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A B S T R A C T

Wide bandgap (WBG) and high thermal stability pseudobrookite compounds, Fe1+xTi2− xO5 (0 ≤ x ≤ 1), are 
promising materials for photocatalysis, high-temperature thermoelectric applications, green production of 
hydrogen by water splitting, fabrication of power electronics, and optoelectronic devices. Here, we report on 
WBG, polycrystalline, ferropseudobrookite, FeTi2O5, coatings, stable at high temperature, prepared by an opti
mized sol-gel route on fused silica and silicon substrates. The chemical composition, the amorphous-to- 
crystalline phase transformation, and the influence of the annealing temperature and atmosphere (air and 
argon) on the formation and evolution of the crystalline phases were investigated in detail by combining ther
mogravimetric and differential scanning calorimetry analysis with Fourier-transform infrared spectroscopy and 
X-ray diffraction. The experimental results clearly show that orthorhombic FeTi2O5 single phase develops in the 
interval 500–560 ◦C (crystalline domain size about 16 nm at 560 ◦C). The coatings remain in a single FeTi2O5 
phase up to a temperature of about 590 ◦C. At higher temperatures, a rutile-TiO2 secondary phase is formed, both 
in an oxidizing and inert atmosphere, while the ferropseudobrookite phase remains unchanged. The results 
suggest that the secondary phase arises from the presence of superficial Ti-O- dangling bonds that at tempera
tures above 590 ◦C begin to arrange themselves to form polycrystalline rutile-TiO2 (crystalline domain size ≈8 
nm at 620 ◦C). The results also show that the average energy required to break the Ti-O-Ti molecular bonds of the 
FeTi2O5 phase increases with temperature, improving its thermal stability. Optical absorption spectroscopy 
measurements carried out on coatings heated at 560 ◦C, yield an optical bandgap of about 2.25 eV, a refractive 
index of about 1.84 at 550 nm, and a weak UVC positive band, peaked at about 5.9 eV, on transmittance that 
disappears when the samples are annealed at 750 ◦C.

1. Introduction

In the last decade, pseudobrookite Fe1+xTi2− xO5 (0 ≤ x ≤ 1) com
pounds have been the topic of several research studies devoted mainly to 
material synthesis and fabrication, and functional properties [1–30]. 
The increased scientific and technological interest in pseudobrookite 
powders and films is triggered by high thermal and aqueous stability 
[1], the tunable electrical and ferromagnetic properties [2], a high 
Seebeck coefficient [2] and a wide band gap (around 2 eV) [1,12,13,21] 

with band level positions close to the H2O redox levels that make them 
more favorable for driving water splitting reactions compared to he
matite [1,17–28]. Consequently, these properties and features make 
pseudobrookite-based materials very interesting for applications in 
photocatalysis and photovoltaics [1,17–27], and for potential imple
mentations in various advanced optoelectronic, electromagnetic, ther
moelectric, spintronic and sensor devices [1–16]. Very recently, single 
phase pseudobrookites materials, especially pure Fe2TiO5 films, have 
been developed and studied as promising candidates for designing the 
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next generation of water splitting photoelectrodes for green hydrogen 
production [1,16–27]. Furthermore, pure titanium-rich and 
single-phase polycrystalline ferro-pseudobrookite, FeTi2O5, with a 
highly ordered Fe2+/Ti4+ occupation, is attracting interest as a spin 
Jahn-Teller material for fundamental studies of antiferromagnetic phase 
transitions, magnetoelastic coupling and quasi-1D magnets and muons 
decay [29,30].

Although Fe2TiO5 and FeTi2O5 single phase materials are of scientific 
and technological interest, studies on their synthesis, structure, and 
morphological characterization are limited in the literature. Further
more, few investigations have focused on their optical, electrical, and 
magnetic properties [10,12,13,16,17,28–30]. This is particularly the 
case of the pure ferrous FeTi2O5 pseudobrookite phase material syn
thesized as thin solid films. The reason may be related to the difficulty in 
eliminating the presence of impurity phases in natural pseudobrookites 
and to synthesize pure and clean ferric- and ferrous-pseudobrookite 
single phases without the occurrence of other phases such as hematite 
(Fe2O3), ilmenite (FeTiO3) and rutile-TiO2 secondary phases [1,3,4,15,
31].

