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Abstract

Iron oxide (a-Fe,03) films were prepared in isopropyl alcohol with the addition of different concentrations of acetic acid (AcOH). The
agglomeration properties of nano-particulated iron oxides and hydroxides precipitated from isopropyl alcohol-water solutions differ
from those obtained by precipitation from aqueous solution. Subsequent aging of the precipitated oxides and hydroxides in a weak
solution of acetic acid modifies their micro/nanostructure. X-ray diffraction and scanning electron microscopy results demonstrate that
use of an isopropyl-water reaction medium produces a material with improved dispersion behavior. The homogeneity of films prepared
from the reaction products aged in acetic acid (AcOH) shown to depend on the concentration of acetic acid employed. Increasing
concentration of AcOH promotes the coarsening of the nanoparticles and the porosity reduction. Optical spectroscopy analysis indicates
that band gap of the materials is ~2.16 eV, which expected for a-Fe,O3. The crystal structure, morphology and optical absorption
studies confirm that it is an efficient method to produce high quality iron oxide films.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Iron oxides find a wide range of scientific and technological
applications, which include photolytic water dissociation [1-7],
chemical gas sensing [8,9], and catalysis [10,11]. Recently, there
has been increasing attention toward Fe,Oj; for utilization in
photoelectrochemical cells [10-13]. A band gap of 2.2 eV, high
affinity towards water and options for facile synthesis makes
Fe-oxide interesting for photo-catalytic applications [12,13].
Many of the recent efforts were directed towards fabrication
and optical and photo-catalytic properties of Fe-oxides to
improve the efficiency [1-5,11,14-17]. In addition, significant
attention has been paid toward improving the photo-catalytic
response of Fe-oxide by means of doping [14-19], manipulat-
ing the micro/nano-structure and related properties [20-22]
and some other chemical approaches [23,24].
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The crystal structure and morphological characteristics
(such as grain size, shape and distribution) and the
composition of the Fe-oxide materials grown in liquid
media depend on the nature of solvent i.e., aqueous or
non-aqueous [25-31]. Furthermore, if the precipitation of
the materials is carried out involving water, the products
could be hydroxylated [27]. In the other case, where
precipitation occurs in a non-aqueous media, the most
common condensation steps in the formation of a metal-
oxygen—metal bond are as follows: alkyl halide elimina-
tion, ether elimination, ester elimination and aldo-like
condensation [29]. The shape could also be controlled by
the addition of surfactants during the precipitation. The
other approach is to modify the micro/nano-structure of
the materials. The objective of the present work is to
demonstrate an approach to improve the structural char-
acteristics and properties of iron oxide through relatively
simple changes in the synthetic procedures. In this work,
precipitation reaction to form o-FeO(OH) (Goethite) was
carried out in a mixed media composed of water and
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isopropyl alcohol (IsOH). Following precipitation, acetic
acid was used to modify the nano/micro-structure of the
iron oxides/hydroxides produced. Inclusion of IsOH in the
solvent for the precipitation reaction improves the disper-
sion of the final material by reducing the agglomeration of
the iron hydroxide nano-particles; and the subsequent
addition of acetic acid (AcOH) appears to promote the
homogeneity and adherence of the final film. The crystal
structure, morphology and optical properties of Fe-oxide
films prepared using a mixed media composed of water
and isopropyl alcohol (ISOH) are presented and discussed
in this paper.

2. Experimental section

The raw materials purchased from Sigma Aldrich were
employed in the chemical synthesis of Fe oxides. The
Fe(NO3);-9H,0O and glacial acetic acid employed were
ACS Reagent Grade. Ammonia was supplied as a 33 wt%
aqueous solution. The isopropyl alchohol (99.55%) was
manufactured by BDH chemicals. Initially 30 ml of a
3.52 M aqueous solution of NH; was added to 20 ml of
an IsOH solution that was 1 M in Fe(NO3);-9H,0. The
resulting solution was stirred for 5 min. The precipitate
which formed was allowed to age for approximately
30 min and was then separated from the liquid by cen-
trifugation. The resulting precipitate was washed 5 times
with 50 ml aliquots of IsOH and then suspended in
sufficient alcohol to yield a final volume of 30 ml. Six
5ml samples were prepared and AcOH was added to
concentrations of 0, 0.5, 1.0 2.4, 9.1 and 16.7 vol%. Two
different sets of film samples were deposited, the first set
was deposited the same day as the precipitates were
obtained and the second set was deposited after the
precipitates were left to age for 1 week. The films were
deposited on acetone cleaned glass and p-Si substrates. All
the samples were heated to a final temperature of 773 K
(heating rate 23 K/min) for 3 h to transform Goethite to
a-Fe,O3; (Hematite) and to evaporate residual organic
compounds to form the final materials. A control sample
was synthesized in an aqueous solution, using no IsOH
and AcOH. This material produced in this synthesis was
deposited on a p-type Si substrate and followed the same
heat treatment.

