
The transmission electron microscopy was performed
with a JEOL JEM 1010 microscope.

For monitoring the evolution of the redox reaction
between Fe(Ill) nitrate and diols, the gels were characteri-
zed by thermal analysis using a 1500 D MOM Budapesta
derivatograph. The thermal behaviour of the complex
combinations embedded in the gels was followed by a
Diamond Perkin Elmer thermo-balance in air, up to 773
K, with a heating rate of 10 K/min, with the sample mass
of ~30 mg.

The samples were characterized by FT-IR spectro-
metry on a Shimadzu Prestige-21 a FT-IR spectrometer, in
KBr pellets, in the range 4004000 cm™'. Magnetic mea-
surements were performed by a laboratory installation
with the data acquisition system.

3. Results and Discussion

The formation of the Fe(IIl) carboxylate-type com-
plex combinations within the pores of the gel was analy-
zed by thermal analysis and FT-IR spectrometry. Figure 1
presents the TG and DTA curves of the gel B, heated at
313 K. The DTA curve presents an exothermic effect at
343 K attributed to the redox reaction between Fe(NO,),
and 1,4 BG with the formation of the Fe(III) complex
combination (succinate) within the pores. The second
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Figure 1. TG and DTA curves of the gel B, heated at 313K
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Figure 2. FT-IR spectra of the gel B, heated at 313 K (a) and 403
K (b)
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exotherm at 523 K corresponds to the oxidative decompo-
sition of the formed complex combination. The mass los-
ses on the TG, in the first stage, correspond to the elimina-
tion of volatile products: H,0O, NO,, and in the second sta-
ge, to the elimination of the oxidation products CO, CO,
and condensation products of the matrix.

As a result of thermal analysis data, we have estab-
lished 403 K as the optimal synthesis temperature for the
complex combinations within the pores.

Figure 2 presents the FT-IR spectra of the gel B, at
313 K (spectrum a) which evidences a clear band at 1382
cm™! attributed to NOj,", free in the pores of the gel. The
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Figure 3. Thermal analysis curves of the gel B, thermally treated
at403 K
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Figure 4. Thermal analysis curves of the gel By, thermally treated
at403 K

spectrum (b) corresponding to the gel thermally treated at
403 K shows the disappearance of the band at 1382 cm™
and the appearance of the bands characteristic for the
complex combination in the pores: v, (COO") at 1677
cm™ and v (COO") at1364 cm™.' In the range 2800~
3000 cm™ (spectra a and b) the bands characteristic for the
groups —CH,—, —CH, from the carboxylates as well as for
the diols chemically bonded within the matrix are registe-
red.'” The intense band at 1062 cm™ is attributed to the
asymmetric stretching vibration v, (Si-O-Si)."®

All synthesized samples (E,, B ) present similar
thermal and FT-IR behavior.
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Figure 5. Thermal analysis curves of the gel B, thermally treated
at403 K
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Figure 6. Thermal analysis curves of the gel B, thermally treated
at403 K
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Figures 3-6 present the thermal analysis curves for
the gels B, synthesized with 1,4 BG. The registered ther-
mal processes justify the formation of the complex combi-
nation within the pores of the gels, in all cases. The evolu-
tion of the thermal analysis curves is influenced by the
composition of the gels.

At low concentrations of 20 and 30 wt% Fe,O,/
Si0,, the Fe(IlI) complex combination is found in a lower
quantity, uniformly distributed within the pores of the
gels. The thermal decomposition process (Figures 3 and
4) with the elimination of CO, accompanied by a large
exothermic effect at ~523 K proceeds with a low rate. The
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Figure 7. XRD patterns of the gel B, annealed at different tempe-
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Figure 8. XRD patterns of the gel E, annealed at different tempe-
ratures

mass loss up to 773 K is attributed to the elimination of
the poly-condensation products of the silica matrix.

