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The purpose of this work is to fabricate self-assembled microstructures by the sol-gel method and study
the morphological, structural and compositional dependence of e-Fe,Oz nanoparticles embedded in silica
when glycerol (GLY) and cetyl-trimethylammonium bromide (CTAB) are added as steric agents
simultaneously. The combined action of a polyalcohol and a surfactant significantly modifies the
morphology of the sample giving rise to a different microstructure in each of the studied cases (1, 3 and
7 days of magnetic stirring time). This is due to the fact that the addition of these two compounds leads
to a considerable increase in gelation time as GLY can interact with the alkoxide group on the surface of
the iron oxide precursor micelle and/or be incorporated into the hydrophilic chains of CTAB. This last
effect causes the iron oxide precursor micelles to be interconnected forming aggregates whose size and
structure depend on the magnetic stirring time of the sol—gel synthetic route. In this paper, crystalline
structure, composition, purity and morphology of the sol-gel coatings densified at 960 °C are examined.
Emphasis is placed on the nominal percentage of the different iron oxides found in the samples and on
the morphological and structural differences. This work implies the possibility of patterning e-Fe,Os
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Introduction

Epsilon iron oxide is a collinear ferrimagnetic material with
a Curie transition at around 500 K and a coercive field of 2 T at
room temperature. Therefore, it is considered an attractive
magnetically hard material which could be used as a composite
to produce a new family of oxide-based permanent magnets.
Besides, due to its coercivity, the ferromagnetic resonance
frequency falls in the milli terahertz range. Several studies have
demonstrated the modulation of the resonance frequency
depending on different elements substituted in the crystalline
structure of the e-Fe,O; phase.>® Specially in thin film form, this
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nanoparticles in coatings and controlling their purity by an easy one-pot sol-gel method.

polymorph shows a ferromagnetic and ferroelectric response.
Thus it opens the possibility of using it as a room temperature
multiferroic in a real device.® Furthermore, this material is the
only iron oxide with intrinsic p-type semiconductor behaviour,
with a bandgap in the visible range (~1.9 eV).* Thus, it is a good
candidate for catalytic applications such as photo-anode water
molecule decomposition in an alcoholic solution.™ In addition,
there are investigations where this material is also used as
a selective NO, sensor in the form of nanopillars.”

For the fabrication of this iron oxide phase several methods
have been developed to synthesize this material with a high
crystallinity: e.g. pulsed laser deposition (PLD),>**** chemical
vapour deposition (CVD)* or sol-gel synthesis.’*” Of these
techniques, the sol-gel method is the most widely used to
synthesize it. However, the oxide is difficult to obtain, and
complications arise when it is microstructured to enhance and/
or tune some of the above mentioned properties.

In this regard, we have designed in this work an easy one-pot
sol-gel synthesis where different microstructures of &-Fe,O3
nanoparticles can be obtained, depending on the magnetic
stirring time of the solution. Sol-gel synthesis also stands out
among other growth techniques due to the possibility of
modifying the micro- and nanostructure according to experi-
mental conditions, homogeneity and particle size of the oxide.?®
Here, we are able to modify the size and morphology of
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microstructures fabricated as coatings on Si(100) substrates
thanks to the influence of a polyalcohol, glycerol (GLY), and
a surfactant, cetyl-trimethylammonium bromide (CTAB). The
combined addition of these precursors into the solution
provides high stability for the iron oxide nanoparticles. Gener-
ally speaking, each synthesis by the sol-gel method needs
a specific stirring time by which the hydrolysis and poly-
condensation processes happen whereas homogeneous solu-
tion and sols aggregation are accomplished. Virtually, all
previous works that synthesizes e-Fe,O; by the sol-gel method
employs CTAB as a surfactant agent for iron oxide precursor
micelles."*?® To the best of our knowledge, only two studies use
GLY* and sucrose® as different type of organic ligand in which
it is not intended to modify its crystalline structure or
morphology for micropatterning purposes. For this reason, the
incorporation of organic ligand as a parameter to take into
account in the final structure of sample represents a major
breakthrough in the synthesis process.

The aim of this work is to study the structural and
morphological evolution of the micelles and how they inter-
connect among themselves depending on the magnetic
agitation time: 1 day, 3 days and 7 days. With the intercon-
nection, these micelles are linked by organic groups, but
once formed they do not interact with each other to form
large particles. This is achieved by adding the GLY after
surrounding the micelles with the CTAB. As the stirring time
progresses, the microstructure of the sample is modified,
forming large micellar networks. Besides, the compositional
ratio of epsilon iron oxide is modified. Our work suggests
a new strategy to fabricate different structures by self-
assembled iron nanoparticles to obtain, for instance, an
enhancement of the catalytic properties due to the increase
of the specific surface available to react.

Preparation and synthesis of samples

The designed sol-gel synthesis was performed in acid envi-
ronment with several steps in common with those described in
other investigations.>®*” Salts of nona-hydrate iron nitrate
(Fe(NOs3)3-9H,0, Sigma-Aldrich >98%) and barium nitrate
(Ba(NO3),, Sigma-Aldrich >98%), together with CTAB
(C190H4,BrN, Sigma Aldrich >99%) were dissolved in absolute
ethanol (CH;CH,OH, Panreac). The molar concentrations were
respectively 1 : 0.002 : 0.1. An illustration of the entire sol-gel
synthesis processes is shown in Fig. 1.

