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Abstract Evolution of the local environment of Fe3* ions
in deposited Fe;03/SiO; nanoparticles formed in sam-
ples with different iron contents was investigated in order
to establish the conditions for obtaining the stable e-
Fe;03/Si0, samples without impurities of other iron oxide
polymorphs. Microstructure of the samples with an iron
content of up to 16% is studied by high-resolution trans-
mission electron microscopy, X-ray diffraction analysis, and
Mossbauer spectroscopy, and their magnetic properties are
examined. At iron concentrations below 6%, calcinations of
iron-containing precursor nanoparticles in a silica gel matrix
lead to the formation of the e-Fe;O3 iron oxide polymor-
phic modification without foreign phase impurities, while at
the iron concentration in the range of 6-12%, the hematite
phase forms in the sample in the fraction of no more than
5%. It is concluded on the basis of the data obtained that the
spatial stabilization of iron-containing particles is one of the
main factors facilitating the formation of the ¢-Fe; O3 phase
in a silica gel matrix without other iron oxide polymorphs.
It is demonstrated that the increase in the iron content leads
to the formation of larger particles in the sample and gradual
changes of the Fe*T ion local environment during the phase
transition e-Fe; O3 — «-Fe;03.
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1 Introduction

Systems based on nanoparticles with the large specific surface
are used in various physicochemical and catalytic processes
as hydrocarbon crude sorbents for oil spill containment [1],
highly active selective catalysts of heterogeneous chemical
reactions [2—4], materials for biomedicine [5, 6], etc.

One of the factors determining the progress in nanotech-
nology is the occurrence of new properties at the transition
to the nanoscale (size effect) [7]. The size effect in nanopar-
ticles is often related to an increase in the fraction of surface
atoms. A typical example of the structural size effect is the
formation of e-Fe,O3 iron oxide. According to the structure
and fraction of four-coordinate cations, this phase is inter-
mediate between the y-Fe;O3; and «-Fe;Os oxide phases
[8]. Its structure and magnetic properties were established
only in 1998 [9]. The e-Fe;O3 phase is stable only in the
form of nanoparticles because of its low surface energy [10]
and passes to the a-Fe,O3 phase with increasing size [11].
The e-Fe, O3 phase is attractive, first of all, due to its unique
magnetic properties, including the extraordinarily high coer-
civity [12] and the occurrence of a magnetic phase transition
at a temperature of 120 K [13-15].

At the same time, the stability of the ¢-Fe,O3z phase
observed only on nanoscale significantly complicates inves-
tigations of the systems based on it [16]. Despite the great
number of available e-Fe,O3 nanoparticle fabrication tech-
niques [17-21], until recently, there are attempts to form
a e-Fe;O3 iron oxide-based system without impurities of
other polymorphs have been unsuccessful [22].
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According to Tucek et al. [22], the e-Fe;O3 iron oxide
is most frequently met in the mixture with the o-Fe,O3 and
y-Fey O3 oxides. Sakurai et al. [11] and Ohkoshi et al. [23]
attributed the instability of e-Fe,O3 nanoparticles with a
size over a certain critical value to the low surface energy
of the ¢-Fe,O3 iron oxide. Using the proposed model, the
researches obtained e-Fe, O3 particles of more than 100 nm
in diameter [20] and even nanowires with a length of up to
2 um [18, 24].

The study of the problem on stability of deposited &-
Fe; O3 nanoparticles at high temperatures showed [25] that
the phase transitions between polymorphs are also size-
dependent and the critical size changes with increasing
temperature.

El Mendili et al. [26] studied the processes occurring
in a system of deposited iron oxide nanoparticles upon
their heat treatment. Depending on the total amount of iron
oxide nanoparticles in a silica gel matrix, the structural
transition to the thermodynamically stable «-Fe,O3 phase
upon heat treatment of y-Fe;O3 nanoparticles can occur
with or without e-Fe;O3 formation. Thus, we may con-
clude that in studying the properties of deposited iron oxide
nanoparticles and structural transitions between different
polymorphs, the local nanoparticle concentration in a sil-
ica gel matrix and the possibility of mass transfer between
nanoparticles play a key role.