The grown Fe-oxide films were characterized by per-
forming crystal structure, morphology and optical mea-
surements. X-ray diffraction (XRD) measurements were
performed by using a Bruker D8 Advance X-ray diffract-
ometer. XRD patterns were recorded using Cu Ka radia-
tion (4=1.54056 A) at RT. Surface imaging and cross
sectional analysis was performed using a high-performance
and ultra-high resolution scanning electron microscope
(Hitachi S-4800). The secondary electron imaging was
performed on Fe-oxide films grown on Si wafers using
carbon paste at the ends to avoid charging problems. The
optical properties of Fe-oxide films were evaluated using

optical transmission measurements using Cary 5000 UV-—
vis—NIR double-beam spectrophotometer.

3. Results and discussion

All the films exhibit the a-Fe,O3 phase (PDF card 01-
072-6226) as evidenced from XRD studies. XRD plots of
the “same day” films prepared on glass substrates are
shown in Fig. 1. The apparent signal to noise ratio in these
plots is inversely related to the concentration of AcOH in
the coating solutions. The SNR can be related to many
variables of system under analysis [32-34]. In the case
where the intensities of the signals are known, the SNR is
defined as the power ratio between the signal and the noise
in the system. In our particular case, the SNR is calculated by

P signal <Asiqnul) :
SNR=—"—=—"— 1
P noise Anoise ( )

where P is the root square (RMS) value of the XRD power
and A4 is the RMS value of the amplitude. In this work we
noted the inverse relation between the SNR and the AcOH
volume percent concentration for same day samples
(black squares) calculated with the RMS values of the
(104) plane peak.
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Fig. 1. XRD plots of Fe-oxide films prepared on glass substrates. All the
samples were prepared on the same day of preparing sols.
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The coherently diffracting domain size (D,,;) was calcu-
lated from the integral width of the diffraction lines using
the well known Scherrer’s equation after background
subtraction and correction for instrumental broadening
[35,36]. The Scherrer equation is [35,36]

Dy = O.9i/ﬂCOS 0 (2)

where Dy, is the size, A is the wavelength of the filament
used in the XRD machine, f§ is the width of a peak at half
of its intensity, and 6 is the angle of the peak. By applying
Scherrer’s formula with the pertinent corrections [35,36],.
the average crystallite size measured is 34 nm. It was found
that the average crystallite size of the samples is almost
constant and uniform; no definite trend is observed with
variable AcOH concentration. The wide peak centered
260 =~ 22.5° is due to the effect of the substrate and is also
an indication of the reduction of material present in the
films. The XRD plot of the samples deposited by spin-
coating 1 week after the preparation of the sols is shown in
Fig. 2. The apparent signal to noise ratio again decreased
for all AcOH concentrations after a full week of aging. The
signal to noise ratio also decreases for a specific AcOH
concentration when “same day” and “l1 week” samples
were compared. This can be attributed to a reduction of
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Fig. 2. XRD plot of samples deposited 1 week after preparation of sols.

the amount of material composing the film that can be
due to a reduction film thickness and/or cracking upon
aging.