The sol was magnetically stirred at high speed for 15 min and
the precursor of the silica matrix, tetraethyl orthosilicate (TEOS,
SiCgH,00,4, Sigma-Aldrich >98%) was subsequently incorpo-
rated dropwise with a Fe : Si molar ratio of 1 : 1. The reaction
time of the hydrolysis and polycondensation process was sup-
ported by 100 pl of nitric acid (HNOj;, Sigma-Aldrich >70%)
afterwards ascertaining that the pH of the solution was close to
1.0. The GLY (C3HgO;, Sigma-Aldrich >99%) was dropwise
poured for one hour into the resulting solution with
a TEOS : GLY molar ratio of 1 : 1.5, respectively (Fig. 1). Glycerol
hydroxyl groups favour the hydrolysis processes and the
viscosity of the solution is considerably increased.
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The final sol was covered with paraffin film and maintained
for several days under magnetic stirring at a vigorous motion.
Deposited films on Si(100) (as received) were obtained by dip-
coating after 1 day, 3 days and 7 days of stirring time (Fig. 1).
The films were then dried in a conventional oven at 60 °C for 7
days and the corresponding xerogels were formed. After this
time, densification treatments were carried out at 960 °C under
air with a temperature ramp of 1 °C min~ " (Fig. 1). The samples
obtained consisted of 54 wt% of iron oxide (o- and &-Fe,03) in
a SiO, matrix. Synthetic route has been repeated several times
obtaining reproducible results.

Experimental details

Structural and morphological studies of the samples were
carried out by X-ray diffraction (XRD), confocal Raman
microscopy (CRM) and atomic force microscopy (AFM). The
XRD equipment employed was a PANalytical X-ray diffractom-
eter using Cu-Ko. (A = 1.5406 A) radiation. Raman-AFM
measurements were carried out using a Witec ALPHA 300RA
confocal Raman microscope equipped with a Nd:YAG laser (532
nm). The Raman mappings were performed with a 100x
objective lens and a numerical aperture of 0.95 at a 0.7 mW laser
power taking spectra every 100 nm with 3 seconds of integration
time. AFM mappings were recorded in the same equipment in
non-contact mode using an AFM gold-coated silicon probe,
NSG30 model provided by NT-MDT (Russia). The tip was about
14-16 microns high, aspect ratio from 3:1 to 5: 1 and curva-
ture radius 10 nm. Cantilever was 125 pm long, 40 pm wide and
4 pm thick, with an elastic constant 40 N m~* and a resonant
frequency of 268 kHz. Raman and AFM data were analyzed
using the Witec Project Plus software. This system allows
studying the same region of the sample for both last charac-
terization techniques. We therefore can know the composition
provided by CRM as well as the morphology of the nano- and
microstructures obtained by AFM.

Important differences in the morphology and crystal struc-
ture were found in some specific samples. Thus, a further
structural characterization was performed by Mossbauer spec-
troscopy and X-ray absorption spectroscopy (XAS), which was
needed in order to examine the environment of the different
iron cation sites. We first studied these structural properties by
integral conversion electron Mossbauer spectroscopy (ICEMS),
where data were collected at room temperature in a conven-
tional constant acceleration spectrometer using a °’Co(Rh)
source and a parallel plate avalanche counter.*® All the isomer
shift data were referred to the centroid of the spectrum of a-Fe,
recorded at room temperature.

XAS experiments were carried out in fluorescence detec-
tion mode at the Fe K-edge (7112 eV) in the range 6900-
8000 eV at the SpLine BM25A beamline of the ESRF, The
European Synchrotron. The samples were placed forming
a 45° angle with the incident X-ray direction on a motorized
sample positioning setup with four degrees of freedom (X, Y,
Z and theta axes). The fluorescence signal was collected using
a 13 element Si(Li) solid state detector while iron oxide
references XAS signal were collected in transmission mode.

This journal is © The Royal Society of Chemistry 2019
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nanoparticles: CTAB surfactant is dissolved in absolute ethanol together
tained under vigorous magnetic stirring (1). TEOS is firstly added drop by

drop and the hydrolysis and polycondensation processes begin simultaneously to form the silica matrix. After one hour, GLY is incorporated into

the solution dropwise (2). The resulting colloidal suspension is kept und

er magnetic agitation at room temperature for 1, 3, and 7 days (3). Once

this time has elapsed, the suspension is deposited on Si(100) substrates by the dip-coating (4). Obtained samples are then placed in an air oven at
60 °C for 7 days to form the xerogel (5). Densification treatments are carried out at 960 °C to obtain the iron oxide nanoparticles (6).

The XAS analysis was done on spectra obtained from the
average of 5 XAS scans. Data from an iron foil is used as
energy calibration of the XAS spectra. XAS data are analysed
in accordance with standard procedures using the ATHENA
and Artemis program packages.*!