Nikoli¢ et al. [27, 28] examined the interplay between the
magnetic characteristics of a system of iron oxide nanopar-
ticles in a silica gel matrix formed by sol-gel synthesis
combined with a microemulsion technique and the heat
treatment conditions. The authors gradually changed the
conditions of heat treatment of the samples and established
the correlation between the synthesis and heat treatment
conditions and size characteristics of iron oxide nanoparti-
cles and phase composition of a system. They found that
during heat treatment of deposited e-Fe;O3; nanoparticle
systems, both the size and magnetic characteristics of the
iron oxide phase change and, after a certain critical temper-
ature, the agglomeration processes lead to the occurrence
of a-Fe;O3 nanoparticles in a sample. Therefore, we may
conclude that the formation of nanoparticles and condi-
tions of their synthesis are extremely important in studying
the systems based on e-Fe,O3 nanoparticles in a silica gel
matrix.

In this work, we synthesized and studied the samples of
Fe,> O3 nanoparticles deposited onto silica gel with different
iron oxide contents. At the low (3 wt%) iron ion concentra-
tion in the samples, we observed the formation of e-Fe;O3
nanoparticles with the narrow size distribution, which do not
contain impurities of other polymorphs [29-31].

Studies of the magnetic properties of such systems [31—
35] showed that the size characteristics of the deposited
e-Fe,O3 nanoparticles are important for forming their
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magnetic properties. In the system of ultrasmall (< 5 nm)
deposited e-Fe,03/Si0, particles, the observed coercivity
is much lower than that in the samples consisting of larger
nanoparticles [31]. To establish the dependence of the mag-
netic properties on the deposited e-Fe, O3 nanoparticle size,
we compared the deposited iron oxide nanoparticles in the
samples with different iron oxide contents. It was found that
the increase in the iron content leads not only to the coer-
civity growth but also to the formation of nanoparticles with
the a-Fe, O3 structure in the system. To follow the evolution
of the Fe** ion local environment at the phase transition -
Fe;03 — a-Fe, 03, the samples with different ion contents
were thoroughly studied by Mossbauer spectroscopy.

2 Experimental

The technique for forming e-Fe,O3 nanoparticles includes
(i) incipient wetness impregnation of a ChemAnalyt KSKG
silica gel with a specific surface of 287 m?/g, an average
pore diameter of ~140 A, a pore volume of ~0.35 cm3/g,
and a grain size of 0.25-0.5 mm with the aqueous solution
of iron(Il) sulfate heptahydrate (ACS, 99+%, CAS 7782-
63-0); (ii) drying at a temperature of 110 °C for 4 h; and
(iii) annealing at a temperature of 900 °C for 4 h in air. To
increase the iron mass content, stages (i) and (ii) were mul-
tiply repeatedly. The iron mass contents in the investigated
samples, designations of the latter, the number of impreg-
nations at stages (i) and (ii), and average particle size (d)
are given in Table 1. The «-Fe,O3 phase concentration was
determined by Mossbauer spectroscopy.

High-resolution transmission electron microscopy
(HRTEM) images were obtained on a JEOL JEM-2010
microscope at an accelerating voltage of 200 kV and a reso-
lution of 1.4 A. X-ray diffraction (XRD) study was carried
out on an X’TRA powder diffractometer (Switzerland) in
Cu Ko radiation at a wavelength (A) of 1.5418 A, a 20
scanning step of 0.050, and a point accumulation time of 3
s. Mdssbauer spectra of the samples were measured on an
MC 1104Em spectrometer with a >’ Co(Cr) source at room

Table 1 Designations and parameters of a sample series containing
&-Fe, O3 nanoparticles

Sample Number of Fecontent, wt% d,nm [C] a-Fey03,
impregnations at.%

05FS 1 0.74 34 -

3FS 1 34 3.8 -

6FS 1 5.6 8.6 5

8FS 2 8 18.5 3

12FS 3 12.5 169 4

16FS 5 16.5 22.8 35
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temperature. The magnetic properties were investigated on
a vibrating sample magnetometer. Experimental magnetic
moments were normalized to the Fe;O3 mass.