In the present work, the influence of the annealing temperature on 
the evolution of the chemical and microstructural characteristics of the 
FeTi2O5 coatings heat-treated up to 950 ◦C was studied. In particular, 
the results of the characterizations performed to investigate the 
amorphous-to-crystalline phase transformation, which develops 
FeTi2O5 crystals, are reported and discussed, along with the underlying 
causes leading to the formation of secondary phases. Moreover, the 
optical properties, specifically the complex refractive index and the 
energy gap, of spin-coated FeTi2O5 layers grown on fused silica sub
strates were investigated and correlated to the film structure. As far as 
we know, the published studies on the physical properties of FeTi2O5 
mainly regard magnetic and electric properties [11,15,29,30] and no 
study has been published yet on its optical properties.

Since materials grown by sol-gel routes involves hydrolysis, oxida
tion, and decomposition processes [4], the suitable temperature to grow 
single phase FeTi2O5 coatings and the formation of secondary phases 
were investigated by combining thermo-gravimetric analysis (TGA) and 
differential scanning calorimetry (DSC) with Fourier-transform infrared 
spectroscopy (FTIR) and X-ray diffraction (XRD). For this purpose, the 
thermal analyses of sol-gel powders were performed in a large interval of 
temperature, 25–1150 ◦C, and the endothermic and exothermic features 
in the DSC curve were correlated to the changes in the TG curve and to 
the variations of structure of coatings annealed up to 950 ◦C.

To study the influence of the oxygen on the features in DSC curve 
related with the formation of the FeTi2O5 crystalline phase and the 
appearance of the secondary phase, thermal analyses both under 
oxidizing (air) and inert (argon) atmosphere were performed, in the 
range 500–1150 ◦C. The crystalline phases of the powders were then 
analyzed by XRD analysis.

The paper is organized as follows: after the introduction, the syn
thesis procedure, the film deposition, and the characterization tech
niques are described in Section 2. The experimental results are reported 
and discussed in the subsections of Section 3, including thermal 
behavior (1), surface morphology (2), crystallographic structure and 
chemical bonds evolution (3), along with optical measurements (4). The 
summary and conclusions are given in Section 4.

2. Experimental details: sample preparation and 
characterization techniques

2.1. Sol-gel synthesis

The sol-gel precursor solution (molar ratio Fe:Ti = 1:2) was prepared 
following the procedure reported in our previous paper [4] using, as 
solvents and reagents, iron(III) chloride hexahydrate (Sigma-Aldrich, 
ACS grade) and titanium tetraisopropoxide, TTIP, (Sigma-Aldrich, 
≥97.0 % purity) respectively as precursor of titanium and iron, 

acetylacetone, AcAc, (Sigma-Aldrich, ≥99.5 % purity), as chelating 
agent of TTIP, HCl (30 %) as acid catalyst of the hydro
lysis/condensation reaction of the alkoxide groups, ethanol, EtOH, 
(Sigma-Aldrich, ≥99.9 % purity), and isopropyl alcohol, IPA, (Sig
ma-Aldrich, ≥99.9 % purity). To sum up briefly, a 0.35M solution of Fe 
(III) chloride hexahydrate dissolved in a mixture of water-ethanol 
(molar ratio H2O/EtOH = 1:1) was added drop by drop to an 
HCl-catalysed solution (pH ≈ 5) prepared using TTIP, AcAc, and IPA, in 
the molar ratio TTIP:AcAc = 1:2 and TTIP:IPA = 1:20 [4]. A concen
trated ammonium hydroxide solution (30 %) was added to adjust the pH 
in the range of 4.5–5.0, to avoid precipitation and gel formation. The 
solution was then kept under stirring for 24 h. The coatings were pre
pared in a glove box by depositing the colloidal sol-gel solution on 
double-side polished fused silica and (100)-Si substrates under a mixed 
atmosphere of air and dry nitrogen at about 23 ◦C and 30 % relative 
humidity. Thin layers were deposited by a controlled spin-coating 
technique (1600 RPM of spinning speed for 30 s) to roll out the solu
tion homogeneously on surface substrates, while thicker layers were 
obtained by the drop-casting method. The coatings were then dried in 
the air at 80 ◦C for 2 h to get the evaporation of adsorbed water and 
solvents, heated up to 500 ◦C in air to favor the reactions of poly
condensation with the elimination of hydroxyl and organic groups, and 
annealed in the range 500–950 ◦C to investigate the influence of tem
perature on the coating’s properties.