Results and discussion

Fig. 2 shows optical micrographs acquired with the CRM system
corresponding to samples treated at 960 °C and magnetic
agitation times of 1, 3 and 7 days, respectively. Structural and
morphological differences are very noticeable. The coating of
the 1 day sample is not continuous and consists of different
islands tens of microns wide with differences in height between
1-7 pm.

For the 3 days stirring time sample, the irregular morphology
disappears and vesicular structures are formed (Fig. 2b). These
vesicles are repeated for the whole sample and are located as
furrows well delimited by flat tops and irregular surfaces in
plane. The arrangement of the vesicles suggests that they detach
from these surfaces. Finally, these same ordered microstruc-
tures increase in size for the 7 days sample and the flatness of
the rest of the surface disappears. In this case, the surface is
made up of smaller vesicular structures and it is observed that
the sample is relatively rough.

This journal is © The Royal Society of Chemistry 2019

SEM analysis has been carried out to obtain the detailed
morphology of these samples (Fig. 3). The SEM images are
acquired with an inclination of 60° respect to the electron beam
incident to give another perspective of the sample according to
the degree of roughness observed. This view shows an irregular
coating with no well-defined in-plane structures, finding what
seems to be uncovered areas.

The interaction between GLY and CTAB is clear and strongly
dependent on the stirring time: the globular-shaped islands
increase in size when the stirring time increases (Fig. 2 and 3).
Another interesting feature of the 3 days sample is the adher-
ence that these islands present, as they do not seem to be
separated from the substrate at any point. This is in contrast
with the observation of the rest of the coatings where some
raised areas are detected (marked with yellow arrows in Fig. 3b).
In this case, there are no substantial differences in height. On
the other hand, for the 7 days sample, the islands are larger
than the rest of the rough coating compared to the 3 days
sample.

To conclude with the morphological and the surface char-
acterization, AFM measurements were performed in different
areas of the samples. The right panel of Fig. 4 illustrates the
selected AFM images corresponding to areas indicated with
a red square in Fig. 4a-c. For 1 day of stirring, a flat area is
shown where we can appreciate how the surface presents
a porosity (see details in ESIt). These pores are frequently

RSC Adv., 2019, 9, 17571-17580 | 17573
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Fig. 2 Optical micrographs of the samples synthesized at 960 °C in air for (a) 1 day, (b) 3 days and (c) 7 days of magnetic stirring time. The same
scale is maintained in the three cases studied to highlight the abrupt morphological changes that occur as a function of agitation time.

observed when synthesizing an amorphous silica matrix grown
by the sol-gel method.** Typical pore size values reported in
other studies are between 5 and 75 nm.** A higher molar
concentration of GLY with respect to tetramethyl orthosilicate
(TMOS) can generate a higher pore volume, a lower porosity,
a higher density and a contraction of the volume of the
sample.*® These effects appear to be visible in the 1 day sample
(see ESIY). In the images corresponding to the 3 and 7 days of
stirring samples the porous character of the matrix is not
observed and the morphology is completely transformed, with
the appearance of islands and particles emerging from the
surface of the Si(100) substrate. In the 3 days agitation sample,
two types of structure are observed: islands of circular contour
with sizes from ~300 nm to ~5 um in width with a height of
~720 nm and particles that are part of the coating with diam-
eters ranging from ~190 to ~540 nm and heights from
~200 nm to ~450 nm are clearly distinguished (Fig. 4h). In the
case of 7 days of stirring, both the number of islands and their
dimensions increase. Island diameters between ~4 and ~10 um
have the same height as for 3 days of agitation, but only at the
edge of the islands. The upper part of all islands has a depres-
sion pointing towards the interior of the island. These depres-
sions extend to ~300 nm in depth. Also, the most superficial
particles increase in size and their diameters range from

~500 nm to ~2 pm with heights between ~200 and ~500 nm.
All these values as well as other roughness parameters are
presented in Table 1.

The mean height (SA) measures the difference between the
height of each point with the arithmetic mean of the surface
and the root mean square height (SQ) represents the standard
deviation in height. These parameters, derived from the anal-
ysis of the AFM images, are representative of the surface
roughness of the sample. Results obtained for 1 day of stirring
show surface roughness much higher with heights up to 7 um.
For the rest of the cases, the values of SA and SQ are also very
high, with slightly lower values for 7 days of agitation. All the
samples studied differ greatly from the flatness from the sol-gel
recipe where only GLY” is added. The interaction with the CTAB
as a function of time is evident.*

A compositional characterization of the samples is per-
formed by CRM. The analysis was carried out at the same areas
studied by AFM or close to them (Fig. 4), marked with yellow
boxes on the optical microscopy images (left panel of Fig. 4).
CRM reveals the presence of the e-Fe,O; phase in the three
series examined (see Raman spectra in Fig. 5d). The epsilon
polymorph is the dominant phase in all the areas studied in the
cases of 1 and 7 days (Fig. 4d and f). However, in the 3 days
sample, it is concentrated inside the larger islands (Fig. 4e)

Fig. 3 SEM images acquired with an inclination of 60° with respect to the XY plane of the samples synthesized at 960 °C for (a) 1 day, (b) 3 days
and (c) 7 days of magnetic agitation. Yellow arrows indicate the areas where the substrate coating is detached.