At higher concentrations of 50 and 70 wt% Fe,O,/
Si0,, the decomposition of the complex combination (Fi-
gures 5 and 6) takes place at a higher rate in a narrower
temperature range with a pronounced exothermic effect at
~500 K. The mass loss in this range mostly corresponds to
the oxidative decomposition of the complex combination.
The weak exothermic effect at ~573 K, with a mass loss,
is attributed to the burning of the organic chain of the diol,
bonded within the silica matrix during the poly-condensa-
tion process.'”
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Figure 9. XRD patterns of the gel B,, annealed at different tempe-
ratures

¥ Faﬂl:la
‘ - 0-Fe303

Irensily (8.0

20 3o 40 50
2-Thela-3eale

Figure 10. XRD patterns of gels B, annealed at 1073 K
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For all gels (B,, E,), the thermal decomposition pro-
cess of the Fe(Ill) carboxylate type complex combination
takes place within the pores of the gels with the genera-
tion of a reducing atmosphere (CO/C). The composition
of the reducing atmosphere depends on the synthesized
complex combination (on the nature of the diol). The re-
ducing atmosphere (CO + 3C) generated upon the thermal
decomposition of the Fe(IIl) succinate-type complex
combination ([Fe,(C,H,0,)(OH),(H,0),] - 1.5 H,0)
strongly influences the formation and crystallization of
the oxidic phase y-Fe,O, compared to the less reducing at-
mosphere (4CO) generated by gyoxylate ([Fe,(C,H,0,),
(OH),(H,0),)).

Figures 7-10 present the XRD patterns of gels B,
and E, with formation of the single y-Fe,O, phase within
the pores of the silica matrix, depending on the annea-
ling temperature, the precursor nature and the ratio
Fe,0,/Si0,.

In Figures 7 and 8 the XRD patterns of the samples
B, and E,; are presented, showing the evolution of the
crystalline Fe,O, phases depending on the annealing tem-
perature and the nature of the precursors. In XRD patterns
in Figure 7 we can notice y-Fe,0O, as the single phase, cry-
stallized within the pores of the matrix, at 573 K. This
phase is maintained even at higher temperatures: 773, 973
and 1073 K. In case of the patterns from Figure 8 corres-
ponding to sample E., thermally treated at the same con-
ditions, the crystallinity of y-Fe,O, at lower temperatures
is weak. This can be a consequence of the less reducing
atmosphere created at decomposition of the Fe(III)
glyoxylate compared to Fe(Ill) succinate. The y-Fe,0, is
well crystallized at 973 and 1073 K.

In both cases, at 1173 K and 1273 K the patterns of
the samples are essentially modified indicating the forma-
tion of a new phase identified as €-Fe,O, based on JCPDS
16-653 and the recent work of Brdzda et al.'**

In Figure 9 the XRD patterns of the gel B,, annealed
at different temperatures are presented. The single
Y-Fe, O, phase is well crystallized at 573 and 773 K. With
increasing temperature, the single o-Fe,O, phase crystal-
lizes at 973 K and remains stable at 1073 and 1173 K. In
case of this composition, due to the high Fe,O, content,
there is no efficient embedding of the particles within the
pores of the silica matrix. Thus, the oxide phase y-Fe,0;, is
much more exposed to the transformation to a-Fe,O,. It is
notable that in this case, the a-Fe,0, is stabilized at high
temperatures without transformation to other phases. For
all compositions B, E, where y-Fe,O, was well crystalli-
zed independent on the annealing temperature, we have
calculated the size of the nanoparticles from the (311)
and (440) diffraction peaks using the Scherrer formula,*!
and we have obtained the mean diameter of ~5 nm.

Figure 10 presents the XRD patterns of the gels B,,,
B,,, B and B, at 1073 K. The patterns of the samples
with 20, 30 and 50 wt% Fe,0,/SiO, reveal the well cry-
stallized y-Fe,O, phase, but for the 50 wt% Fe,0,/SiO,,

the diffraction peak at 17° indicates the appearance of
a weakly crystallized €-Fe,O, phase. The XRD pattern
of the sample with 70 wt% Fe,0,/SiO, presents the o-
Fe,O, as the single crystalline phase.