2.2. Characterization techniques and methods

The Thermogravimetric, TG, and DSC measurements were carried 
out on sol-gel powders by using a thermal analyzer (TA Instruments 
Q600, Delaware, USA) in the temperature range 25–1150 ◦C, at a 
heating scan rate of 5 ◦C/min in two different dynamic atmospheres: air 
and argon. The powders were obtained by drying the precursor solutions 
at 80 ◦C in air for 10 h.

The morphological investigations of sol-gel films deposited onto 
(100)-Si wafer substrates were performed by field-emission scanning 
electron microscopy (FESEM) using a Sigma VP (Zeiss, Oberkochen, 
Germany) microscope equipped with a Gemini-1 electron column and a 
primary electron beam energy of 10 keV.

The structure of the coatings was analyzed by means of a 3 kW single- 
crystal X-ray diffractometer (Philips PW1880, Eindhoven, The 
Netherlands) equipped with a Cu-target X-ray source (λ = 0.154 nm), a 
proportional counter as X-ray detector, and a post-sample flat graphite 
crystal and a parallel-beam-plate collimator to reduce the background 
scattering. The configuration of the X-ray instrument was optimized for 
microstructural analysis of thin and ultrathin films and powders. All the 
XRD patterns were recorded by 2θ scans (range 10–80◦ and angular step 
size of 0.02◦) of the post-sample monochromator-detector system and 
keeping the incident angle between the impinging x-ray beam and the 
sample surface constant throughout the measurements, i.e. ωi = 1.0◦.

The nature of the chemical-bonds and their evolution with the 
temperature were investigated by means of FTIR measurements per
formed on coatings grown by drop-casting method on (100)-Si sub
strates. The spectra of the samples and of a bare (100)-Si substrate (used 
as background spectrum) were recorded from 256 scans at a resolution 
of 2 cm− 1 in the mid-infrared (4000–400 cm− 1) region using a FTIR 
spectrophotometer (Cary 600 series, Agilent Technologies, Santa Clara 
(CA), USA) equipped with a KBr/Ge beam splitter, a DTGS detector and 
a purge air system to continually remove H2O vapor and CO2. Since 
annealing induces the formation of silicon oxides on the uncovered 
surface of Si-wafers [32], the silicon substrate was heated at the same 
temperatures as the analyzed sample to subtract the infrared absorptions 
of SiOx oxides from the IR spectra of the coatings.

For the optical characterization, hemispherical spectrophotometric 
measurements of transmittance, Tn(λ), film side reflectance, Rn(λ), and 
substrate side reflectance, Rs(λ), were performed with the PerkinElmer 
Lambda 950S spectrophotometer, equipped with a 150 mm diameter 
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integrating sphere. A black cardboard mask with a 20 mm opening 
diameter was used on the port of the integrating sphere dedicated to the 
measurement of hemispherical reflectance to ensure good positioning of 
the samples. The measurements were performed on samples obtained 
depositing the sol-gel solution on fused silica substrates. The refractive 
index and the extinction coefficient of the samples annealed at 560 ◦C 
and 750 ◦C were determined with the KSEMAW open-source software 
[33]. The energy gap was graphically estimated starting from the optical 
absorption coefficient calculated from the extinction coefficient curves.

3. Results and discussion

3.1. Thermal behavior of the ferropseudobrookite precursor powder

Thermogravimetric and DSC measurements were simultaneously 
performed to investigate the thermal behaviour of sol-gel powders both 
under oxidizing (air) and inert (argon) atmosphere, as shown in Fig. 1. 
TG-DSC curves recorded in air flux in the range 25–1150 ◦C are reported 
in Fig. 1 (a), while the TG-DSC curves obtained in air flux from 25 ◦C to 
500 ◦C and in argon flux in the interval 500–1150 ◦C are shown in Fig. 1 
(b).

In the range 25–500 ◦C, both TG curves of Fig. 1 (a) and (b) show two 
distinct weight losses. The first weight loss, up to 115 ◦C, associated with 
the endothermic peak at 52 ◦C in the DSC curves, represents the removal 
of the physically adsorbed water [34]. The second loss, appearing in the 
interval 120–480 ◦C, is associated both with the endothermic reaction 
peaked at around 176 ◦C and with the two exothermic reactions peaked 
at 238 ◦C and at 382 ◦C. The endothermic peak at 176 ◦C can be ascribed 

to the loss of small molecular compounds, such as bound water [34] and 
alcohols, from the xerogel structure, whereas the two exothermic re
actions at 238 ◦C and at 382 ◦C can be associated to the cross-linking 
reactions leading to the formation of the sol-gel oxide accompanied by 
the release of OH and alkyl groups [4].