17574 | RSC Adv., 2019, 9, 17571-17580
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(a—c) Optical micrographs of the coatings treated at 960 °C with magnetic stirring times of 1, 3 and 7 days; (d—f) Raman intensity images in

the XY plane performed on the regions marked with yellow squares on (a—c), acquiring Raman spectra every 100 nm with an integration time of
3s. The integration range chosen to obtain the intensity image ranges from 660 cm ™! to 750 cm ™ for the e-Fe,Os phase (green colour) and from
1310 cm~t to 1340 cm™ for the a-Fe,Os phase (red colour); (g—i) AFM topographical images of the surface indicated with a red box on (a—c).

Table 1 Calculated parameters from the analysis derived from AFM
images. The heights and diameters of the islands of the surface
particles corresponding to 3 and 7 days are added

1 day 3 days 7 days
SA (nm) a4 202 180
SQ (nm) 54 256 229
Island height (nm) — 720 720
Island diameter (um) — 0.3-5 3.3-10
Superficial particle height (nm) — 200-500 200-500
Superficial particle diameter (nm) — 190-540 500-1500

while the particles that form part of the rest of the coating are
pure hematite.® To obtain the Raman intensity images in the
XY plane, the region of the Raman spectra ranging from 660 to
750 cm™ " is integrated and the &-Fe,O; phase is coloured in
green. In the case of a-Fe,O; phase, the integrated spectral zone
ranges from 1310 cm™ " to 1340 em™ " and is coloured in red.
From each Raman mapping an averaged Raman spectrum
is presented in Fig. 5d. It is worth remembering that the

This journal is © The Royal Society of Chemistry 2019

Raman spectra obtained for the three samples are associated
with particle sizes confined to the nanoscale. From these
spectra it can be deduced that the a-Fe,O; phase also appears
as a residual manner in the 1 day and 7 days samples. The o-
Fe,O; bands located at 220, 290 and 1320 cm ' appear
superimposed on the Raman spectrum of the &-Fe,O; phase
(Fig. 5d). Relative intensities of these hematite Raman bands
are similar to the Raman spectra acquired of the samples with
compositional percentages of hematite below ~10%.>® There-
fore, we obtain ~90% purity of the epsilon phase in the areas
studied by CRM for the 1 day and 7 days samples.

The position of the Raman bands associated with a-Fe,O; is
indicated by dashed red lines. The lines corresponding to the
Raman modes located at 220 and 290 cm " coincide in the
Raman spectra of the 1 day and 7 days samples. On the other
hand, as we present in Fig. 4e, the hematite phase in the 3 days
sample is clearly identified by the characteristic Raman modes
of this iron oxide.”***

Although these Raman spectra have similarities with the
spectra obtained for the glycerol-only samples reported in

RSC Adv., 2019, 9, 17571-17580 | 17575
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(a—c) Raman intensity images acquired in the XY plane on the region presented in Fig. 4 (a—c); average Raman spectra of the iron oxides

observed in (a—c). Arrows indicate the areas where the averages are performed. Dashed red lines are added indicating the positions of the
vibrational modes associated with the a-Fe,O3 phase for clarity; (d) average Raman spectra; (e—g) SEM images corresponding to the samples

with stirring times of 1, 3 and 7 days.

a previous work,* an accurate phase percentage of the different
iron oxide polymorphs cannot be assigned. This could be ob-
tained by comparing the relationship of intensities between
some vibrational modes attributed to the &-Fe,O; phase and
another associated with the a«-Fe,O; phase, with respect to
a calculated purity percentage, for example, with Mdssbauer
spectroscopy.*® This approximation would be valuable if both
phases were mixed with the same morphology in the three
samples. But, unfortunately, the morphological features of
samples vary with the stirring time (Fig. 4 and 5). Therefore, it is
not possible to calculate the compositional percentage of the
different iron oxide polymorphs. Nevertheless, the purity
percentage present in each sample is further estimated by
analysing the Mdssbauer measurements.

One possible hypothesis for the formation of different
polymorphs could lie in the crystal domain size difference. To
obtain these values, XRD measurements are performed in
grazing incidence mode to achieve a higher surface sensitivity.
Different grazing incidence angles (w) are tested and the
patterns where a higher signal-to-noise ratio are represented in
the ESI.{ Diffraction peaks are very broad in the different
patterns, indicating that the crystal domains are of few nano-
metres in size, as already revealed by the Raman measurements.
An intense and narrow maximum is detected in all the cases
studied, followed by a bulge centred on 55°. This contribution,
which is shaded with a grey colour, is associated with the signal
of the Si(100) substrate in the grazing incidence mode, whose
diffraction peak positions located between 50 and 52° vary when
w is modified. For each studied w different reflections of the
substrate are promoted. The XRD patterns for 1 and 7 days of
agitation indicate that the only phase present in these samples

17576 | RSC Adv., 2019, 9, 17571-17580

is &Fe,O; according to the resolution of the measurement
conditions.*® However, for the 3 days sample, a-Fe,O; phase®”
and traces of reflections from the &-Fe,O; phase can be distin-
guished. Only the reflections corresponding to the (131) and
(123) planes can be attributed uniquely to e-Fe,O3. On the other
hand, the highest diffraction peak for &-Fe,O; and hematite is
33.05° and 33.16° respectively.***” This slight angular
displacement is detected in the 3 days sample pattern. The
crystal domain sizes are calculated using the Scherrer's relation
with a form factor of 0.94 assuming that the particles are
spherically shaped. The value obtained for the cases of 1, 3 and
7 days for the &-Fe,O3 phase are respectively ~10.9(5), ~12.6(9)
and ~13.2(3) nm. This means that the particles/islands
observed in the 3 and 7 days samples are probably agglomer-
ates formed by sub-grains. With respect to the value calculated
for the o-Fe,O; crystal domain size of the 3 days sample, is
~12.5(3) nm. This result is similar to the one obtained for the &-
Fe,0; phase.