Fig. 3 shows the SEM images of samples with different
conditions of preparation. The image in Fig. 3a was
obtained using the control sample, which shows highly
agglomerated particles of size ~27 nm (confirmed to be
the crystal size by Scherrer’s formula, XRD plot not
shown). Fig. 3b shows a sample prepared in H,O-IsOH
without any addition of AcOH (0 vol%). The particle size
is ~35 nm, same as the crystal size as determined by XRD
analysis. This observation indicates that each of the
particles is a hematite crystal. The difference in agglom-
eration between samples prepared in aqueous media and
mixed media solvents is clearly evident in these micro-
graphs. In the mixed media-solvent prepared samples, the
particles are dispersed in a way that leaves large porous
material with sizes comparable with the particle size.
Fig. 3c corresponds to a sample prepared in H,O-IsOH
and 1.1 vol% of added AcOH. The difference of this
sample with the 0vol% of AcOH sample is almost
negligible in terms of nanostructure, but the effect of the
addition of the AcOH is evident as the concentration is
increased. Comparing the samples with 2.4, 9.1 and
16.7 vol% of AcOH (Fig. 3d-f) it can be seen that the
particles present an evident increase in the coarsening. On
the sample prepared with 2.4 vol% (Fig. 3d) the coarsening
starts to close the pores that are almost disappear for
samples with 9.1 and 16.7 vol% of added AcOH. The
effect of mixed media is remarkable in improving the
morphological characteristics of Fe-oxide films.

The chemistry involved in improved morphology of Fe-
oxide films prepared with mixed media can be understood
as follows. The change in the coarsening of the nano-
particles can be attributed to the slow rate of reactions
occurring on the surface of the nano-particles. As the
AcOH was added after the goethite precipitates, it is
expected that hydrogen bonding [37] involving the oxygen
and hydroxyl groups on the surface of the nano-particles
and the AcOH will lead to a partial coverage of the nano-
particles surface by AcOH molecules with the extent of
coverage dependent on the concentration of AcOH. In
addition to the coverage of the surface of the particle with
AcOH, it is also possible that iron acetates (FeAc) form
which can be the promoters of the coarsening of the nano-
particles. The molecules of FeAc can remain hydrogen-
bonded to the particles and to the AcOH on the surface.
When heated, all the organic compounds evaporate and
decompose [38,39] leaving a sample formed only by iron
oxide. This effect of the AcOH on the iron hydroxide was
previously observed and described by the authors, occur-
ring on materials prepared in aqueous media [31].

The surface imaging analysis of the samples deposited by
the spin-coating technique onto silicon substrates is shown
in Fig. 4. The effect of AcOH exposure on the distribution
of the material on the surface of the silicon substrate is
evident. With 0 vol% of AcOH (Fig. 4a) the sample do not
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Fig. 3. Samples deposited by the spin-coating method on silicon substrates 1 week after the preparation of the sols. Samples prepared in (a) water and
0 vol% AcOH, (b) IsOH and 0 vol% AcOH, (c) IsOH and 1.1 vol%, (d) IsOH and 2.4 vol%, (e) IsOH and 9.1 vol% and (f) IsOH and 16.7 vol%. Scale

bar is 200 nm and applies to all images.

attach adequately to the surface, leaving islands all around
the substrate and the material can easily detached from the
surface in the form of flakes. The formation of islands is
due to the cracking of the film during its drying and the
poor bonding of the material to the substrate. The addition
of 0.5 vol% of AcOH (Fig. 4b) promotes the homogeneity
of the film, leaving an apparent full coverage at the down-
left corner of the image (corresponding to the center of the
substrate). The cracks on the up-right corner are due to the
shrinkage of the material when drying and are prominent
because film thickens is larger than at the center of the
substrate. Fig. 4c and d presents the samples with 1.1 and
9.1 vol% of added AcOH. The effect of the AcOH is not
distinguishable at this magnification. The effect of the
cracking is closely related to the film thickness [40]; thicker
films tend to show higher cracking in amount and size.
Based on these concepts, it is clear that the samples with
AcOH tend to be thinner in proportion to the concentra-
tion of the added AcOH. This can be verified using XRD
results and analysis; it was previously mentioned that
higher concentrations of AcOH promotes a decrease in

the amount of the material composing the film and it is not
due to the loss of material because of poor adhesion of the
film to the substrate as seen in Fig. 4a.