Above 480 ◦C, both in air and argon flux, the flatness of the weight 
loss curves indicates that no more exothermic or endothermic reactions 
associated with detectable weight loss occur [4]. This is confirmed by 
the FTIR analysis showing the absence of organic and hydroxyl groups in 
the spectrum of the sample heat-treated at 500 ◦C [4].

In the temperature range 480–1150 ◦C the DSC curve recorded in air 
flux (Fig. 1a) shows two exothermic features. The first, in the interval 
480–650 ◦C, is characterized by a

positive tail, starting at about 490 ◦C, and by a peak at about 620 ◦C 
with an extrapolated onset temperature, Tonset, of about 590 ◦C. The 
absence of loss weight and the presence of two onset temperatures 
suggests that this feature is due to presence of two crystallization re
actions. This is confirmed by our XRD results demonstrating the for
mation of FeTi2O5 crystalline phase at 560 ◦C and the formation of 
rutile-TiO2 at 620 ◦C (see Section 3.3). The second exothermic feature, 
in the interval 750–1150 ◦C, shows the presence of a maximum at about 
940 ◦C and is characterized by a very slow variation of the enthalpy and 
release of energy in the form of heat. These two exothermic features are 
also observed in the DSC acquired in argon flux in the range 500–1150 
◦C (Fig. 1b). However, the release of energy in the range 750–1150 ◦C 
under the argon atmosphere grows exponentially and is about four times 
greater than that in air and the (energy peak) maximum is shifted to a 
higher temperature, about 1060 ◦C.

The nature of the enthalpy changes observed in the temperature 
range 500–1150 ◦C was investigated by means of XRD and FTIR (see 
Section 3.3) measurements carried out on sol-gel coatings annealed in 
air at 500 ◦C, 550 ◦C, 555 ◦C, 560 ◦C, 580 ◦C, 620 ◦C, 750 ◦C, and 950 ◦C. 
Different annealing temperatures were chosen in the interval 500–620 
◦C because the shape of the first exothermic feature suggests the pres
ence of more than one crystallization process.

3.2. Surface morphology

Morphological analysis performed on sol-gel coatings deposited by 
spin-coating methods showed that the developed FeTi2O5 sol-gel films 
do not form continuous and uniform coatings, and the substrate (Si 
wafer or silica) is not completely covered. As in the case of dip-coated 
deposited layers [4], the irregular coverage gives rise to a fractal-like 
pattern structure of the deposited film [4] and has been observed 
immediately after the film deposition, before the drying and sintering 
processes [4]. The chemical treatment of the substrate surface prior to 
deposition, i.e. hydrophilic or hydrophobic substrate surface, does not 
influence the surface morphology of the deposited films.

A high-magnification in-lens FESEM cross-sectional image of a thin 
FeTi2O5 film deposited on a (100)-Si wafer substrate by drop casting and 
annealed at 560 ◦C is shown in Fig. 2. The FeTi2O5 coating covering the 
substrate is of uniform thickness and exhibits a homogeneous and 
compact structure formed by close-packed crystallites with an average 
size of about 16 nm, as estimated by XRD analyses in Section 3.3. Within 
the FESEM resolution, no porosity or film fractures can be observed.

3.3. Crystallographic structure and chemical evolution

The XRD patterns recorded for different annealing temperatures of 
the sol-gel solution deposited onto (100)-Si wafer clearly show that 
crystallization and phase evolution take place in the ferro- 
pseudobrookite layers at processing temperature (Fig. 3). The amor
phous structure of the deposited sol-gel solution can be observed up to a 
temperature of 555 ◦C, although very weak diffraction peaks, (110) and 
(023) Bragg peaks, of the ferro-pseudobrookite begin to appear at 500 
◦C. At 560 ◦C no amorphous peaks are visible anymore and only the 