Fig. 6 shows the integral conversion electron Mossbauer
(ICEMS) spectra recorded at room temperature from the three
samples. Very long acquisition times were needed to record the
spectra with reasonable statistics. It was observed (Fig. 6) that
the signal-to-noise ratio increased as the stirring time used to
prepare the samples increased. This is surely related with
a larger concentration of iron present in the deposited films as
the stirring time increases and correlates well with the AFM
observations that showed also an increase in the number and
height of islands with the agitation time. The spectra contain
various magnetic contributions together with a relative intense
paramagnetic doublet. Fig. 6 collects the Mossbauer parameters
obtained from the fit of the spectra. All the samples contain the

This journal is © The Royal Society of Chemistry 2019
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l 3 i : : , | ) Fe-R,. - £-Fe,0; — Distorted octahedral coordination (Sextet 2)
) K,, f \ _ j\ j\\ A ‘f‘ \ ) Fe, - -Fe,0; — Tetrahedral coordination (Sextet 3)
Vi — [ Fe,- a-Fe,0; — Octahedral coordination (Sextet 4)

10 -8 6 -4 -2 0 2 4 6 8 10 Doublet SPM

Velocity (mms™)

Fig. 6 Mdssbauer spectra collected in reflection mode at 300 K for samples with (a) 1, (b) 3 and (c) 7 days of magnetic stirring time. Obtained

Mossbauer parameters are presented to the right of the (a—c). The legend
the ¢- and a-Fe,Oz phases.

three sextets characteristic of the e-Fe,O; phase.””*® Addition-
ally, the sample prepared after 3 days of magnetic stirring
contained a o-Fe,O; contribution.?® The parameters of the
paramagnetic doublet are typical of Fe** in octahedral oxygen
coordination®>** and might correspond to a fraction of super-
paramagnetic e-Fe,O3/a-Fe,O; particles.

Inspection of Fig. 6 show that the three samples are rich in
e-Fe,O; and that the superparamagnetic contribution

(@)

1day 3days 7days
Epsilon reference
Commercial hematite reference

Normalized absorbance

¥ T T T T T T
7100 7120 7140 7160 7180 7200
Energy (eV)

Fig. 7 (a) Normalized Fe K-edge XANES spectra disposed in cascade of

at the right bottom refers to each sextet and doublet corresponding to

decreases substantially from 45% (1 day sample) to 31% (7
days sample) (Fig. 6). Therefore, the samples with a higher
amount of pure &-Fe,O; are obtained with a stirring time of 7
days and, as stated above, this has to be related with the
larger particle sizes obtained after 7 days as compared with
those obtained after 1 and 3 days of stirring time. In contrast,
the presence of hematite is only detected in the 3 days
sample, a fact that has been also corroborated by XRD (ESIt).

Fourier Transform (arb. units)

0 1 2 3 4 l 5 I 6
R (Angstroms)

samples with 1 day (orange), 3 days (blue) and 7 days (dark yellow) of

magnetic stirring time, e-Fe,O3 reference sample (deep green) and a-F,Os reference (red). The second resonance of the X-ray scattering is
asterisked; (b) Fourier transform magnitude (open circles) of Fe K-edge EXAFS (k?-weighted) and fits carried out in the range comprised between
1 and 3 A (continuous lines); colour code the same of (a). Vertical discontinuous lines indicate the range of the fit in the R-space.

This journal is © The Royal Society of Chemistry 2019

RSC Aadv., 2019, 9, 17571-17580 | 17577


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra03283e

Open Access Article. Published on 04 June 2019. Downloaded on 4/2/2026 4:02:07 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

We would like to point out, however, that this phase has been
detected, in very small amounts, by CRM in all the other
samples (Fig. 5a-d). This would suggest that the films could
contain a fraction of small particle hematite which would
contribute to the observed Fe*" paramagnetic doublet and
that would go undetected by XRD.

To complete this work, a compositional analysis of different
iron oxide phases present in the samples was also performed by
XAS. Samples grown in this work show great similarities with the
reference rich in &-Fe,O; phase.”” Fig. 7a shows the X-ray absorp-
tion near edge structure (XANES) measurements recorded from the
samples prepared at different stirring times as well as from
a commercial hematite reference and a high purity (~100%) e-
Fe,O; sample. No variations in the absorption edge position are
detected, indicating that the samples are formed by oxide phases
in which iron is in the oxidation state 3+.**** No major differences
are detected in the XANES zone between the 1, 3 and 7 days of
agitation time compared to the e-Fe,O; reference sample, sug-
gesting that they have similar compositional percentages.