Figures 11 and 12 present the TEM images of the
samples B, and B annealed at 1073 K. In the sample B,
(30% y-Fe,0,/Si0,), the y-Fe,O, nanoparticles are spheri-
cal and homogenously dispersed within the silica matrix,
with diameter of ~ 10 nm. For the sample B, (50%
y-Fe,0,/810,), the y-Fe,O, nanoparticles are more agglo-
merated, of spherical shape with diameters in the range
10-12 nm.

50 nm

Figure 11. TEM image of the sample B, annealed at 1073 K

Figure 12. TEM image of the sample B, annealed at 1073 K

In Figure 13 we present the magnetization curves of
samples B, annealed at 773 and 973 K, measured at room
temperature. For both samples the coercive fieldis H, =0
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Figure 14. Magnetization curves of the sample B,

leading to the superparamagnetic behavior. The value of
the saturation magnetization (emu/g) increases with tem-
perature due to the crystallinity of y-Fe,O,.

A higher y-Fe,0,/SiO, content in the sample B,
(Figure 14) leads to the saturation magnetization in-
crease compared to the sample B, (Figure 13) , at the
same annealing temperature (773 K), H, = 0, and the
behavior is superparamagnetic.

It is notable that the sample B,, annealed at
1073 K exhibits a magnetic behavior although the XRD
pattern (Figure 9) reveals the o-Fe,0,/SiO, (antiferro-
magnetic) as the only phase. This can be explained by
the fact that y-Fe, O, is present in the matrix in a very low
amount and it is of nanometric dimensions. Magnetic
measurements agree with the XRD results for the sam-
ples By and B,

4. Conclusions

We report a new method to obtain the single phase y-
Fe,0,/Si0, in the temperature range 573-1073 K. The na-
ture of the carboxylate precursors (glyoxylate, succinate)
and the reducing environment created by their decomposi-
tion in the pores of the gel, influence the formation and
crystallization of the y-Fe,O, nanoparticles.

For ratios < 50 wt% Fe,0,/S10,, y-Fe,O, nanopar-
ticles are formed and are stable up to 1073 K. In the cases
when the samples are annealed at higher temperatures
(1173 K), we observe the transformation of the y-Fe,O, to
the pure oxide phase &-Fe,O,. For higher ratios (70 wt%)
the crystalline y-Fe,O, phase is stable up to 773 K. At hig-
her temperatures, the y-Fe,O, transforms to the well cry-
stallized stable o-Fe,0,/Si0,,.

The silica matrix remains amorphous even at high
temperatures (1273 K).

The method allows obtaining the ferrimagnetic y-
Fe,0,/Si0, phase at high temperatures as well as a homo-
genous distribution of the nanoparticles even at high
Fe,0,/Si0, ratios.
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V delu opisujemo sintezo in temperaturno obstojnost nanodelcev y-Fe,O, v gelih SiO,. Slednja je odvisna od vrste
Fe(III) karboksilatnega prekurzorja, temperature segrevanja in koncentracije Fe**. Priprava prekurzorjev v porah gela
temelji na redoks reakciji med Fe(NO,), in dioloma etilenglikolom (EG) in 1,4-butandiolom (1,4 BG). Pripravili smo
gele z razli¢nimi razmerji Fe,0,/Si0, (20, 30, 50, 70 uteznih % Fe,O,) in jih segrevali pri temperaturah med 573 in

1273 K.

Na nastanek in stabilnost enofaznega y-Fe,O, v porah gela mocno vpliva redukcijska atmosfera, ki se vzpostavi med ter-
mi¢nim razpadom Fe(III) karboksilatov. Rentgenska fazna analiza je potrdila izrazitejSo kristalizacijo y-Fe,0O;, ko je bil
uporabljen 1,4 BG. Magnetne meritve so potrdile kristalini¢no fazo y-Fe,O, v matrici silicijevega oksida.
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