Fig. 1. TG-DSC thermograms of sol-gel powders obtained from the precursor 
sol-gel solution carried out from 25 ◦C to 1150 ◦C in air flux (a) and in air flux 
from 25 ◦C to 500 ◦C and argon flux in the interval 500 ◦C–1150 ◦C (b).
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Bragg peaks belonging to the orthorhombic phase of the ferro- 
pseudobrookite FeTi2O5 [35,36] are observed in accordance with the 
ICDD card n. 76–2672 [37]. The crystallographic unit cell (space group: 
Cmcm) of the orthorhombic FeTi2O5 has the lattice parameters: a =
0.3756 nm, b = 0.9812 nm and c = 1.0093 nm [37]. Further increasing 
the temperature, at 620 ◦C the (110) Bragg peak, attributed to the rutile 
phase of titania (ICDD card n. 88–1175) [37] starts to appear, while the 
ferro-pseudobrookite phase remains stable. At 750 ◦C the rutile phase is 
more pronounced and the (101) Bragg peak is well observed. In sum
mary, the orthorhombic FeTi2O5 phase develops in the annealing tem
perature range 500–560 ◦C and the rutile-TiO2 secondary phase is 
formed after further increasing the annealing temperature. This agrees 
with the DSC results which show the onset temperature of the tail of the 
first exothermic feature at 490 ◦C and the peak at 620 ◦C, which can be 
associated, respectively, with the starting temperature of the crystalli
zation process of FeTi2O5 phase and to the maximum of the crystalli
zation peak of the rutile-TiO2 phase. As a result of XRD and DSC analysis, 
it is also reasonable to believe that the development of the secondary 
phase starts around 590 ◦C, that is, the extrapolated onset temperature 
of the peak observed at 620 ◦C on the DSC curve.

The average size of the ferro-pseudobrookite crystallites, as esti
mated by using the Scherrer’s equation and line fitting with Voigt 
function [4] of the (110) and (023) Bragg peaks, increases almost line
arly from 16 nm at 555 ◦C to about 20 nm at 750 ◦C. The crystallite size 
of the rutile phase increases from 8 nm at 620 ◦C to 15 nm at 750 ◦C.

The X-ray diffraction patterns of the powders heated by the thermal 
analyzer up to 1150 ◦C in both oxidizing (air) and inert (argon) atmo
spheres are shown in Fig. 4. The patterns clearly show the sole presence 
of Bragg peaks attributed to the FeTi2O5 and the rutile-TiO2 phases. This 
finding suggests that the oxygen presence has no role in the micro
structure changes of FeTi2O5 and that, therefore, the formation and 
growth of rutile-TiO2 species is due to the annealing process and not to 
oxygen presence.

This agrees with the DSC analyses showing the presence of the peak 
at 620 ◦C, attributable to the formation of the rutile-TiO2 phase, in both 
DSC curves shown in Fig. 1. This finding suggests that the oxygen 
presence has no role in the formation of rutile-TiO2 species, whose 
formation is attributable to annealing treatments carried out at tem
peratures above 590 ◦C (onset temperature of the exothermic peak at 
620 ◦C).

In summary, the DSC and XRD experimental results clearly show that 
the orthorhombic FeTi2O5 phase develops in the annealing temperature 
interval of 500–560 ◦C. The coatings remain in a single FeTi2O5 phase up 
to a temperature of about 590 ◦C. Further increasing the annealing 
temperature, the nucleation process of the rutile-TiO2 begins, under 
both oxidizing and inert atmosphere, while the ferro-pseudobrookite 
phase remains unchanged.

The XRD results agree with the FTIR analyses carried out on 
annealed samples in the interval 500–950 ◦C with the aim of investi
gating the chemical bond changes of FeTi2O5 coatings induced by heat 
treatments.

Fig. 5 shows the FTIR spectra of a sample annealed in air at seven 
different temperatures, 500, 560, 580, 620, 750, 850, and 950 ◦C. Since 
no infrared absorptions of the sol-gel coatings were observed in the 
spectral region 4000-1150 cm− 1 after annealing at 500 ◦C (see Fig. 2 in 
Ref. [4]), only the region 1000-400 cm− 1 is reported in Fig. 5. In the 
region 1000 - 400 cm− 1, where Ti-O and Ti-O-Ti molecular bonds absorb 
[38–43], a large multi-peaked absorption can be observed located at 
around 500 cm− 1. Since chemical environments influence the features in 
the infrared spectrum, especially, the peak positions and their intensities 
[42], it is reasonable to believe that the multi-peaked band is constituted 
by overlapped vibrational modes of Ti-O and Ti-O-Ti bonds with 
different local chemical environments surroundings Ti and O atoms and, 

Fig. 2. In-lens FESEM images (20 keV) of a 40 nm thick FeTi2O5 coating 
deposited by drop-casting onto (100)-Si wafer and annealed at 560 ◦C in air.