The local environment of the iron atoms was analysed for
each sample by extended X-ray absorption fine structure
(EXAFS). The Fourier transform of the Fe K-edge EXAFS
recorded from all the samples are shown in Fig. 7b. The
EXAFS signal x(k) was weighted by k* and fitted in R-space in
the range 1 to 3.0 A using the FEFFIT code.*** For the model,
a single scattering is considered and two shells have been
evaluated. The first one is composed by Fe-O interatomic
distances while for the second shell only Fe-Fe interatomic
distances are taken into account. The Debye-Waller factor
and energy shift obtained from the fit of the &-Fe,O; reference
have been fixed for the rest of the samples (Table 2i).
Regarding the a-Fe,O; phase, the obtained fit parameters
correspond to those reported in other works.***” On the other
hand, the EXAFS spectra fit well for the rest of the samples
with errors tending to be minimized as the agitation time
increases up to 7 days (Table 2ii). Considering the similar

Table 2 (i) Formal coordination (N), interatomic Fe—-O and Fe-Fe
bond lengths (R) and Debye—Waller factors (¢?) obtained by EXAFS
analysis with uncertainties expressed in brackets for a- and e-Fe,O3
references.?4” (ii) EXAFS parameters calculated for the different
samples prepared varying the stirring time

(i) Fit reference

sample &-Fe,0; a-Fe,0;

Shell Fe-O Fe-Fe Fe-O Fe-Fe
N 6.2(5) 4.1(3) 6.0(1) 4.1(2)
R 1.928(5) 3.083(7) 1.971(2) 3.022(9)
o® 0.0109(2)  0.0114(3)  0.0111(8)  0.0076(4)
(ii) Sample 1 day 3 days 7 days

Shell Fe-O Fe-Fe Fe-O Fe-Fe Fe-O Fe-Fe
N 5.5(5) 3.8(4) 6.2(5) 4.1(3) 6.1(3) 3.8(3)
R 1.937(5) 3.098(6) 1.928(5) 3.083(7) 1.927(9) 3.108(2)
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values obtained for the samples compared with those of the -
Fe,O; reference, we can assure that samples present a high
degree of purity in &-Fe,O; polymorph independently of
stirring time.

Conclusions

This study shows the importance of controlling the agitation
time during the synthesis of e-Fe,O; nanoparticles produced
by sol-gel method. In this research we have studied
morphologically, structurally and compositionally samples
containing a high percentage of pure &-Fe,03 (>75%) with
different microstructures as a coating on Si(100) substrates.
This is the first time that different micropatterns are ob-
tained simply varying the agitation time of the sol-gel recipe
thanks to the simultaneous addition of GLY and CTAB. The
densified coatings show different morphologies and phase
compositions depending on their magnetic stirring time. The
average crystalline domain sizes for the e-Fe,O; phase are in
the 10 nm range for all cases. The Mossbauer analysis indi-
cates that the three samples are rich in &-Fe,0;. The short
range crystalline order and the immediate environment of
the iron sites are studied by means of XAS experiments at
room temperature using the fluorescence detection mode.

Hematite appears in the three sample series but the
influence in the morphology and the microstructure favours
larger island sizes for 3 days samples. The highest purity and
the highest crystallinity for the &-Fe,O; polymorph is ob-
tained for 7 days of stirring time.

This investigation manifests the drastic influence that one
polyalcohol and one surfactant have in the sol-gel synthesis
of the samples. This effect can open a field of investigation
where the use of other steric agents could change the shape,
the morphology and/or the roughness of the epsilon iron
oxide samples depending on the particular application.

Conflicts of interest

The authors declare that there is no conflict of interest
regarding the publication of this article.

Acknowledgements

Dr Paloma Almodovar is acknowledged for her fruitful
discussions about CRM and SEM characterization. The
authors also acknowledge the Spanish Ministry of Industry,
Economy and Competitiveness for financing the project
MAT2015-65445-C2-1-R, MAT2017-86450-C4-1-R, MAT2015-
67557-C2-1-P, by the Comunidad de Madrid S2013/MIT-2850
NANOFRONTMAG and H2020 AMPHIBIAN Project ID:
720853. The authors are also grateful to the BM25-SpLine staff
for their valuable technical support beyond their duties and
for the financial support from the Spanish Ministry of Science,
Innovation and Universities (MICIU) and The Spanish
National Research Council (CSIC) under Grant No. PIE 2010-
60E-013, The ESRF - The European Synchrotron, MICIU and
CSIC are acknowledged for provision of synchrotron radiation

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra03283e

Open Access Article. Published on 04 June 2019. Downloaded on 4/2/2026 4:02:07 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

facilities. A. S. acknowledges the financial support from the
Comunidad de Madrid for an “Atracciéon de Talento Inves-
tigador” contract (No. 2017-t2/IND5395).

References

1 J. Tucek, R. Zbofril, A. Namai and S. I. Ohkoshi, Chem. Mater.,
2010, 22, 6483-6505.

2 M. Popovici, M. Gich, D. Niznansky, A. Roig, C. Savii,
L. Casas, E. Molins, K. Zaveta, C. Enache, ]J. Sort, S. de
Brion, G. Chouteau and ]J. Nogués, Chem. Mater., 2004, 16,
5542-5548.