3 Results and Discussion
3.1 Microscopy and X-ray Diffraction Analysis

The synthesized samples were characterized by HRTEM
and XRD techniques. According to the HRTEM data, sam-
ples OSFS and 3FS calcinated at 900 °C contain deposited
iron oxide particles with a characteristic size of ~4 nm and

Fig. 1 HRTEM data and
particle size distribution
histograms for samples a 05FS,
b 3FS, ¢ 6FS, d 8FS, e 12FS,
and f 16FS

a narrow size distribution (Ad) of ~2 nm. As was shown by
Bukhtiyarova et al. [30] and Dubrovskiy et al. [35] using a
set of XRD and Maossbauer spectroscopy data, during cal-
cination of such samples, e-Fe;Os3 iron oxide nanoparticles
without impurities of other polymorphs are formed. The
interplanar spacings measured by HRTEM are consistent
with the e-Fe, O3 phase parameters (Fig. 1) and confirm the
absence of other polymorphs in the samples with an iron
content below 7% [30, 35]. At the same time, samples 8FS,
12FS, and 16FS with the high iron content (see HRTEM
images in Fig. 1d-f) contain also iron oxide nanoparti-
cles with the interplanar spacings typical of the «-Fe,Os3
structure.

@ Springer



1212

J Supercond Nov Magn (2018) 31:1209-1217

N
N
.

Intensity, a.u.

ek | " "
1 1 N daarbil kil W it Wy

10 20 30 40 50 60 70
20, degree, CuK o

Fig. 2 Room-temperature XRD spectra of the e-Fe;03/SiO sam-
ples with different iron ion contents: a sample O5SFS, b sample 3FS, ¢
sample 6FS, d sample 8FS, e sample 12FS, and f sample 16FS

Analysis of the HRTEM size distribution of particles
(Fig. 1) suggests a gradual increase in the average particle
size at the transition to the samples with the high iron con-
tent. It can be clearly seen that the size distribution width
significantly grows with increasing iron content. Already
in sample 6FS, we observed an increase in the fraction of
nanoparticles larger than 10 nm, which were formed via
agglomeration of nanoparticles during the high-temperature
heat treatment. With a further increase in the iron content,
the average particle size sharply grows and nanoparticles
with a size of no smaller than 20 nm are formed during
redistribution of Fe3* ions (see Table 1 and Fig. 1). The
formation of such coarse particles and agglomerates in the
samples results in the occurrence of the «-Fe, O3 iron oxide
polymorphic modification impurity.

Absorption, a.u.

V, mm/s

Fig. 3 Room-temperature Mdssbauer spectra of samples a 05FS, b
3FS, ¢ 6FS, d 8FS, e 12FS, and f 16FS (dots). The partial spectral
components are also shown
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Fig. 4 Relative content of the Mossbauer spectrum components vs
total iron ion content in the system

Figure 2 shows XRD spectra of the samples with differ-
ent iron contents. The broad component with the maximum
near 22° in the spectra of all the samples corresponds to
the amorphous SiO; substrate. The spectra of the samples
with an iron content of < 6 wt% contain no sharp crystallo-
graphic reflections that could be attributed to any iron oxide,
including e-Fe;O3, which is related to the strong peak
broadening typical of the systems of deposited nanoparticles
smaller than 10 nm. As the iron content increases to 6%, the
&-Fe> O3 phase is reliably detected in the sample.

According to the HRTEM data, this sample contains ¢-
Fe, O3 nanoparticles of ~20 nm in size [35]. The occurrence
of nanoparticles with such a size is apparently related to
sintering and agglomeration of nanoparticles on the silica
gel surface. When a sample contains e-Fe; O3 nanoparticles
larger than 10 nm, the phase can be identified by the XRD
technique.