Fig. 3. Glancing incidence XRD patterns of the sol-gel solution deposited onto 
(100)-Si wafer, recorded after annealing at various temperatures. At an 
annealing temperature of 560 ◦C, only the ferro-pseudobrookite FeTi2O5 (ICDD 
card n. 76–2372) phase is observed, while the amorphous phase (indicated by 
*) is vanished. At a temperature of 620 ◦C the rutile phase of titania (ICDD card 
n. 88–1175), indicated by cursive Miller indices, appears and evolves further at 
a temperature of 750 ◦C.

Fig. 4. XRD patterns of the powders heated with the thermal analyzer from 25 
◦C to 1150 ◦C in air (red) and argon (blue). Both XRD patterns exhibit the 
characteristic and most intense Bragg peaks of the rutile TiO2 phase. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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consequently, different bonds strength [4,39–43]. The comparison 
among the infrared spectra clearly shows that the multi-peaked band 
changes and evolves with the temperature.

At 500, 560, and 580 ◦C, the large broad absorption band shows the 
presence of two shoulders at around 900 and 715 cm− 1, the first one 
ascribable to Ti-O- vibrations with the oxygen atom in the non-binding 
conditions [38,39], whereas the second one along with the peak around 
500 cm− 1 may be assigned to Ti-O-Ti vibrations [39–43]. Based on our 
XRD results, the Ti-O-Ti absorptions can be ascribed to both amorphous 
(spectrum at 500 ◦C) and polycrystalline ferro-pseudobrokite phases 
(spectra at 560 and 580 ◦C). Increasing the temperature, the shoulder at 
900 cm− 1 decreases at 620 ◦C and disappears at T ≥ 750 ◦C. At the same 
time, two new shoulders, around 815 and 622 cm− 1, appear. In agree
ment with literature [39–43] and on the base of our XRD results, that 
clearly show the presence of rutile-TiO2 diffraction peaks at T ≥ 620 ◦C, 
these two new absorptions may be assigned to Ti-O-Ti vibrations of 
rutile-TiO2.

The formation of TiO2 oxides by the annealing process has been 
already observed in SrTiO3 perovskites and attributed to the presence of 
defective structures, specifically to the segregation of Ti and O on the 
surface of SrTiO3 [44–46]. The disappearance of Ti-O- band in 
conjunction with the appearance of rutile-TiO2 absorptions, in our FTIR 
spectra, allow us to suppose that the formation of the rutile-TiO2 phase 
could arise from the segregation of surface Ti-O- species that organize to 
form polycrystalline rutile-TiO2.

Noteworthy, by increasing the temperature, the Ti-O-Ti peak around 
500 cm− 1 shifts towards higher energies, shrinks, and increases in in
tensity. These changes are more evident after annealing at temperatures 
≥750 ◦C. The narrowing of the Ti-O-Ti peak can be ascribed to the fact 
that local chemical environment surrounding Ti and O atoms become 
more and more similar [42], leading to more homogeneous and ordered 
arrangements of bonds and atoms within the FeTi2O5 structure. The blue 
shift of the absorption suggests that increasing the temperature increases 
the average energy required to break the Ti-O-Ti molecular bonds, 
increasing, consequently, the thermal stability of FeTi2O5 unit cells and 
crystallites. These findings are supported by the results of our DSC 
analysis. In the DSC curves reported in Fig. 1, indeed, in the range 
750–1150 ◦C, the decrease in enthalpy with the temperature indicates a 
greater degree of stability of the chemical structure.

In summary, in agreement with our XRD and DSC analyses, the 

experimental FTIR results suggest that the rutile-TiO2 secondary phase 
could arise from the presence of surface Ti-O- dangling bonds which, 
owing to annealing performed at temperatures higher than 590 ◦C, 
rearrange themselves to form rutile-TiO2 species. In agreement with DSC 
results, the FTIR analyses also suggest that for annealing temperature 
≥750 ◦C, the thermal stability of the Ti-O-Ti chemical bonds of FeTi2O5 
increases with temperature.

3.4. Optical characterization: temperature evolution of optical parameters 
and band-gap energy

The influence of the annealing temperature on the optical parame
ters and the energy gap of FeTi2O5 was investigated by spectrophoto
metric measurements at normal incidence of the hemispherical 
transmittance Tn(λ) and reflectance Rn(λ) of a sample annealed at 560 
and 750 ◦C. The transmittance data are reported in Fig. 6 together with 
the direct transmittance of the sample heated at 750 ◦C.

In the UV region, transmittance never goes to zero (Fig. 6), reaching 
a minimum value of about 20 % and 10 %, respectively for hemi
spherical and direct measurements, showing that light scattering is 
occurring.