3 V. N. Nikolic, M. M. Milic, J. D. Zdravkovic and V. Spasojevic,
Russ. J. Phys. Chem. A, 2019, 93, 377-383, (in press).

4 V. N. Nikolic, M. M. Milic, J. D. Zdravkovic and V. Spasojevic,
Russ. J. Phys. Chem. A, 2019, 93, 588-593, (in press).

5 L. Chao, M. N. Afsar and S. I. Ohkoshi, J. Appl. Phys., 2014,
115, 1-4.

6 A. Namai and S. Ohkoshi, Advanced Trends in Wireless
Communications, InTech, 2011, pp. 493-504.

7 A. Namai, M. Yoshikiyo, S. Umeda, T. Yoshida, T. Miyazaki,
M. Nakajima, K. Yamaguchi, T. Suemoto and S. I. Ohkoshi,
J. Mater. Chem. C, 2013, 1, 5200.

8 S. Ohkoshi, K. Imoto, A. Namai, S. Anan, M. Yoshikiyo and
H. Tokoro, Large coercive field of 45 kOe in a magnetic
film based on metal-substituted e-iron oxide, J. Am. Chem.
Soc., 2017, 139, 13268-13271.

9 M. Gich, I. Fina, A. Morelli, F. Sanchez, M. Alexe, ]J. Gazquez,
J. Fotcuberta and A. Roig, Adv. Mater., 2014, 26, 4645-4652.

10 D. Barreca, G. Carraro, D. Peeters, A. Gasparotto, C. Maccato,
W. M. M. Kessels, V. Longo, F. Rossi, E. Bontempi, C. Sada
and A. Devy, Surface decoration of &-Fe,O; nanorods by
CuO via a two-step CVD/sputtering approach, Chem. Vap.
Deposition, 2014, 20, 313-319.

11 G. Carraro, C. Maccato, A. Gasparotto, T. Montini, S. Turner,
O. 1. Lebedev, V. Gombac, G. Adami, G. Van Tendeloo,
D. Barreca and P. Fornasiero, Adv. Funct. Mater., 2014, 24,
372-378.

12 D. Peeters, D. Barreca, G. Carraro, E. Comini, A. Gasparotto,
C. Maccato, C. Sada and G. Sberveglieri, J. Phys. Chem. C,
2014, 118, 11813-11819.

13 S. M. Suturin, A. M. Korovin, S. V. Gastev, M. P. Volkov,
A. A. Sitnikova, D. A. Kirilenko and M. Tabuchi, Phys. Rev.
Mater., 2018, 2, 073403.

14 M. Gich, ]J. Gazquez, A. Roig, A. Crespi, ]J. Fontcuberta,
J. C. Idrobo, S. J. Pennycook, M. Varela, V. Skumryev and
M. Varela, Appl. Phys. Lett., 2010, 96, 7-10.

15 G. Carraro, D. Barreca, C. Maccato, E. Bontempi,
L. E. Depero, C. de Julian Fernandez and A. Caneschi,
CrystEngComm, 2013, 15, 1039.

16 A.S. Kumar and A. K. Bhatnagar, Appl. Nanosci., 2018, 8, 1-9.

17 M. Yoshikiyo, A. Namai, K. Nakagawa and S. Ohkoshi, AIP
Adv., 2017, 7, 056218.

18 Y. Wang, J. Ma, S. Zuo-jiang and K. Chen, Ceram. Int., 2017,
43, 16482-16487.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

19 V. N. Nikoli¢, M. Tadi¢, M. Panjan, L. Kopanja,
N. Cvjeticanin and V. Spasojevi¢, Ceram. Int., 2017, 43,
3147-3155.

20 V. N. Nikolic, V. Spasojevic, M. Panjan, L. Kopanja,
A. Mrakovic and M. Tadic, Ceram. Int., 2017, 43, 7497-7507.

21 J. Kohout, P. Brazda, K. Zavéta, D. Kubaniova, T. Kmjec,
L. Kubi¢kova, M. Klementova, E. Santava and A. Lancok, J.
Appl. Phys., 2015, 117, 2-6.

22 P. Brazda, J. Kohout, P. Bezdicka and T. Kmjec, Cryst. Growth
Des., 2014, 14, 1039-1046.

23 M. Tadi¢, V. Spasojevi¢, V. Kusigerski, D. Markovi¢ and
M. Remskar, Scr. Mater., 2008, 58, 703-706.

24 E. Taboada, M. Gich and A. Roig, ACS Nano, 2009, 3, 3377-
3382.

25 J. Lopez-Sanchez, A. Serrano, A. Del Campo, M. Abuin,
0. Rodriguez de la Fuente and N. Carmona, Chem. Mater.,
2016, 28, 511-518.

26 J. Lopez-Sanchez, A. Mufioz-Noval, A. Serrano, M. Abuin,
J. de la Figuera, J. F. Marco, L. Pérez, N. Carmona and
O. Rodriguez de la Fuente, RSC Adv., 2016, 6, 46380.