The increase in the iron content leads to the occurrence
of the «-Fe; O3 crystallographic reflections in the spectrum.
When the iron ion concentration in the sample attains 16 wt%,
the o-Feo,O3 nanoparticle fraction is about 30% of the total
iron oxide phase. Thus, as the iron content is increased, first,
the size of nanoparticles increases due to their agglomera-
tion and, then, the e-Fe, O3 oxide transforms to hematite.

3.2 Mossbauer Spectroscopy

Evolution of the phase composition and local environ-
ment of iron ions in the samples containing simultaneously
nanoparticles of two iron oxide polymorphic modifica-
tions (e-Fe,O3 and a-Fe;O3) was examined by Mossbauer
spectroscopy (see the results in Figs. 3 and 4 and Table 2).
The room-temperature Mdossbauer spectra are the sum
of Zeeman sextets and quadrupole doublets. The sextets
correspond to the iron atoms in the magnetically ordered state.
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Table 2 Mossbauer parameters of the spectra

IN H QS Wi4—16 A Position
05FS 045 386 —0.29 1.15-246  0.17 BI1-B2

027 272 —049 244-249 020 B3-A

032 - 0.97 0.69 0.19 SPM-B

028 - 0.61 0.37 0.02 SPM-A

031 - - 2.00 042  Relax
3FS 038 439 —-046 032-0.57 0.17 Bl

039 392 —-0.19 042-0.81 0.16 B2

0.35 354 —0.08 0.33-1.24 0.11 B3

022 255 -0.34 037-1.13 016 A

036 - 0.74 0.52 020 SPM

029 - - 4.27 0.20  Relax
6FS 0.37 518 —-045 0.16-026 005 «—Fe03

036 446 —044 0.21-038 0.13 Bl

035 424 —-0.67 020-0.70 0.09 B2

0.37 387 —-0.13  0.29-098 024 B3

0.19 254 —-045 027-096 0.17 A

036 - 0.75 0.26 025 SPM

0.06 - - 2.00 0.06  Relax
8FS 038 514 —048 0.12-0.22  0.03 «—Fey03

036 446 —047 024-046 0.31 B1

0.37 393 —0.01 0.28-0.69 0.25 B2

0.37 352 —-0.02 0.25-1.04 0.05 B3

0.21 258 -0.33 0.29-074 019 A

035 - 0.77 0.38 0.17 SPM
12FS 037 516 —046 0.13-024 004 «—Fe03

036 452 —046 023-043 032 Bl

037 399 —0.08 0.28-0.59 024 B2

036 359 —0.02 025-1.06 0.06 B3

0.20 263 —0.31 0.28-0.70 020 A

036 - 0.76 0.33 0.14 SPM
16FS 037 516 —043 0.21-032 035 «a—Fe03

036 452 —047 024-044 024 Bl

0.37 400 —0.06 0.29-0.54 0.15 B2

0.37 371 —-0.08  0.20-0.71 0.04 B3

0.19 265 -0.37 028065 0.13 A

036 - 0.74 0.26 0.09 SPM

IS is the isomer shift relative to a-Fe (£0.01 mm/s), H is the hyper-
fine field on the iron nucleus (£3 kOe), QS is the quadrupole splitting
(£0.02 mm/s), W34_1¢ are the widths of internal (34) and external (16)
sextet lines (£0.02 mm/s), and A is the fractional area under the partial
spectrum (£0.03)

The doublets can be attributed to superparamagnetic nano-
particles in which the magnetic moment relaxation time is
shorter than the nuclear spin relaxation time (’le_8 S),
which results in hyperfine field averaging on a nucleus to zero.

The spectrum of sample 05FS is approximated by two
Zeeman sextets with the very wide absorption lines and two

quadrupole doublets, which can be attributed to the octahe-
dral and tetrahedral oxide positions in accordance with their
chemical shifts. The singlet should describe the relaxation
component of the spectrum, which is caused by iron cations
with the magnetic moment relaxation time comparable with
the nuclear spin relaxation time. At room temperature, it
is difficult to reliably identify the local environment of
iron ions and phase composition of the nanosized phase by
Mossbauer spectroscopy. However, as was shown in [35],
the Mossbauer spectrum of this sample at a temperature of
4.2 K contains a sextet of lines with the parameters of the
e-Fe,O3 phase. We may state that the local environment of
iron ions in oxide nanoparticles in this sample corresponds
to the e-Fe; O3 phase.