The transmittance of the sample treated at 560 ◦C shows a weak 
positive band that peaked at about 5.9 eV (210 nm), which vanishes 
after annealing at 750 ◦C. A similar UVC band can be observed as a 
negative band, peaked around 225 nm (5.5 eV), in the UV–VIS absor
bance spectrum of almost pure Fe2TiO5 powders as recently reported in 
literature [47]. The origin of this transmittance positive band in the UVC 
region of ferro-pseudobrookites, is still not clear and not well under
stood. Further investigations are necessary to study and clarify the origin 
of the transmittance positive band.

Since the transmittance measurements involve an area of several 
squared millimeters, considering that the film does not completely cover 
the substrate (see Section 3.2), the measured transmittance, Tn(λ), is the 
result of the mix of the hemispherical transmittances arising from the 
bare substrate, Ts(λ), and from the substrate covered by of FeTi2O5 film, 
T(λ): 

Tn(λ)= p T(λ) + (1 − p) Ts(λ) (1) 

Fig. 5. FTIR spectra of the sol-gel solution deposited onto the (100)-Si wafer 
recorded after annealing at various temperatures. The possible assignments of 
the absorption bands are also reported. At annealing temperatures up to 580 ◦C, 
the absorption bands can be assigned to Ti-O-Ti bonds of the FeTi2O5 phase and 
Ti-O- dangling bonds. At a temperature of 620 ◦C, the Ti-O- band begins to 
decrease until it disappears completely at T ≥ 750 ◦C, while the rutile-TiO2 
bonds appear and further evolve with temperature.

Fig. 6. Energy dependence of the hemispherical transmittance spectra, Tn (eV), 
of a sample heat treated at 560 ◦C (red curve) and 750 ◦C (green curve). The 
direct transmittance (blue curve) of the sample heated at 750 ◦C is reported, 
too. The transmittances do not go to zero, because the substrate is not 
completely covered by the coating. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.)
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where p and (1-p) are, respectively, the portion of the substrate surface 
covered and uncovered by FeTi2O5. An analogous equation can be 
written for the reflectance. If we assume the absence of other phenom
ena such as luminescence, it is possible to expect that T(λ) = 0 when 
Tn(λ) reaches its minimum value, Tmin. So, p can be evaluated by p = 1- 
(Tmin/Ts). By using the calculated values of p into the Tn(λ) and Rn(λ) 
equations, we can obtain the reflectance, R(λ), and transmittance, T(λ), 
of an ideal/equivalent sample made by a layer of FeTi2O5 covering the 
entire surface whose optical parameters, i.e., refractive index n(λ) and 
extinction coefficient k(λ), coincide with the mean values of FeTi2O5. In 
our case, the covered surface value is about 79 % at T = 560 ◦C and 73 % 
at 750 ◦C.

The curves of the real part of the refractive index, n(λ), as estimated 
from the calculated T(λ) and R(λ) curves by means of the KSEMAW 
open-source software, are shown in Fig. 7a. The error bars (±δn) for the 
refraction index n are also shown. The accuracy in the determination of 
n is better than ±0.5 % for λ ≥ 430 nm and ±3 % in the range 430–370 
nm. Not reliably values of n (δn/n > ± 9 %) were obtained for λ < 370 
nm.

In the same figure the absorption coefficients α calculated as α =
4πk/λ, are reported (Fig. 7b). Near the optical band gap energy Eg, the 
absorption coefficient α should follow the well-known dependence: αhν 
≈ A(hν − Eg)r, where A is a sample-dependent constant parameter and r 
is equal to 1/2 and 2 for direct and indirect allowed transitions, 
respectively, and hν is the photon energy [48]. If α is plotted versus the 
energy, a sharp edge should be seen near the Eg value [48]. In our case, 
instead of a clear and sharp edge, only a weak knee around 2.3 eV can be 
distinguished (see arrows in Fig. 7b). The (αhν)1/r plots versus the 
photon energy hν of the sample heated in air at 560 ◦C and at 750 ◦C are 
shown in Fig. 8 for both the direct (Fig. 8a) and indirect cases (Fig. 8b). 
From these plots, no conclusions can be drawn on the nature of the 

bandgap, since in both cases (r equal to 1/2 or 2) there is an energy 
region with a linear behavior. In any case, the intercepts of the linear-fit 
extrapolations with the horizontal axes led us to estimate an energy gap 
of about 2.25 eV (which is not far away from 2.3 eV) for the sample 
treated at 560 ◦C, and a value only slightly higher for the sample treated 
at 750 ◦C in the case of indirect transition (Fig. 8b).