In order to be able to have an idea of the quality of the
coverage of the film on the substrate, Fig. 5 presents the
images of the same samples shown in Fig. 4 but at higher
magnification. Fig. 5a shows the areas between the islands;
evident is the absence of sample on large regions of the
surface. The cracking of the sample in Fig. 5b (0.5 vol% of
AcOH) is almost 10 times smaller than the cracking
showed in Fig. 5a (0 vol% of AcOH). This is an indication
of the effect of the AcOH on the cracking of the film even
at a low concentration of 0.5 vol% of AcOH. For samples
with higher concentrations of AcOH, the cracking is
almost negligible at this magnification.

The optical characteristics of the samples obtained in the
present work are shown in Figs. 6 and 7. The plot of the
transmittance vs. (photon) energy is shown in Fig. 6. The
reduced amounts of material and the non-homogeneity
make impossible to use standard methods for band gap
calculations (absorption constant, OD plots) [41]. Because
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Fig. 4. Samples deposited by the spin-coating method on silicon substrates 1 week after the preparation of the sols. Samples prepared in isopropanol and
(a) 0 vol% AcOH, (b) 0.5 vol% AcOH, (c) 1.1 vol% AcOH and (d) 9.1 vol% AcOH. Scale bar is | mm and applies to all images.

Fig. 5. Samples deposited by the spin-coating method on silicon substrates one week after the preparation of the sols. Samples prepared in isopropanol
and (a) 0 vol% AcOH, (b) 0.5 vol% AcOH, (c) 1.1 vol% AcOH and (d) 9.1 vol% AcOH. Scale bar is 100 um and applies to all images.

of this difficulty, our approach consists in the calculation
of the first derivative of the transmittance with respect to
the energy, knowing that this represents the ratio of change
in transmittance through the film as function of the change
in the incident energy. Based on this, the minimum of the
rate of transmittance corresponds to the maximum of the
rate of absorbance. Briefly, the arguments can be presented
as follows. The optical absorption coefficient, o, of the

films is evaluated using the relation [42,43]
o= [1/AIn[T /(1-R)’] €)

where T is the transmittance, R the reflectance and ¢ the
film thickness. For Fe,O; with indirect band gap [44,45],
the absorption follows a power law of the form:

(uhv) = B(hv—E,)’ (4)
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Fig. 7. Second derivative of transmittance over energy. The intersection
of the plot indicates the maximum of absorption rate vs energy.

where /v is the energy of the incident photon, o the
absorption coefficient, B the absorption edge width para-
meter, E, the band gap. The second derivative of the
optical absorption coefficient with respect to energy (i.e.,
d%0/dE?) is positive. Specifically, the second derivative
values of o using Eq. (4) are positive for v > E,. Following
the concepts, we consider the value of the band gap to be
the value of the maximum rate of absorbance. For this set
of samples, the value of the band gap is ~2.16 ¢V, slightly
below the reported value of the band gap for iron oxides
(Fig. 6) [12,13]. The second derivative of the transmittance
was calculated to know the exact value of the maximum

absorbance and is presented in Fig. 7. In this plot, the
exact value of the maximum of absorbance corresponds to
the point where the trace crosses the abscissa. The
difference between the smallest and the largest values of
the band gaps is ~0.04eV and a trend can be distin-
guished: the values increase in proportion of the concen-
tration of AcOH from 0 to 2.4 vol% and decreases for
higher values the value of the band gap.

4. Conclusions

Preparation, structural evaluation and optical analysis
of a-Fe,0Oj5 thin films in isopropyl alcohol with the addition
of different concentrations of acetic acid is reported. XRD
analysis confirms the presence of a-Fe,O; as the unique
phase composing the final material with an average grain
size of 34 nm, independent of the concentration of AcOH.
SEM images show the change of nanostructure of the
materials related to the media of precipitation and the
concentration of AcOH. The agglomeration of the nano-
particles is dependent of the medium where precipitation
occurs; water produce highly agglomerated particles mean-
while IsOH promotes the segregation of the particles and
the nano-porosity of the material. The increase of the
concentration of AcOH promotes the coarsening of the
nano-particles and the reduction of porosity of the sam-
ples. UV—vis spectroscopy analysis indicates that the band
gap of the materials is ~2.16 eV as expected for iron oxide
(a-Fe;03) phase. All the results confirm the procedure to
be an efficient method of preparation of high quality and
high porosity iron oxide films, without losing/modifying
the grain size and the optical properties of the material.
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