In the spectrum of sample 3FS, one can easily distinguish
four sextets corresponding to the e-Fe,O3 crystallographic
positions. The strong broadening of the external sextet lines
over the internal lines is observed, which is caused by inho-
mogeneity of the magnetic environment of the correspond-
ing iron positions in oxide crystallites. The occupancy of
the relaxation and superparamagnetic spectral components
sharply decreased as compared with sample 05FS.

The intensity of the sextet corresponding to the a-Fe, O3
hematite phase occurs in sample 6FS and monotonically
increases in the next samples, while the relative inten-
sity of the relaxation and superparamagnetic components
continues to decrease.

In the system of deposited ¢-Fe,O3 nanoparticles, one
can observe the formation of the paramagnetic (spin glass-
like) subsystem on the surface of e-Fe;O3 nanoparticles
smaller than 6 nm [35]. Thus, when interpreting the
Mossbauer spectroscopy data, the relaxation singlet can be
attributed to iron ions on the surface of e-Fe;O3 nanoparti-
cles of 6 nm in size and smaller. It can be seen in Fig. 4 that
the relative intensity of this Mossbauer spectrum component
rapidly decreases at the transition to the samples with the
high iron content, which is consistent with the TEM data
(Fig. 1) showing that the average iron oxide nanoparticle
size grows with the total iron content in the system [34, 35].

Figure 4 shows the evolution of the percent (at.% of iron)
ratio between the observed Mossbauer positions of iron ions
at the transition to the samples with the higher iron content.

Thus, the XRD and Mdssbauer spectroscopy data are in
good agreement and confirm that after calcination at a tem-
perature of 900 °C, the e-Fe, O3 particles form on the silica
gel surface if the iron content is no higher than 6 wt%.
With a further increase in the iron content in the sample
after the sequential impregnations, one can observe, along
with e-Fe,O3 particles, the a-Fe;O3 phase on the sample
surface. For the sample series under study, we can deter-
mine the iron concentration in the sample (6-8 wt%) at
which the phase transition of ¢-Fe,O3 nanoparticles to o-
Fe>O3 ones occurs. However, only at the twofold higher
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concentration, the o-Fe,O3 phase content in the sample
sharply grows. Assuming that the phase transition e-Fe,O3
— «a-Fe,O3 occurs in particles with the largest size and
using the HRTEM data on the size distribution (Fig. 1), we
can estimate the critical size at which this phase transition
occurs. For samples 6FS—12FS, the estimation yields a too
large error, since the «-Fe,O3 phase content in these sam-
ples is small. For sample 16FS, where the a-Fe,O3 phase
content is 35% according to the Mdssbauer spectroscopy
data, the calculation leads to a value of 38 4+ 2 nm. Thus,
the critical size of the structural phase transition e-Fe; O3 —
a-Fe, 03 caused by agglomeration of deposited iron oxide
nanoparticles during synthesis is 35-40 nm.

3.3 Magnetic Properties
Figure 5 presents temperature dependences of the magnetic

moment, M (T), for samples 6FS, 8FS, 12FS, and 16FS in
the range from 4.2 K to room temperature obtained upon