Comparing the optical results of the samples annealed at 560 and 
750 ◦C, only minor changes (around 5 %) between the optical param
eters can be observed. By increasing the temperature, indeed, the 
covered surface area reduces from 79 % to 73 %, the equivalent film 
thickness decreases from 66.0 to 62.5 nm, whereas the refractive index 
value increases by about 0.1. Since the refractive index is mainly 
determined by composition, morphology, and structure of the bulk of a 
sample [50], the slight changes in the optical parameters observed after 
the heating at 750 ◦C could be attributed to a higher density of the 
sample [49] due to the reduction of the equivalent thickness, associated 
with a likely thickness fluctuation (or thickness gradient) along the 
surface or by the smaller surface area covered by the coating.

4. Conclusions

High thermally stable wide-bandgap, single-phase ferro- 
pseudobrookite, FeTi2O5, polycrystalline coatings were successfully 

Fig. 7. Refractive index, n, (a) and logarithmic scale of the absorption coeffi
cient (α = 4πk/λ) versus wavelengths, λ, (b) of a sample heat-treated at 560 ◦C 
(red curves) and at 750 ◦C (blue curves). The n(λ) and k(λ) values were ob
tained from the calculated T(λ) and R(λ) curves by using the KSEMAW open- 
source software. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)

Fig. 8. Dispersion versus photon energy (hν) of (αhν)2 (direct transition) (a) 
and of (αhν)1/2 (indirect transition) (b) of a sample heat treated at 560 ◦C (red 
curves) and at 750 ◦C (blue curves). The graphical estimation of the energy gap 
is also reported. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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grown on fused silica and (100)-Si substrates by an optimized sol-gel 
route using a precursor solution with a molar ratio Fe:Ti = 1:2. We 
report on the optical properties (determination of the complex refractive 
index and the energy gap), the effect of the temperature on the chemical, 
the microstructural characteristics of the FeTi2O5 crystalline phase, and 
the underlying causes of the formation of the rutile-TiO2 secondary 
phase.

TG-DSC thermal analyses combined with XRD and FTIR in
vestigations showed the formation of a single phase of orthorhombic 
FeTi2O5 at 560 ◦C (crystalline domain size ≈16 nm). Characterization 
performed on annealed coatings (up to 950 ◦C) show that the coatings 
remain in single FeTi2O5 phase up to a temperature of about 590 ◦C. At 
higher temperatures, indeed, superficial Ti-O- dangling bonds begin to 
arrange themselves to form polycrystalline rutile-TiO2 (crystalline 
domain size about 8 nm at 620 ◦C), while the ferro-pseudobrookite 
phase remains unchanged. Experimental characterizations performed 
on sol-gel powders annealed under two different atmospheres, air and 
argon, show the formation of the secondary phase both in oxidizing and 
inert atmospheres, demonstrating that the formation of rutile-TiO2 is 
due to annealing processes, and it is not influenced by oxygen presence.

The experimental results also suggest that increasing the annealing 
temperature above 750 ◦C, the differences in the local chemical envi
ronments surrounding Ti and O atoms within the FeTi2O5 structure 
decreases, and the energy required to break its Ti-O-Ti molecular bonds 
increases, consequently increasing the thermal stability of Ti-O-Ti 
chemical bonds of the FeTi2O5 crystalline structure.

Optical absorption measurements carried out on films grown by the 
spin-coating method on silica substrates annealed at 560 ◦C (pure 
FeTi2O5) yield a refractive index of about 1.84 at 550 nm and an optical 
band gap of about 2.25 eV; a weak positive band peaked at about 5.9 eV 
seems affecting the transmittance of the samples. Increasing the tem
perature up to 750 ◦C, the energy gap remains almost unchanged, 
whereas the positive band in the transmittance disappears. The slight 
increase of the refractive index (<5 %) at 750 ◦C suggests a higher 
density of the coatings due to the annealing performed at a higher 
temperature.

The high thermal stability, up to 1140 ◦C [31], together with a wide 
band-gap and the absence of any impurity phases up to an operating 
temperature of about 590 ◦C, could make FeTi2O5 a promising 
wide-bandgap material for the fabrication of power electronic, 
magneto-electronic and optical-electronic devices, in particular in the 
field of photocatalysis, photovoltaic and high-temperature thermoelec
tric applications, and for the green production of hydrogen by water 
splitting.
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