27 J. Lopez-Sanchez, A. Munoz-Noval, C. Castellano, A. Serrano,
A. del Campo, M. Cabero, M. Varela, M. Abuin, J. de la
Figuera, J. F. Marco, G. R. Castro, O. Rodriguez de la
Fuente and N. Carmona, J. Phys.: Condens. Matter, 2017,
29, 485701-485712.

28 M. Mohapatra and S. Anand, Int. J. Eng. Sci.Tech., 2010, 2,
127-146.

29 J. Tucek, S. I. Ohkoshi and R. Zboril, Appl. Phys. Lett., 2011,
99, 2-5.

30 J. R. Gancedo, M. Gracia and ]J. F. Marco, CEMS
methodology, Hyperfine Interact., 1991, 66, 83-94.

31 B. Ravel and M. Newville, J. Synchrotron Radiat., 2005, 12,
537-541.

32 R. K. Iler, The chemistry of silica. Solubility, polymerization,
colloid and surface properties, and biochemistry, John Wiley
and Sons Inc., Chichester, 1979.

33 A. V. Rao and M. M. Kulkarni, Mater. Chem. Phys., 2002, 77,
819-825.

34 L. Bellot-Gurlet, D. Neff, S. Réguer, J. Monnier, M. Saheb and
P. Dillmann, J. Nano Res., 2009, 8, 147-156.

35 B. Cortés-Llanos, A. Serrano, A. Munoz-Noval, E. Urones-
Garrote, A. del Campo, J. F. Marco, A. Ayuso-Sacido and
L. Pérez,]. Phys. Chem. C, 2017, 121, 23158-23165.

36 K. Kelm and W. Mader, Z. Anorg. Allg. Chem., 2005, 631,
2383-2389.

37 E. Wolska and U. Schwertmann, Z. Kristallogr., 1989, 189,
223-237.

38 J. A. Sans, V. Monteseguro, G. Garbarino, M. Gich, T. Irifune,
A. Muiioz and C. Popescu, Nat. Comm., 2018, 9, 1-11.

39 J. Drbohlavova, R. Hrdy, V. Adam, R. Kizek, O. Schneeweiss
and J. Hubalek, Sensors, 2009, 9, 2352-2362.

40 M. D. Dyar, D. G. Agresti, M. W. Schaefer, C. A. Grant and
E. C. Sklute, Annu. Rev. Earth Planet. Sci., 2006, 34, 83-125.

41 S. Akbar, S. K. Hasanain, N. Azmat and M. Nadeem, J. Phys.:
Condens. Matter, 2004, 480, 1-19.

RSC Adv., 2019, 9, 17571-17580 | 17579


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra03283e

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 04 June 2019. Downloaded on 4/2/2026 4:02:07 PM.

(cc)

RSC Advances

42 J. Rubio-Zuazo, A. Chainani, M. Taguchi, D. Malterre,
A. Serrano and G. R. Castro, Phys. Rev. B: Condens. Matter
Mater. Phys., 2018, 235148, 1-9.

43 D. Malferrari, E. Castellini, F. Bernini, A. Serrano, G. Rafael,
C. L. Sainz-diaz, M. Caleffia, M. F. Brigattia and M. Borsari,
Microporous Mesoporous Mater., 2018, 265, 8-17.

44 L. Ankudinov, J. J. Rehr and S. D. Conradson, Phys. Rev. B:
Condens. Matter Mater. Phys., 1998, 58, 7565-7576.

17580 | RSC Adv., 2019, 9, 17571-17580

View Article Online

Paper

45 A. A. Lavrentyev, I. Y. Nikiforov, V. A. Dubeiko,
B. V. Gabrelian and ]. ]J. Rehr, J. Synchrotron Radiat., 2001,
8, 288-290.

46 A. Corrias, G. Ennas, G. Mountjoyb and G. Paschina, Phys.
Chem. Chem. Phys., 2000, 2, 1045-1050.

47 A. Serrano, J. Rubio-Zuazo, J. Lopez-Sanchez, 1. Arnay,
E. Salas-Colera and G. R. Castro, Stabilization of Epitaxial
o-Fe,03, J. Phys. Chem. C, 2018, 122, 16042-16047.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra03283e

	Self-assembly of iron oxide precursor micelles driven by magnetic stirring time in soltnqh_x2013gel coatingsElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03283e
	Self-assembly of iron oxide precursor micelles driven by magnetic stirring time in soltnqh_x2013gel coatingsElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03283e
	Self-assembly of iron oxide precursor micelles driven by magnetic stirring time in soltnqh_x2013gel coatingsElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03283e
	Self-assembly of iron oxide precursor micelles driven by magnetic stirring time in soltnqh_x2013gel coatingsElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03283e
	Self-assembly of iron oxide precursor micelles driven by magnetic stirring time in soltnqh_x2013gel coatingsElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03283e
	Self-assembly of iron oxide precursor micelles driven by magnetic stirring time in soltnqh_x2013gel coatingsElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03283e
	Self-assembly of iron oxide precursor micelles driven by magnetic stirring time in soltnqh_x2013gel coatingsElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03283e
	Self-assembly of iron oxide precursor micelles driven by magnetic stirring time in soltnqh_x2013gel coatingsElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03283e