T T T T T T
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1 = —
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j 2 —— H=1kOe ZFC
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0 1 1 1 1 1 1
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zero-field cooling (ZFC mode) and in a field of 1 kOe
(FC mode). The bright anomaly accompanied by the maxi-
mum near 130 K and the subsequent sharp decrease in the
magnetic moment with a decrease in temperature to ~80
K corresponds to the well-known magnetic transition in
&-Fep O3 [13-15]. In addition, note one more feature, specif-
ically, the change in the M (T')zrc curvature sign near 40-45
K, which is observed in all the samples. This feature is
related to the presence of the fraction of particles no larger
than 8 nm in size in the samples (Fig. 1). In the particles
of this size, the above-described magnetic transition does
not occur [32, 35], the bulk magnetic anisotropy constant
decreases, and a characteristic superparamagnetic blocking
temperature of up to ~80 K is observed [35]. The change in
the M (T)zrc curvature sign near 40—45 K reflects the tran-
sition to the blocked state of small (<8 nm) particles. Below
80 K, the effect of thermomagnetic prehistory on the M (T)
dependences is maximum, which is also caused by blocking
of small particles.
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Fig. 5 ZFC and FC temperature dependences of magnetic moment for samples a 6FS, b 8FS, ¢ 12FS, and d 16FS in a field of H = 1 kOe
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Fig. 6 Magnetic hysteresis loops for samples a 6FS, b 8FS, ¢ 12FS, and d 16FS at the given temperatures

The M (H) magnetic hysteresis loops measured at tem-
peratures of 4.2, 77, and 300 K are illustrated in Fig. 6.
It can be seen that for all the presented data, the coerciv-
ity (Hc) is minimum at 77 K, i.e., below the temperature
of the magnetic transition to ¢-Fe;O3 [13—15]. This behav-
ior is typical of e-Fe,O3, where the maximum Hc value
is observed above the abovementioned magnetic transition
(above 150 K). The dependences of Hc on the iron con-
tent in the samples are presented in Fig. 7. The growth of
iron concentration in the samples leads to an increase in the
room-temperature coercivity, which results from the particle
size growth (Fig. 1).

It can be seen in Fig. 6 that the magnetic moment in
external fields of stronger than ~40 kOe for sample 16FS is
noticeably weaker than that for the samples with the lower
iron concentrations. This agrees well with the presence
of the hematite phase in this sample, which, in this case,
reduces the ¢-Fe, O3 phase fraction, so the saturation mag-
netization (M values in fields exceeding the field of irre-
versible magnetization behavior) decreases by about 30%
in accordance with the Mdssbauer spectroscopy data (Fig. 4).
Indeed, hematite can be considered weakly magnetic as
compared with e-Fe,O3 and the magnetic response from o-
Fe;Os3 is almost indistinguishable against the background

of the magnetic hysteresis loops for e-Fe;O3. The M(T)
dependences in Fig. 4 contain no anomalies near the Morin
point for hematite (=260 K), which is reasonable to explain
by the well-known fact that the Morin point of nanosized
hematite particles shifts to the low-temperature region [36]
and is absent for particles of about 20-40 nm in size [37].

104 290 K

lo) 42K

0 L) L) L)
5 10 15
Fe content, wt. %

Fig. 7 Coercivities at room temperature and 4.2 K vs total iron ion
content in the system
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Thus, analysis of the magnetic properties of the e-
Fe;O3 samples obtained by multiple silica gel impregna-
tions proves the presence of the e-phase and formation of
hematite at iron contents over 12%.

4 Conclusions

It was shown that the multiple sequential incipient wet-
ness impregnation of silica gel with the aqueous solution
of iron(Il) sulfate heptahydrate and subsequent annealing
at 900 °C lead to an increase in the iron content in the
samples and growth of e-Fe, O3 particles. According to the
data obtained using different techniques (M0ossbauer spec-
troscopy and X-ray diffraction analysis), at an iron content
of ~6 wt%, the hematite phase forms and the phase tran-
sition &-Fe;O3 — «-FeyO3 occurs. The estimation of the
critical particle size corresponding to the transition of e-
Fe>O3 to the more thermodynamically stable iron oxide
form (a-Fey03) is 35-40 nm. At iron ion concentrations of
6—-12 wt%, the a-Fe, O3 phase fraction is insignificant (not
more than 5%; i.e., the e-Fe,O3 fraction is 95%). As the
iron concentration increases to 16 wt%, the hematite phase
fraction attains one third. The results obtained allow us to
conclude that the condition for forming the e-Fe;03/Si0;
sample without other iron oxide polymorphs is the spa-
tial stabilization of iron-containing particles by means of
their interaction with the carrier surface for limiting the
agglomeration and iron atom transport between particles.
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